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Anotacija

Hafnija dioksids ir kluvis par iecienitu silicija dioksida aizstajeju lauktranzistoros, pate-
icoties ta augstajai dielektriskajai konstantei, plasajai aizliegtajai zonai, kimiskajai stabil-
itatei un kopejai saderibai ar silicija dioksida komponentem. Turklat, segnetoelektriskas
fazes esamibas atklasana hafnija dioksida ir atverusi iespejas ta izmantosanai segnetoelek-
triskajas brivpiekluves atminas, segnetoelektriskajos lauktranzistoros, ka ar1 citos pieli-
etojumos. Pateicoties ta 1pasibam, hafnija dioksids vairakos aspektos ir labaks par paslaik
izmantotajiem segnetoelektriskajiem materialiem.
Galvenais izaicinajums izmantojot hafnija dioksidu, ir ta relativi augstais pasvielas de-
fektu daudzums. Sie defekti izraisa lielakas nopludes stravas planajas kartinas, samazina
kimisko stabilitati, ietekme segnetoelektrisko fazu stabilitati, ka art materiala raksturlielu-
mus un 1pasibas kopuma.
So iemeslu del, sis darbs koncentrejas uz hafnija dioksida un ta dvinu oksida cirkonija
dioksida pasvielas defektu petisanu, izmantojot luminescences izmeklejumus, lai
iegutu informaciju par defektu apkartni un izcelsmi, papildus izmantojot termostimuleto
luminescenci, lai noteiktu konkreto defektu veidu un to ierosmes energijas. Lai gan par
So temu ir veikti daudzi teoretiskie petijumi, sistematiska eksperimentala izpete lidz Sim
nav bijusi realizeta.
Galvenas temas, kas tiek apskatitas saja disertacija, ir:
1. Skabekla vakancu sadalijuma un koncentracijas ietekme uz rezultejoso retzemju
jonu luminescenci.
2. Retzemju jonu zonzu izmantoSana sakepinasanas procesu kontrolesanai keramikas.
3. Skabekla vakancu veidu identificeSana monoklinaja hafnija.
4. Skabekla vakancu rasanas un to ietekme uz retzemju jonu iebuivesanos pamatma-
trica.
Hafnija dioksids ir daudzsoloss elektroniskais materials un zinasanas par defektu celoniem,
veidiem un 1pasibam sniedz jaunu izpratni par to, ka tos noverst, lai uzlabotu kopejo

materiala kvalitati un pielagotu to aktualajiem augsta pieprasijuma pielietojumiem.



Abstract

Hafnium oxide currently replaces silicon dioxide as the gate oxide in metal-oxide-semi-
conductor transistors of ultra-high density integrated circuits. It is selected due to its
high dielectric constant, broad band gap, chemical stability, and compatibility with silica.
Furthermore, the discovery of a ferroelectric phase existence in hafnia has opened up its
use in applications such as ferroelectric random-access memories, ferroelectric transistors
and others, having properties that surpass many of the existing ferroelectric materials.
The main challenge presented by hafnia is its relatively high amount of intrinsic defects.
Defects lead to larger leakage currents in thin films, reduce the chemical stability, impact
the stability of the ferroelectric phases and overall affect the characteristics and properties
of the material.
This work, therefore, focuses on the study of intrinsic defects found in hafnia and
its twin oxide zirconia, using luminescent probes to gather information about defect
surroundings and origins, as well as using thermoluminescence to determine the exact type
of defects present and their excitation energies. Despite numerous theoretical studies on
the subject, a thorough experimental investigation had not yet been performed.
The main topics covered in this thesis are:
1. Impact of oxygen vacancy distribution and concentration on the resulting rare-earth
ion luminescence.
2. Use of rare-earth ion probes as a way to control the sintering processes in ceramics.
3. Identification of oxygen vacancy types in monoclinic hafnia.
4. Creation of oxygen vacancies and their impact on rare-earth ion distribution in the
host matrix.
Hafnia is a highly promising electronic material and the knowledge of causes, types, and
characteristics of intrinsic defects present provides a new understanding of how to limit
these defects and improve the overall properties to further advance the quality of the

material and its uses in high-demand applications.
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1.INTRODUCTION

1.1 Motivation

Following Moore’s law [[l] (the number of transistors in an integrated circuit doubles about
every two years), the scaling down of silicon dioxide dielectrics was formerly thought to
be a useful way to improve transistor performance in complementary metal-oxide semi-
conductor (CMOS) technology. Reduced silicon dioxide gate dielectric thickness has per-
mitted larger numbers of transistors per chip with improved circuit functionality and
performance at cheap costs in recent decades.

However, as devices approach the sub-45 nm scale, the effective oxide thickness of
typical silicon dioxide dielectrics must be less than 1 nm, which is around 3 monolayers
and close to the physical limit, resulting in large gate leakage currents due to the obvi-
ous quantum tunneling effect. To keep the downward scaling going, dielectrics with a
higher dielectric constant (high-k) are being proposed as a way to get the same transistor
performance while keeping the physical thickness low. [2]

Because of its desirable features such as a broad band gap of 5.25-5.95 eV [3] and a
high-k value of 25 [4], hafnia has become a popular choice among high dielectric constant
materials for CMOS. Hafnia also has a higher heat of formation than silica and has excel-
lent chemical compatibility with silicon, as well as being chemically and thermally stable.
Because gate stacks go through quick thermal annealing processes, this is very critical for
the silica contact. Additionally, the recent discovery of a ferroelectric phase existence and
the aforementioned properties, make hafnia a promising material for ferroelectric field-
effect transistor (FeFET) and ferroelectric random-access memory (FeRAM) applications
[B].

However, compared to SiOy, HfO, has a higher defect concentration, resulting in a
higher density of charge traps, transient instability of the gate threshold voltage, coulomb
scattering of carriers in the substrate channel, and source-level voltage instability. There-
fore it is of great importance to study the defects in HfO5 and ZrO, [6], which is the focus
of this thesis.

1.2 Aim

The aim of this work is to study the defects and optical properties in undoped and doped
HfO, and ZrO; in order to understand the influence of defects such as oxygen vacancies
on the resulting characteristics of these materials.

The following tasks are set:

1) study the impact of the vicinity and distribution of nearby oxygen vacancies on

rare-earth ion luminescence when the phase transitions from monoclinic to tetragonal,



2) use rare-earth ion luminescent probes to show defect formation and phase transfor-
mation in nanostructured ZrOs ceramics during the sintering process;

3) identify VO3*, VO3 and VO;T+VO3" defects in monoclinic HfO, using thermo-
luminescence;

4) determine whether Eu®* ions are incorporated in monoclinic HfO, as single ions as

well as in pairs, creating VO3 and VO3 oxygen vacancies, respectively.



2.LITERATURE REVIEW

In many physical and chemical properties, HfO, resembles its twin oxide, ZrO,. The
resemblance is due to structural and electronic similarities between the two oxides, with
atomic and ionic radii 0.78 A and 0.79 A for Hf** and Zr** respectively [7]. Therefore
both are used in this study interchangeably.

2.1 Polymorphism in hafnia and zirconia

Hafnium oxide exhibits distinct properties depending on the crystal structure of the ma-
terial, which can exist in different phases such as monoclinic, tetragonal, and cubic and
others. Thus, it is crucial to differentiate between these phases and determine the condi-

tions under which they arise to fully comprehend the characteristics of the material.

The most stable form of HfO, in ambient settings is a monoclinic fluorite-type crystal
structure (Fig. El!), which is a polymorphic distortion of the cubic fluorite crystal struc-
ture. The monoclinic fluorite-type crystal structure belongs to the crystallographic space
group P21/c [§]. Zr** and Hf*" have similar electronic configurations, ionic radii (0.78 A
and 0.76 A respectively, for (coordination number) CN=7), and electronegativities (1.22
eV and 1.23 eV, respectively)[9]. The Hf*" ion is surrounded by a sevenfold oxygen coor-
dination in the monoclinic fluorite-type crystal structure (Fig. 2.2A), which has four O,
ions at the base of the cube, one at each corner, and two at the midpoints [1, 11]. The
a, b, and ¢ axes were found by Ruh et al.[10] to be parallel to the oxygens labeled 11d-Ic,
IIc-IId, and IId-IIa, respectively, based on Fig.@((}).

Although ZrOy and HfOs both exhibit monoclinic crystal structure, the monoclinic
structure of HfO, is slightly smaller than the monoclinic structure of ZrOy due to the
smaller ionic radius of Hf*T in comparison to Zr*t [11]. The great similarity between
hafnium compounds and those of zirconium, is related to the electron configurations of
hafnium and zirconium: (i)4f'*5d%6s* for hafnium, and (ii) 4d*5s? for zirconium. The
inner transition elements (cerium through lutetium) that come before hafnium produce
this contraction by introducing electrons to the inner 4 f shell. No outside electrons exist
to offset the increased nuclear charge. Compared to ZrO,, a reduction in atomic size leads
to shorter bond lengths between the Hf** and O%~ atoms within the monoclinic structure
(10, 11].

In contrast to typical rare-earth metals, Hf** and Zr** ions exhibit unusual chemical
behavior and bonding characteristics (e.g., Ce). Studies on the chemistry of Zr** came to
the conclusion that because of its relatively short ionic radius, the majority of its bonds
with other atoms are covalent. In the monoclinic fluorite-type crystal structure, the

sevenfold coordination is preferred, and covalent bonding is thought to at least partially
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account for this []

Figure 2.1: Six crystal structures of HfO, [E]

Other high-temperature and high-pressure polymorphs of HfO, have been identified
in addition to the monoclinic crystal structure. The two high-temperature polymorphs
are the tetragonal (P42/nmc) and cubic (Fm3m) phases [] It has been demonstrated
that the phase transitions from monoclinic to tetragonal and from tetragonal to cubic
occur at temperatures exceeding 1700°C and 2600°C, respectively [] A 3.4% increase
in density is associated with the shift from the monoclinic to tetragonal phase [@] an
important characteristic of the monoclinic to tetragonal phase transformation is the shift
in the Hf** CN from 7 (monoclinic) to 8 (tetragonal). The Zr*t and O? bonds are
said to be broken during this transformation in some earlier papers that explain the
mechanism of this coordination change in the monoclinic to tetragonal phase transition
in ZrOy. The change to a nearest neighbor Zr*t causes the triangularly coordinated
0% (Ta, Ib, and Ic) in Fig. @(G) to move, forming an eightfold coordination in the
tetragonal structure [, ] Under pressure, multiple phases of HfO5 are shown to exist.
With increasing pressure, the phase transition sequence is shown to be monoclinic, two

different orthorhombic phases, then tetragonal and cubic. HfO, is monoclinic at room
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temperature, although different polymorphs can be stabilized thereby reducing particle
size. At a threshold size of 30 nm, for instance, the tetragonal or cubic phases can be
stabilized [11].

Dopants can be used to stabilize the tetragonal or cubic structures of HfO, at ambient
temperatures. Differences in ionic radii (trivalent ions greater than Hf*™) and valency (3+
relative to 4+ of Hf) have been linked to the stabilization of the cubic fluorite phase in
trivalent-doped HfO,. The larger ionic radii of the dopants require elongation of the M3*
bond with the Oy ion [11]. When trivalent dopants substitute for Hf*" it causes a charge
deficiency. Oxygen vacancies are formed to make up for these deficits. In order to balance
the charge, oxygen vacancies occur close to the cation, which lowers the local CN of the
cation. The optimal CN of O,_ for Hf**, as was previously mentioned, is 8. The cubic or
tetragonal HfO, phases can be stabilized because to this lowering of the CN of the Hf**
[14].

While the phase of hafnia determines the main characteristics of the material, intrinsic

defects have a significant impact on the resulting properties as well.

2.2 Intrinsic defects

While HfO, and ZrO, are used in this study interchangeably, this section will focus
more on HfO, as that is the material represented in thesis 3 and 4, where the following

information is applied more in detail than for thesis 1 and 2.

2.2.1 Theoretical studies

Like most materials, hafnia can contain defects that can significantly affect its perfor-
mance. Intrinsic defects in hafnia, such as oxygen vacancies and hafnium interstitials,
have been a topic of discussion for many years due to their impact on the electrical,
optical, and mechanical properties of the material.

This chapter will therefore provide an overview of intrinsic defects in hafnia and their
formation mechanisms, using theoretical calculations to evaluate the formation energies

and energy levels of said defects.

Stable configurations of neutral oxygen vacancies and interstitial oxygen atoms and
molecules in the bulk of hafnia were first considered by Foster et al. in 2002. The electron
and hole affinities of these defects were calculated, and their stable configurations in
various charge states were investigated. The findings showed that positively charged
oxygen vacancies and interstitial oxygen atoms can trap electrons from the bottom of the
hafnia conduction band and silicon. [17]

Electrons or holes tunneling from Si can charge defects in gate oxides. As a result,

Foster et al. looked at the production and equilibrium structures of charged species X=0"
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and O?~ before moving on to the interstitial neutral oxygen atom. Each interstitial can
produce a stable defect at a fourfold-coordinated tetragonally bonded lattice oxygen site
or a threefold-coordinated trigonally bonded lattice oxygen site, as shown in Figure @ All
data associated with a threefold-coordinated oxygen will be labeled X3 for convenience of
reference, whereas all values associated with a fourfold-coordinated oxygen will be labeled

Xy, where X is the faulty species.

Figure 2.2: Diagram showing the fourfold-coordinated tetragonal (left) and threefold-
coordinated trigonal (right) bonding of the oxygen ions in the monoclinic phase of hafnia
as calculated in this work. The numbers show interatomic distances in A. []

Formation energies for single O atom incorporation into the monoclinic hafnia lattice
were found to be -1.3 €V (09) and -0.6 eV (0Of). Since calculations showed that the triclinic
O site is energetically favored, the rest of the discussion regarding the calculations of
Foster et al. will focus mainly on this site. Note also that previous studies in zirconia
have shown that there is no stable minimum for charged defects at the Oy sites. []

The neutral interstitial creates a distinct covalent link with the threefold-coordinated
lattice oxygen, as seen by a charge density map in Figure @a. The interstitial and
lattice oxygen form a "dumbbell” defect pair structure, which is also seen in other oxides,
such as zirconia [] and zircon (ZrSiOy) [] The lattice oxygen displaces from its planar
position between three Hf ions to form a shallow pyramid to accommodate the interstitial.
Although small differences in bond lengths indicate slightly different environments, the
two oxygens in this structure are effectively identical structurally and electronically, and
the interstitial is connected to just two of the three hafnium ions in the pyramid. The
interstitial incorporates in the lowest singlet state, but the triplet state is 0.9 eV higher
in energy. []

An extra electron was added to the system in the atomic configuration of the neutral

interstitial to explore electron trapping by the defect. System relaxation leads to the
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complete localization of the electron on the oxygen pair. The increased charge on the
defect oxygen pair causes the ions to separate, also increasing the depth of the triple
oxygen pyramid. Figure b shows that the covalent bond between the two has almost
disappeared, despite the fact that they remain effectively the same species within the
crystal. The relaxation energy of the OY structure in its initial state is 2.3 eV. The

electron is fully localized in a doublet state on the defect pair.

Figure 2.3: Charge density in the plane through Hf4, O 4, and O;, and a schematic diagram
of neutral (a), singly charged (b) and doubly charged (c) oxygen interstitials (O;) near
a threefold-coordinated oxygen (O4) in hafnia. The charge density is in 0.1e/A? and all
distances are in A [17]

The addition of a second electron from the conduction band to the negatively charged
defect is accompanied by substantial lattice relaxation. The introduction of the second
electron effectively produces two independent lattice oxygen ions. The separation between
them increases even further, to about 2.4 A. Figure @C shows the lack of bond between
the two oxygen ions. The corresponding relaxation energy is about 1.53 eV. The three Hf
ions push the initial threefold-coordinated lattice oxygen into a deeper pyramid structure,
while the interstitial now creates a new threefold-coordinated site at 2.2 A, bonding with
a third, independent hafnium ion. This hafnium ion was over 2.6 A from the interstitial
(and over 4 A from the lattice oxygen) in the prior defect structures, and no bond could
be found in the charge density. The new electron is fully localized on the defect oxygen

pair, which is in the singlet state with equal spin components.

Molecular oxygen Molecular oxygen species may incorporate into the hafnia lattice

from the gas phase or arise as a result of interactions with atomic oxygen species already
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located inside the lattice. It was found that incorporation in the threefold-coordinated
lattice was more favorable due to allowing for more space.

The results showed that the molecule has a high electron affinity in the oxide, as a
stable minimum could only be found with the molecule bonding to hafnium ions, meaning
that it seeks the most abundant source of electrons in the system - lattice oxygen sites.
Adding electrons into the molecular defect produced similar results to single oxygen atom
incorporation. The molecule displaced away from the lattice oxygen and was effectively
bonded only to Hf ions. The development of the oxygen molecule as an ionic species in

the crystal continues with the addition of another electron.

Oxygen vacancies Growth, deposition, and doping processes can all result in vacancies
in hafnia films and bulk samples. The obtained displacements of oxygen vacancies in
monoclinic hafnia were in the range of 0.01 - 0.02 A, which is similar to the displacement
seen in zirconia [18]. Such small displacements are characteristic of the F-center type
defects well studied in cubic ionic oxides, such as MgO [20]. They correlate to the two
remaining electrons being firmly localized around the vacancy site, almost completely
screening the anion vacancy. Removing an electron from the relaxed neutral vacancies
results in the formation of the positively charged defects, VOi* and VO;* and yields a
significantly larger outward displacement (0.1-0.2 A) of hafnium atoms surrounding the
vacancy site as part of the screening effect is lost. The results for the removal of another
electron and the creation of doubly positively charged vacancies imply that once the
electrons are removed, the threefold-coordination site is strongly favored and vacancies
are likely to diffuse to these sites [17].

15



No. Reaction Energy (eV)

1 0%+ V=0 +1* 0.7
2 O +Vt'=0>+ 2t 1.5
3 04+ 0%=20" —0.8
4 Vo Vi=2¥s 0.0
5 Voo ys 0.2
6 O V=0 + V" 14
7 G == Bt 1.8
8 & 820 —0.4
9 20%=0) £} 4.
10 0"+0 =0, +# k3
11 2= 4B 0.8
12 0 +V'=0°+E] 9.0
13 0, +V's0°+ E; 7.6
14 0 P =0"+E; 53

Figure 2.4: Defect reactions and associated energies [[17].

Predictions by Foster et al. about defect reactions and their energies are show in Figure
@, however the reader should take into account that the results should be regarded to
as more qualitative than quantitative due to not considering the chemical potential and
Fermi level as controlling variables for defect formation energies. However, a significant
characteristic is seen - the "negative U” behaviour (which will later on be also discussed in
works of Zheng et al.[21] and Chimata et al.[22]) of an oxygen ion in hafnia, i.e., that two
isolated O~ species would decay into O~ and O°. The normal condition is a "positive
U”, in which electrons in a trap resist each other due to Coulombic potential. When there
is a significant electron-lattice coupling, the ions relax as the defect charge state changes,
resulting in a negative U [23]. This terminology was acquired from the Anderson’s model
for semiconductors where this effect is much more common than in insulators [24].

In summary, the work of Foster showed that interstitial oxygen species and charged
vacancies may serve as traps for electrons from the hafnia conduction band. The oxygen
vacancies have structures and properties similar to those of F centers in cubic oxides (see
also discussion in Ref. [20]). Another significant conclusion is that when electrons are
available from the bottom of the hafnia conduction band, charged atomic and molecular
oxygen species are more stable than neutral oxygen species.

In 2005 the calculations of Xiong et al. were published [23], using the screened ex-
change (sX) method [25] and the weighted density approximation (WDA) [26] to derive

the energy levels. A sizable shift in the vacancy energy level was found, to a value much
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more consistent with experimental values [27].

The energy gap of bulk HfO, was calculated to be 5.5 €V, 5.95 ¢V and 5.75 eV for cubic,
tetragonal and monoclinic respectively, which compares well to the 5.9 eV experimental
value [27]. The oxygen interstitial and vacancy are denoted I and V respectively. The I?~
interstitial or O~ is a closed shell system with energy levels that fall within the oxide
valence band. The O%~ ion is separated from the other O~ (bulk) ions by a large distance.

The I~ or O~ ion behaves in a similar fashion to O?~. It is located about 2A away
from the other O?~ ions. Figure @ shows the local DOS of the interstitials. It can be
seen that the O~ ion gives rise to a half-filled state 1 eV above the valence band maximum.

A different behaviour is seen for I and O°. The two empty states allow it to form an
0-O bond of length 1.49 A to a bulk O>~ ion to form a superoxyl ion O;. As a result, an
empty antibonding o* state is created in the upper gap with a bonding partner at -5.5
eV in the valence band. O ion also forms a bond with a O?~ ion with a shorter bond
length of 1.39 A, resulting in a O; ion. The Fermi level is found right above the VB top
in the * state. This type of O ion is called a superoxyl ion. It is paramagnetic and its
characteristic signature has been observed by EPR in excited bulk HfOy by Kang [2§].

Hf bulk

O bulk

Density of States
—

8 6 2 4 & 8

Energy (eV)

Figure 2.5: Calculated local density of states at the relaxed oxygen interstitial in its
various charge states. [29]

When considering oxygen vacancies, we see that the O vacancy creates a single gap
state of A; symmetry and is occupied by two electrons. The state is strongly localised on
the d orbitals of the adjacent Hf ions. In cubic hafnia, the state is found at 3.8 eV above
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the VB edge. The relaxation of the ionic positions is minimal for the neutral vacancy.
For the positive vacancy VO, the positive charges cause a stronger relaxation of the
adjacent Hf ions and the Hf-Hf separation is now 3.7 A compared to 3.59 A for the neutral
vacancy VOU. The state lies at 4.45 €V in c-HfO,. The doubly charged vacancy causes
an even greater displacement of the Hf ions, resulting in a Hf-f separation of 3.8 A and
gap state of 5.0 eV. Figure @ shows the summary of the calculated energy levels of the
relaxed O vacancy and interstitial at various charges.

The calculations of Xiong et al. place the vacancy levels much higher than Foster []
and are more consistent with charge trapping data, indicating that the oxygen vacancy
is the most common defect in HfO, gate oxide films. This suggests that electrons are
responsible for conduction in HfO, films. HfO, to Si [@] has a substantially lower con-
duction band than the valence band offset, which favors electron injection. The electrons
conduct through the film using Poole-Frenkel or trap-assisted tunneling [@] As a result,
the trap depth of VO™1 is of the order of 1 eV below the oxide conduction band edge.

LI I I A O R R

TT 1] 17111

Figure 2.6: Energy levels of (a) the neutral, positive and double positive oxygen vacancy
calculated by the sX method, (b) negative, neutral and positively charged O interstitial
calculated by the WDA method, showing energy levels and electron occupancies. Partially
filled states are arrowed. []

In 2007 Zheng et al. presented a paper [@] in which the authors give a detailed research
of HfO, and ZrO, native point defects as a function of external chemical potentials and
Fermi level, as these are the factors that can be influenced by doping and processing
conditions. In this study, the monoclinic low-temperature phase hafnia was considered as
it is typically present in the gate dielectric film [@, @] The calculated band gap for HfO,
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was 3.9 eV, which is smaller than the aforementioned experimental value of 5.9 eV [@]
As was also seen in the work of Foster, the underestimation of the band-gap energy value
is typical of DFT calculations in the GGA approximation. Similarly, the stable neutral
oxygen interstitial formed a dumbbell-shaped defect pair with a threefold-coordinated
oxygen atom. Metal interstitials are most stable in 2c sites (at position (0 1/4 0) in a
monoclinic unit cell), which are octahedrally coordinated by six oxygen atoms.

The formation energy of point defects in various charge states at the VBM (valence
band maximum) =0 eV under extreme oxidation condition uo= pd and extreme reduc-
ing condition yy=u9; are given in Table Ell without image charge corrections. Comparing
the energy differences for oxygen point defects with the work of Foster et al. [] for VO3
and VQOy, it can be seen that HfO, and ZrO4 are 0.50 and 0.48 eV, respectively, which are
close to the values of 0.48 and 0.46 eV obtained by Foster. For O;, the energy difference
is 0.27 eV, comparable to 0.2 eV.

Kroger- [ in HfO; (V) Ef in ZrO; (eV)
Charge Vink

Defect on defect notation =y HO=Ho L=y HO=Ho
Vos 0 vy 112 6.76 0.93 6.26
Vos +1 Vit —1.66 3.98 -1.79 3.54
Vos +2 Vs -4.83 0.81 -4.79 0.54
Vou 0 Ve, 0.98 6.63 0.82 6.15
Vou +1 Vos -1.39 425 -1.45 3.88
Vou +2 Vs -4.20 1.44 —4.10 1.23
Va 0 Vi 17.01 5.73 16.44 5.78
Va -1 Vi 1697 5.69 16.38 572
Va -2 Vi 16.99 571 16.37 571
Va -3 Vi 17.07 5.79 16.42 576
Va -4 Vi 17.26 5.98 16.53 5.87
o 0 of 7.22 1.58 6.64 1.31
0; -1 o! 9.04 3.40 852 3.19
0; -2 o! 9.52 3.88 8.90 3.57
M; 0 mx 5.35 16.63 3.61 14.28
M; +1 M; 2.05 13.33 0.71 11.38
M; +2 My -1.54 9.74 —2.40 8.26
M; +3 M -4.26 7.02 —4.67 5.99
M; +4 M ~7.13 4.15 ~7.08 3.58
Mg 0 My 529 2221 6.95 22.94
Mo +1 M 1.85 18.77 372 19.71
Mo +2 My -1.77 15.16 026 1626
Mg +3 My ~4.67 12.25 -3.30 12.69
Mo +4 My -7.55 9.37 -5.95 10.05
Oy 0 of, 20.85 3.93 19.74 375
Oy -1 Oy 20.92 4.00 19.77 3.78
Om -2 oy 21.16 4.24 20.09 4.10

Table 2.1: Point defect formation energies (E) without image charge corrections in HfO,
and 21O, at py= 18, (M=HfZr) and o= 4% at VBM (=0 eV). [21]

The formation energies for different defects in HfO, as a function of Fermi level for

the two limiting values of the oxygen chemical potentials and one intermediate oxygen
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chemical potential are shown in Fig.@. The lower limit of the Fermi level (=0 eV)
corresponds to the top of the valence band, while the upper limit ez=E, represents the
bottom of the experimental conduction band. The energy of a defect with a certain
charge state is only displayed for the Fermi levels in which that charge state has the
lowest energy. As a result, the slope of the lines in these figures correlates to the charge
state of the defect, and changes in slope indicate a charge state transition. Vertical dashed
lines represent the VBM of silicon, Ey(Si).

All stable defects result in oxygen deficit in HfOy at low oxygen partial pressure
(and high hafnium partial pressure). When the Fermi level is near the VBM of HfO, (see
Fig.@a), Hf; is the dominating defect, whereas VO takes over as the Fermi level rises. The
stability of the hafnium interstitial is reduced when the oxygen partial pressure increases,
and it can no longer be stabilized even at low Fermi levels (Fig.@b). At low Fermi levels,
however, VO remains stable. Hafnium vacancies are more likely to occur at higher Fermi
levels. When the Fermi level is close to the VBM, VO and O; dominate across a small
range, and when the Fermi level is further away from the VBM, Vy¢ dominates.

Additionally, when the Fermi level is near to the VBM and the oxygen partial pressure
is very low, a hafnium antisite (Hfp) can occur (F ig.@a). This can be explained as the
lowest feasible value of pO in the oxide (which is depicted in Fig.@a) being lower in
HfO, than, for example, in ZrO, (also examined in Zheng et al. [21]) due to the greater
negative formation enthalpy of HfOs.

Figure 2.7: Calculated defect formation energy for native point defects in HfO, as a
function of Fermi level and for (a) po= ud + %AE}WOQ (low oxygen partial pressure
and high metal partial pressure),(b) po= ud + iAE}W 92 (intermediate oxygen and metal
partial pressure), and (c) po= pd (high oxygen partial pressure and low metal partial
pressure). The image charge corrections have been applied. The positions of the valence-
band maximum of the silicon (Ey(Si)) are marked by vertical dashed lines. [21]

Zheng’s study confirms oxygen interstitials having a "negative-U” characteristic, where
O; is unstable versus O; and O?”. Because an oxygen interstitial adds three 2p states

and four 2p electrons to the top of the valence band, the defect levels caused by oxy-

gen interstitials have valence-band characteristics, and the formation energy for oxygen
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interstitials is unlikely to be significantly influenced by the band gap underestimation.
The negative-U behavior for oxygen interstitials is consistent with studies by Foster and
co-workers [[17, 1§].

Oxygen vacancies also exhibit "negative-U” behavior, i.e., VO!T is not stable against
disproportionation into VO° and VO?*, although their behavior cannot be predicted with
any precision because of the underestimated band gap.

Many of the defect formation energies in Fig.@ are negative. Some of the negative
values towards the extremes of oxygen chemical potential could indicate that these chem-
ical potentials are not truly achievable. It is probable that suboxides will form before
reduction to the metal occurs at the low end of the oxygen chemical potential, limiting
the lower oxygen potential that may be obtained in HfO;. On the high oxidation side,
the underestimation of the Oy binding energy [B4] allows for an excessively high oxygen
chemical potential, resulting in a significant tendency to generate metal vacancies. Nega-
tive formation energies at intermediate chemical potentials of oxygen, on the other hand,
cannot be attributable to these difficulties and may reflect a true material instability at
specific Fermi level values.

Finally, we examine the work of Chimata et al., where defect energetics of cubic hafnia
are studied using quantum Monte Carlo simluations [22].

Calculations by Chimata et al. show that adjacent Hf ions were relaxed towards the
vacancy position by a displacement of 0.02 A from their ideal positions. The electronic
configuration around the vacancy site drives the relaxation of Hf atoms: taking one oxygen
atom out of a perfect cubic hafnia crystal leaves two extra electrons, with each Hf dangling
bond contributing 1/2 electron in its 5d shell. By gradually compressing the Hf atoms
towards the vacancy site, the total energy of the system is reduced. The nearby Hf ions
relax 0.084 and 0.180 A, respectively, outward from the vacancy site in the positively
charged defect states VOt and VO?*, which is consistent with the observations in Ref.
29].

In contrast, the Hf ions relax inwards by around 0.03 and 0.13 A, respectively, for
negatively charged defects VO~ and VO?~ O, which are created by adding one and two
electrons to the neutral vacancy.

Additionally, the reported formation energy for a neutral oxygen vacancy is lower
than the 6.95 eV derived from GGA calculations for cubic HfO, [35]. When compared to
neutral oxygen vacancies, the GGA+U and DMC formation energies for VO'~ and VO?~
states are greater, indicating that these vacancies are more unstable. As a result, we will
not go into detail about these charged defect states. Under oxygen-rich and oxygen-poor
conditions, the GGA+U and DMC formation energies for VO'* and VO?* are both lower
than the formation energy of neutral oxygen vacancy, indicating that both of these states

are more stable than neutral and negatively charged oxygen vacancies.
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An effective U parameter was derived (which is different from the Hubbard U in
GGA+U) to comprehend the disproportion of -2, -1, 0, +1, and +2 charge oxygen vacan-
cies in hafnia. The physical meaning of the U parameter is that it represents the quantita-
tive repulsive electrostatic interaction (U,;) between ionic defects and the electron-lattice
relaxation energy (U,.), U'=Uy,+U, [B6]. It is evaluated in three scenarios as discussed
in Ref [37].

(1) Injecting an electron into hafnia, 2VO!~ — VO°+VO?*~: When an electron is
injected into hafnia, it is trapped in a neutral vacancy state, which becomes VO'~, and
adding another electron to a VO!~ state forms a VO?~ defect.

(2) Injecting a hole into hafnia 2VO!™ — VO°+VO?**: When a hole is injected into
hafnia, it is trapped by a neutral vacancy, which turns into a VO'* vacancy. A VO?*
state is generated by adding a hole to the VO state.

(3) Neutral defect creation in hafnia, VO*~+VO?* — VOU: This is accomplished by
de-trapping charges from the charged vacancies.

In all three cases, a negative U’ is obtained for both GGA+U and DMC.

Figure @ shows the GGA+U total electron density of states (DOS) and orbital-
projected density of states (PDOS) for pure, VO°, and VO** charge oxygen vacancies in

hafnia.
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Figure 2.8: Total density of states for hafnia with a VO defect state(top) and N sub-
stitutional defect (bottom). The magnetism in the N-doped system is mainly due to the
N 2p at the Fermi level, while in the VOt is due to the Hf 5d states. [22]
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The GGA+U band gap for hafnia was calculated to be 4.04 eV, which is lower than
the experimental measurement of 5.8 eV [38]. The oxygen 2p states dominate the top of
the valence band, whereas the hafnia 5d states contribute to the bottom of the conduction
band, as can be seen by the PDOS. A defect state forms in the middle of the gap for a
neutral oxygen vacancy. The defect state is strongly localized on the nearby Hf ion 5d
orbitals and 2p, respectively. The band gap is effectively reduced to roughly 2.0 eV when
the defect state is mid-gap. The band gap is lowered to 3.9 eV for the VO?* charge state,

and the gap contains no defect states.

Chimata also investigates the effects of nitrogen substitutional doping at an oxygen
site in the supercell and as a result a substitutional N defect with a defect concentration
of 1.04% was created. The positive charge (one hole) at the N site causes a slight inward
relaxation of the adjacent hafnium shell, as well as an outward relaxation of nearby oxy-
gen atoms. It was also discovered that a spin-polarized structure with a total magnetic
moment of 1.0 pup B is more stable than an un-polarized one. The overall moment is
primarily residing in the single 2p hole generated by the N dopant; N has a magnetic mo-
ment of 0.4 pp, while the nearby Hf atoms and second-NN O attain induced ferromagnetic
moments of 0.0012 pp and 0.0486 up, respectively.

A considerable hybridization between the N 2p and O 2p states at the Fermi level,
Er was observed. The hybridization causes the energy levels near Er to separate. The
spin-split states near Ep give rise to a ferromagnetic insulator with a 3.6 eV band gap.
This band gap is similar to that of pure cubic hafnia, implying that leakage currents
can be lowered by nitrogen doping, such as annealing in a nitrogen-rich environment to
eliminate oxygen vacancies and their mid-gap states. According to previous first-principles
calculations [29, B9], the inclusion of two N atoms near to the oxygen vacancy sites shifts
the vacancy level out of the gap, which agrees with the results of Chimata [22]. The
findings show that replacing a single nitrogen atom at the oxygen vacancy site eliminates
the single defect level caused by the neutral oxygen vacancy, lowering leakage currents.
However, the excess charge at the N-dopant site still causes a fixed-charge problem, which
may be resolved by adding another N atom to the supercell. Table @ shows the calculated
DMC and DFT formation energies for various oxygen vacancy charge states and a neutral
N dopant.
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Charge DET DMC

oxygen-rich oxygen-poor oxygen-rich oxygen-poor

= 14.67 9.18 16.15(6) 9.64(6)
=1 10.49 5.00 11.72(5) 5.20(5)
0 6.19 0.71 1.23(2) 0.72(1)
+1 212 e 4.25(4) -2.26(4)
+2 -0.38 i 0.24(6) =6.27(9)
N 5.90 0.41 6.79(6) 0.27(1)

Figure 2.9: Defect formation energies in eV for different oxygen vacancy charge states and
for a neutral substitutional N defect. [22]

Under oxygen-rich conditions, DMC values are often 0.6-1.5 eV higher than the equiva-
lent GGA+U formation energies. The disparities between the DMC and GGA+U energies
are attributed to the differing descriptions of the 5d orbitals and the correlation energy,
similar to defects observed in 3d transition metal oxides: GGA+U typically underesti-
mates the formation energies and band gap [40, 41].

In summary, the calculations showed that in oxygen-poor conditions, a substitutional
N dopant has a substantially lower formation energy than a neutral oxygen vacancy.
Furthermore, the N dopant does not effectively lower the band gap as it does not introduce
mid-gap states. These findings support previous observations that nitrogen can passivate
HfO, [42]. Additionally, the N dopant induces a ferromagnetic state of around 0.4B per
nitrogen. Under oxygen-poor conditions, the positively charged oxygen defects VO and
VO?** have negative formation energies, indicating that they will form spontaneously.
However, stability analysis show that VO!* is unstable in terms of neutral vacancies and
VO?** creation, while the neutral vacancy VOU is stable in terms of VO*" and VO~
formation. Such defects are expected to emerge because the production energies of VO?*
and VO!* are negative in oxygen-poor conditions. Therefore, to avoid the production of
charged oxygen vacancies, it is necessary to prevent charging (allowing electrons to escape)

during cubic hafnia formation; neutral defects can be eliminated by nitrogen passivation.

In conclusion, the work of Foster showed that interstitial oxygen species and charged
vacancies may serve as traps for electrons from the hafnia conduction band. Oxygen
vacancies also exhibited "negative-U” behavior, i.e., VO was not stable against dispro-
portionation into VO° and VO?*, although their behavior could not be predicted with
any precision due to the underestimated band gap.

The calculations of Xiong et al. placed the vacancy levels much higher than Foster [[17]
and were more consistent with charge trapping data, indicating that the oxygen vacancy

was the most common defect in HfO, gate oxide films.
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The work of Zheng confirmed oxygen interstitials having a "negative-U” characteristic
that was consistent with studies by Foster. Because an oxygen interstitial adds three 2p
states and four 2p electrons to the top of the valence band, the defect levels caused by
oxygen interstitials had valence-band characteristics, and the formation energy for oxygen
interstitials was unlikely to be significantly influenced by the band gap underestimation
in the work of Foster.

Additionally, Chimata further showed that under oxygen-poor conditions, the posi-
tively charged oxygen defects VO and VO** have negative formation energies, indicating

that they will form spontaneously.

While theoretical studies offered significant information on the potential mechanisms
of defect formation and their properties, experimental studies provide additional valuable

insights and confirmations.

2.2.2 Experimental studies

In this chapter the author examines the experimental data to complement the theoretical

studies, thereby furthering the understanding of defects in hafnia.

One of the first experimental studies on defects in bulk hafnia powders was performed
by Kiisk et al.[43] where photoluminescence properties of pure hafnia prepared by using
the sol-gel method were characterized.

Kiisk reports all samples being monoclinic after annealing at 1000°C. Apparent crys-
tallite sizes were found to be 29 + 3 nm. At low temperatures, excitation of the samples
with a photon energy of 5.7 eV (exceeding band-gap of monoclinic hafnia) led to an emis-
sion spectrum consisting of two distinct emission bands around 2.4 ¢V and 4.0 ¢V (Fig.
). The fundamental absorption of hafnia and the excitation spectra of the latter band
are well-correlated. The 2.4 €V emission band, however, has a much more pronounced
excitation band centered at 4.2 eV. At around 200K, the 4.0 eV emission band was rapidly
quenched, while the 2.4 eV emission band showed no significant quenching even at room
temperatures. The emission characteristics of the bulk hafnia slightly differ from previ-
ously reported data on thin films, with the 4.0 eV band being located at 4.3 eV instead,

however overall behaviour is similar.

25



Wavelength (nm)

S +

I LLA L B LR R T : T

- Emission: Excitation: 7
'_— Eexc=7.7 €V ——— Eqet=2.5 €V |

_— Edet=4-1 eV

PL intensity (arb. u.)

Photon energy (eV)

Iﬁure 2.10: Emission and excitation spectra of HfO, at 10K using steady state excitation.

[43]

A steady increase (about 2-3 times) of the 2.4eV emission band (excited into the
4.2 eV band) was observed with annealing temperatures being increased from 600°C to
1000°C. The increase is explained by the elimination of non-radiative relaxation pathways,
as supported by lengthening of decay curves (Fig. ) The decay kinetics of the 2.4eV
emission band are non-exponential and expose a power-law tail characteristics at higher
temperatures.

The unusual shape and temperature dependency of the 2.4eV luminescence decay
kinetics suggests that the 4.2eV excitation band is caused by charge carrier delocalization
and subsequent thermally accelerated migration to the luminescence center, rather than
an intra-center transition. Such delocalization would be likely to occur in the case of a
charge transfer process (from a localized state to the conduction band or from the valence
band to a localized level).

The decay kinetics are particularly long-lasting below 100K and do not significantly
vary with temperature. As a result, recombination is not thermally stimulated in this
range. A probable mechanism for the low temperature range could be tunneling recom-

bination. Above 100K, the decay kinetics grow progressively shorter and have a higher
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Figure 2.11: a) The room-temperature decay kinetics of the 2.4 eV emission band inde-
pendence on the annealing temperature of sample and b) temperature dependence of the
decay kinetics of the 2.4 eV emission band (for 1000°C annealed sample). Log—log scale
is used to emphasize the tail of the decay curve. [43]

The theoretical calculations of Foster et al. [17] and Munoz Ramo et al. [44] predicted
optical transitions of an electron from valence band to singly ionized vacancy (at 4.67 ¢V)
and doubly ionized vacancy (at 4.91 eV) with the presence of ionized vacancies (with
electron transfer to oxygen interstitials) being energetically favorable. Kiisk therefore
proposes the excitation band at 4.2 eV being related to charge transfer transitions from
valence band to singly or doubly ionized oxygen vacancies. A similar case is also found in
yttrium-stabilized zirconia, where the recombination of a hole in the valence band with
an electron trapped at the oxygen vacancy promotes the vacancy into an excited state,
resulting in a 2.4 eV emission [45].

In 2016. Gritsenko et al.[46] published a paper summarizing the work of previous
colleagues [47, 18] as well as studying the atomic structure of defects responsible for the
5.2 eV absorption and 2.7 eV luminescence, as well as charge transport mechanisms in
HfO,.

Hafnium oxide crystals grown by directional crystallization of the melt in a water-
cooled crucible were used for thermoluminescence studies, while hafnia films obtained by
ALD were used for photoluminescence and charge transport measurements. To produce
oxygen vacancies, the HfOy crystals were annealed in a 10-4 vacuum medium at 1600°C
and 2100°C.

Figure shows the X-ray luminescence spectra of bulk HfO, crystals before and
after annealing at 1600°C and 2100°C. Two broad luminescence bands at 2.6 and 4.4 eV
are seen. The peak intensity of the luminescence at 2.7 €V increases dramatically after

annealing at 1600°C. It is explained by increasing the concentration of radiative centers
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(oxygen vacancies).
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Figure 2.12: XRL spectra of pure bulk HfOy before (black) and after annealing at 1600°C
(red) and at 2100°C(blue). [46]

Annealing at 2100°C, however, reduces the RL intensity significantly. The consider-
able increase in oxygen vacancies concentration accounts for this result. When the defect
concentration exceeds a threshold point, the luminescence intensity drops as the concen-
tration of radiative centers increases leading to concentration quenching. The effect is
caused by non radiative energy loss during resonant excitation transfer from one center
to another [49]. The band at 4.4 eV, observed in both single crystal and film hafnia, is
interpreted as self-trapped exciton luminescence.

Figure shows PL, PLE and simulated absorption spectra for almost stochiomet-
ric HfO,<5 and nonstochiometric HfO; g5. An optical absorption peak near 5.2 eV was
observed in [b0, 51] and [52]. The oxygen vacancy in HfOy has an absorption peak around
5.3 eV, according to quantum-chemical simulations. The predicted oxygen vacancy ab-
sorption peak is similar to a PLE characteristic for 2.7 eV emission. This suggests that
photons with a wavelength of 5.2 eV excite oxygen vacancies in HfO,. A PL emission near
2.7 eV, on the other hand, shows the presence of oxygen vacancies in the bulk HfO, [46].

The optical transitions in the oxygen vacancy in HfOy and luminescence processes were
described in a configuration diagram in the single-band model (Fig.). The absorption
of the 5.2 eV photons (vertical up arrow) results in a ground-to-excited state electron

transition. After the transition, the vacancy becomes capable of generating photons. It
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can be concluded, that the 5.2 ¢V bands of absorption and PLE spectra correspond to the
same transition. The vacancy then relaxes non-radiatively when the electron transitions
to a minimum of the excited state. With the emission of the 2.7 eV photon, the electron
returns to the ground state (vertical down arrow), and the system relaxes to the ground
state minimum (starting point). The thermal activation energy W; of the trap-capturing
charge carriers corresponds to the polaron energy of 1.25 eV and the transition with energy
Wopt=2W,;=2.5 eV corresponds to its optical activation energy. Given the foregoing, one
can deduce that oxygen vacancies are responsible for the blue intrinsic defect luminescence
of bulk HfO, [46].
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Figure 2.13: 1. (a) PL spectra measured at excitation by quantum energy 5.25 eV (black),
and the PLE spectra of the 2.74 ¢V (blue) and 3.66 eV (red) emission band for almost
stoichiometric hafnia HfO,<5. (b) PL spectra at energy 5.25 eV, and the PLE spectra of
the 2.74 ¢V (blue) and 3.66 eV (red) emission band for nonstoichiometric hafnia HfO, g3.
(c) The simulated optical absorption spectra for c-HfOy with the oxygen vacancy (black
curve) and for perfect c-HfOy (red curve), (d) A configuration energy diagram for an
oxygen vacancy in hafnia. (e) Absorption and luminescence in a neutral vacancy (black
and red lines show the ground occupied and unoccupied excited states, respectively). [46]

The polaron energy calculated from the Stokes shift in PL/PLE spectra and the ther-
mal activation energy of the trap reported from charge transport experiments are similar,
indicating that oxygen vacancies in HfO, behave as traps.

To describe charge transport experiments quantitatively, simulations in terms of the
phonon-assisted tunneling between traps were performed [53]. A multiparametric fitting
procedure was used to get the values of different transport parameters and good agreement

with previous studies was seen.
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Thermoluminescence (TL) measurements were performed and the TL peaks were de-

scribed by the following equation [54]

W, v (T dT
I(T) = a2 S
( ) noverp <k?T> exrp [ 6 /TO exp (%)

where ng is the initial concentration of trapped electrons, {3 is the rate of linear heating

(2.1)

(K/s), and Ty is the initial temperature. The obtained thermoluminescence curve is
presented in Figure . A fixed value of the frequency factor (2x10'® s71), obtained for
the oxygen vacancy in charge transport experiments, was used. The inset of Fig. M
presents the thermal activation energies Wt corresponding to glow peaks.

The thermal activation energy for the peak near 372 K is 1.25 e¢V. This value is
half of the Stokes shift and corresponds to the thermal activation energy W,= 1.25 €V, as
measured in the charge transport studies. It can be concluded, that the peak around 372K
is caused by an oxygen vacancy. Gritsenko further suggests that the thermoluminescence
peaks at temperatures 255, 291, and 315 K are caused by oxygen polyvacancies in HfO,

based on similarities with other studies [b5, b6].
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Figure 2.14: The experimentally obtained TL curve for HfO, annealed at 1600°C (thick
blackcurve), and the deconvolution curves: the thin blue curves show individual peaks
and the red line is their sum. The inset: each TL peak there corresponds to a value of

W,.). [ud]
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Complementing the theoretical studies, there has also been interest in nitrogen incor-
poration into hafnium oxide as adding N could markedly improve the resulting charac-
teristics of hafnia - the highly electronegative nature of the d-state electrons in undoped
hafnia makes it easy to crystallize and result in a large number of oxygen vacancies and
a high bulk oxide trap density.

Sen et al.[57] explores the effects of nitrogen doping of hafnia by using electrical and
XPS measurements. Plasma immersion ion implantation was used to add nitrogen atoms
into an as-deposited hafnium oxide in order to achieve low implantation energy and small
penetration depth which is paramount in very low physical thickness dielectrics.

The resulting amount of nitrogen incorporation was very low - around 5%. It is
explained by very few replacements of O by N, due to the Hf~O bond being stronger
than the Hf-N bond. Replacement would still occur at some disordered sites, such as
the neighbours of oxygen vacancies. The phenomenon is similar to the case of N,O
or NHj nitridation of SiOy [58]. However, unlike the nitridation of SiO,, in HfO, the
nitrogen incorporation is uniform throughout the sample with no significant lowering of N
concentration in the bulk. This observation can be explained by the uniform distribution
of oxygen vacancies in the HfO, samples.

Figure shows the Hf 4f XPS spectra obtained in the bulk of the sample im-
planted with nitrogen at a dose level of 10 /cm?. The main peaks at 18 ¢V and 20 eV
are attributed to Hf-O bonding with Hf 4f7, and Hf 4f5/5, respectively. Both peaks
show significant (around 0.5¢V) high-energy changes when compared to samples without
nitrogen implantation. The Hf-N bonding is thought to be responsible for the double
peak with binding energies of 15 and 16.7 eV.
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Figure 2.15: Gaussian deconvolution of Hf 4f core level XPS in bulk for nitrogen-
implanted samples prepared under different annealing conditions: a) rapid thermal an-
nealing at 800°C for 1 min, and b) furnace annealing at 600°C for 30 min. The nitrogen
dose was 10'®/cm?.). [57]

The Hf-N bonding is fourfold coordinated, which helps to reduce the average atomic
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coordination number, and hence the defect level in HfO,N,. It is noted that the sample
annealed at 600°C has a peak with an energy of roughly 21 eV. The peak is attributed to
O 2s. This indicates that N-PII causes oxygen displacements. From an energy standpoint,
the oxygen sites near the O-vacancies can be replaced by nitrogen atoms. The oxygen
atoms that are released create interstitial oxygen, exhibiting the O 2s spectrum.

Although the amount of nitrogen incorporated into the lattice is minimal, the material
and electrical properties show significant improvements. The temperature-dependent C—
V characteristics of HfOy samples with and without nitrogen implantation are shown in
Figure .

The samples without N-PII had a larger shift in the C-V curves and a smooth tran-
sition between the depletion and accumulation regions, indicating that the bulk trap
and interface trap densities are quite high. The large bulk trap density is caused by

O-vacancies and grain boundary states [@]
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Figure 2.16: a) C-V characteristics of hafnium oxide and b) hafnium oxide with nitrogen

implantation. [@]

As demonstrated by the small flat band shift and steep slope in the transition region of
the C-V curves, the nitrogen-implanted sample has considerable reductions in both bulk
trap and interface trap levels over a wide energy range. After incorporating nitrogen, the
bulk trap is essentially removed due to the reduction of VO centers. The large drop in
interface trap density is the combined result of numerous improvements at the interface.

Although the literature presented a large variety of data on luminescence for doped
HfO, films [@—@], the nominally pure structures remained largely unexplored with the
aforementioned studies providing information on the 2.7 eV intense blue luminescence,
but lacking insight into the 4.0 - 4.5 eV emission band. Shilov et al. therefore provides an
elaborate examination of the behaviour of the self-trapped exciton photoluminescence and

estimates approximate fundamental parameters of the exciton-phonon interaction []
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Shilov et al. examined crystalline hafnium dioxide powder. SEM images show a pow-
der consisting of individual grains with a size of 10-400 pm. The grains are nanostructured
and composed of smaller particles of 40-220 nm, giving a median size of 67 nm.

XRD and Raman data show a completely matching monoclinic HfOy, P21/c space
group [64].

PL emission and PL excitation (PLE) spectra measured at different temperatures is
shown in Figure . At room temperature a single broad emission peak is seen at 2.6
eV, excited under UV light. This is associated with oxygen-deficient centers as shown
previously Gritsenko et al. When the temperature is lowered below 200K, emission peak
at 4.2 eV dominates the spectrum with the most efficient excitation taking place at 5.9 eV.
The optical absorption (OA) spectrum shown in Fig. shows an increase in absorption
at photon energies of hv > 3.5 eV with a weakly pronounced shoulder in the 4.9 - 5.1 eV
region. This is consistent with the presence of the 4.5 eV band in the PLE spectrum.
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Figure 2.17: Hafnia PL, PLE and OA spectra measured at different temperatures. a) the
spectra at room temperature; b) the spectra under study at different temperatures. PL
and PLE spectra are normalized to maximum intensity. [63]

According to calculations [44, 65], oxygen vacancies in different charge states of Og;
and Oy create new energy levels in the forbidden gap, with corresponding optical transi-
tions defining spectral characteristics of the OA spectrum. The sharp increase in absorp-
tion at hv > 5.5 eV corresponds to the typical monoclinic hafnia intrinsinc absorption
edge and also coincides with the excitation energy of the STE (self-trapped excitons)
[66-68].

Direct (5.61 £0.05 eV) and indirect (5.31 +0.05 €V) band gaps were estimated using
the Tauc approach [69]. In the region of hv < 5.68 eV, in-direct permitted transitions
dominated, however in the range of 5.68 eV< hv <5.76 €V, both direct and indirect
transitions form the OA spectrum within the intrinsic edge region. Only the direct allowed

transitions take place in the range of hv > 5.76 eV.
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The band gaps estimated in the work of Shilov et al. are in good agreement with these
studies. It can be concluded that the intrinsic absorption edge in pure hafnium dioxide
can be created via both direct and indirect allowed band-to-band transitions. It has been
previously demonstrated in thin films [51, 68]and monoclinic HfO, single crystals [70] the
possibility of simultaneous realization of the two types of optical transitions. According
to Refs. [71, [/2], an indirect allowed transition occurs between the Brillouin zone points
I' — B, whereas the direct one corresponds to the process I' — T'.

The experimental temperature dependency I(T) of the PL intensity of the monoclinic
HfOs powder is shown in Fig. . The emission intensity increases in the temperature
range of 40-90 K and reaches a maximum at 90 K. At T>90 K, the intensity begins to
fade, and at T 200 K, no emission is detected. As a result, the I(T) dependency has
two distinct behaviors: enhancement (negative quenching) at T<90 K and quenching at
T>90 K.

The modified Mott relation [73] was used to investigate the temperature dependence

[(T) of the luminescence intensity:

1 + Pygexp (—%)
I(T) = I - (2.2)
1+ Pyexp (—k—$>

where I is the emission intensity at T — 0 K; Pyg and Py are corresponding pre-
exponential factors; Ey¢ is the activation energy of the emission enhancement process,
eV; B is the activation energy of the emission quenching process, eV; k is the Boltzmann
constant, eV - K1,

Fig. shows the experimental data of I(T) approximated by the expression (@)A
plot in Arrhenius coordinates is shown in the inset of Fig. . For T>90 K, the linear
segment (R? =0.97) points to the PL temperature quenching activation origin.

The magnitude of the barrier for a thermally induced non-radiative transition from the
luminous state of a self-trapped exciton and an F-center — hole pair on the same adiabatic
potential surface could possibly be controlled by the energy Eg [74]. The computed energy
Eng comes near to the thermally activated barrier that must be exceeded for a free exciton

to self-trap in monoclinic HfO, [[75].
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Figure 2.18: Temperature dependence of the emission intensity for the 4.2 eV band. The
experimental values (square symbols) are approximated using the modified Mott relation
(4) (blue line), blue shaded area along the line indicates 95% confidence interval. The inset
contains the data for the temperature quenching of the investigated luminescence plotted
in Arrhenius coordinates and their linear approximation (black line) in the corresponding
range. [63]

The significant Stokes shift and large half-width suggest that the mechanisms of cre-
ating the 4.2 eV emission are based on STE radiative decay processes [[75]. As monoclinic
HfO, perfect crystals have a primarily ionic type of bond, theoretical predictions from [76]
allow to hypothesize that charge carriers can self-trap and STE can occur. In particular,
holes are localized near the top of the valence band formed by oxygen 2p-orbitals [76].
Insignificant displacements of non-equivalent O3y and O,y atoms cause localisation. As
a result, STE interacts extensively with the A, and B, oxygen vibrational modes. The
effect of oxygen vacancies can be enhanced by changing their charge state. In the process,
the Hf-O bond is distorted significantly (up to 11% for a fully ionized vacancy) and a
suitable potential well for a hole is created [44, 65]. Furthermore, the mutually approach-
ing atoms increase the covalent contribution to this bond and cause the localiation of
an electron [[74]. It is worth noting that capturing an electron via an oxygen vacancy is
energetically favorable [74]. This fact results in the coexistence of excitons and optically

active F-type centers in different charge states. This is consistent with the findings of
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Shilov, as a 2.6 eV blue luminescence typical of oxygen vacancies is observed simultane-
ously with the STE emission investigated when band-to-band excitation is used (see Fig.
1.

The obtained results were summarized in a configuration diagram of STE luminescence
processes in Figure . Excitons with a theoretical binding energy of 0.57 eV are formed
via 5.9 eV band-to-band excitation [@] Heavy holes then cluster at the top of the valence
band (VB) at 2p orbitals of O3 atoms [@] (see fragment of elementary crystal cell in Fig.
). Furthermore, similar to other transition metal oxides, more mobile electrons could
be captured to states near the bottom of the conduction band (CB), which are dominated
by the narrow 5d orbitals of hafnium atoms [@] As a result these characteristics indicate
that excitons in monoclinic HfO, with 4.2 eV luminescence have a self-trapping nature
[@, @f@] The calculated quenching energy EQ =140 meV corresponds to the thermally
triggered barrier of non-radiative decay of STE in this case, as shown in Fig. .

‘ Configuration /

Coordinate

Figure 2.19: Model of the luminescence involving the STE under band-to-band excitation
in monoclinic HfO,. Inset shows schematically the fragment of monoclinic HfO4 crystal
cell with an electron and localized hole forming the self-trapped exciton (dashed line).

[63]

The observed PL enhancement at temperatures below 90 K, according to the model
developed by Shilov et al., could be attributable to excitations transfer during the decay of
free excitons FE—STE. Furthermore, charge transfer mechanisms from oxygen vacancy
traps to luminescent centers based on STEs are possible [@] The lowest computed
barriers for self-trapped holes and electrons hopping between equivalent sites in monoclinic
HfO, in this case are 80 and 50 meV, respectively, and their thermal ionization energies are
greater than 0.6 eV, i.e. > Eng [@, @f] As a result, the role of the aforementioned

36



capture centers in the mechanisms of T<90 K STE PL augmentation appears to be

insignificant.

To summarize the experimental studies, Shilov et al. showed that the magnitude of
the Huang-Rhys factor 12.0-40.6 and the temperature trend of the spectrum features
reveal STE radiative decay processes underlying the procedures of forming the indicated
emission. The energies of effective phonons were estimated for the first time and were
found to be 32 meV and 36 meV and being responsible for the shift and broadening of
energy levels, respectively. As a consequence of the A,+2B, superposition of longitudinal
and transverse vibrational modes of oxygen atoms, the estimated vibrational energies are
close to the predicted maximum in the IR spectrum. In this regard, it was concluded that
STE in monoclinic HfO, is caused by holes localizing near the top of the valence band
formed by the electron shells of oxygen atoms.

The modified Mott equation was used to evaluate the temperature behavior of the 4.2
eV emission. The activation energies of STE luminescence quenching (Eg =140 meV) and
enhancement (Eyg =3 meV) were also calculated. It was shown that the magnitude of
Eng can be attributed to the height of a barrier that must be overcome in order for a free
exciton to be self-trapped. A thorough investigation of the discussed excitonic phenomena
could aid the development of hafnia-based structures with controlled optical response of
intrinsic origin.

In summary, Kiisk proposed the excitation band at 4.2 eV being related to charge
transfer transitions from valence band to singly or doubly ionized oxygen vacancies. A
similar case was also found in YSZ, where the recombination of a hole in the valence band
with an electron trapped at the oxygen vacancy promotes the vacancy into an excited
state, resulting in a 2.4 eV emission [45].

Gritsenko showed that the thermal activation energy for the peak near 372 K is 1.25
eV. This value is half of the Stokes shift and corresponds to the thermal activation energy
W,= 1.25 eV, as measured in the charge transport studies. It was concluded, that the
peak around 372K is caused by an oxygen vacancy. Gritsenko further suggests that the
thermoluminescence peaks at temperatures 255, 291, and 315 K are caused by oxygen
polyvacancies in HfO, based on similarities with other studies [55, b6].

Shilov et al. notes that according to calculations [44, 65], oxygen vacancies in dif-
ferent charge states of Oz and Oy create new energy levels in the forbidden gap, with
corresponding optical transitions defining spectral characteristics of the OA spectrum.
The sharp increase in absorption at hv > 5.5 eV corresponded to the typical monoclinic
hafnia intrinsinc absorption edge and also coincided with the excitation energy of the
STE (self-trapped excitons) [66-68]. Heavy holes were then thought to cluster at the
top of the valence band (VB) at 2p orbitals of O3 atoms [76]. Furthermore, similar to

other transition metal oxides, more mobile electrons could be captured to states near the
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bottom of the conduction band (CB), which were dominated by the narrow 5d orbitals of
hafnium atoms [[76]. As a result these characteristics indicated that excitons in monoclinic
HfO, with 4.2 eV luminescence have a self-trapping nature [46, 78-80].

Shilov also concludes that STE in monoclinic HfO, is caused by holes localizing near

the top of the valence band formed by the electron shells of oxygen atoms.

As the theoretical and experimental aspects have been reviewed, we will now look
into the phenomena and methods that will be used in the original studies of the author

presented further in this work.

2.3 Material studies using luminescence

As a non-invasive and highly informative method, spectroscopy is used in all of the pre-
sented studies. We will therefore look at the luminescent properties of undoped HfO,,
europium and erbium, which are used as luminescent probes in hafnia and zirconia ma-
trices. Luminescent probes that consist of rare-earth materials offer a way to obtain a
more comprehensive understanding of the symmetry and local structures of the host ma-
terials. Moreover, they enable us to make inferences about the origin of oxygen vacancies

in hafnia.

2.3.1 Intrinsic defect luminescence

The photoluminescence spectra of undoped HfOy and ZrO, is usually characterised by a
broad PL band, centered at around 2.5 eV, consisting of several subbands. The origin of
PL in undoped metal oxides is often explained by the intrinsic defects present in the host
material.

While the literature does not provide a thorough analysis of the potential origins of
these subbands, the most intense band (2.5 eV) has been identified as an F+ center - an
anion vacancy with a missing electron. This band has been identified due to its very fast
ns decay time is similar to the decay time values of F+ centers in several oxides [20, 84,
85].

2.3.2 Photoluminescence of rare-earth ions

Rare-earth ions are distinguished by their well-defined electronic levels established by the
4f™ electronic configuration [86]. The shielding effect given by the 5s and 5p electronic
shells to the 4f electrons is another key characteristic of rare-earth ions [87]. Rare-earth
ions are great candidates as luminous probes of the local structure of the system in which

they are embedded because of these features.
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Europium photoluminescence

Eu?* has 60 electrons in total, with 54 electrons in the same closed shells as a xenon atom
and 6 electrons in the 4 f shell. This can be written as [Xe]4f6 or shortened to 4f°. The
4f shell is protected by the 5s* and 5p°® outer shells [88].

The 45 configuration of Eu?* is affected by several factors, including electron repul-
sion, spin—orbit coupling, the crystal-field perturbation and eventually the Zeeman effect
(Fig.). The electron repulsion is the interaction between the electrons in the 4 f shell.
The spin-orbit coupling is the interaction between the spin of an electron and the mag-
netic field created by its movement around the nucleus. The crystal field effect is caused
by the interactions between the 4 f electrons and the electrons of the surrounding ligands.

The Zeeman effect is the splitting of energy levels in the presence of an external magnetic
field[89].
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Figure 2.20: Partial energy diagram of Eu®™ (4f%) showing the relative magnitude of
the interelectronic repulsion (terms), spin—orbit coupling (levels) and crystal-field effects
(sublevels). The downward arrows indicate the excited states "Dy and °D; from which
luminescence occurs. [89]

For an isolated ion, all 4f% intraconfigurational transitions are forbidden electrical
dipole (ED) transitions. When an europium ion is embedded in a matrix it interacts with
the local crystal field. The mixing of distinct parity states caused by the local symmetry
distortion eventually leads to partially allowed electric dipole transitions. Magnetic dipole
transitions are allowed by spin—orbit coupling between various states, resulting in inde-
pendence of local symmetry in the first order. This means that the degree of distortion
of the Eu®" site in relation to the centrosymmetric configuration can be determined by

comparing the intensities associated with ED and MD transitions [90].
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Erbium photoluminescence

Erbium is well known for enabling the upconversion luminescence phenomenon, absorbing
infrared radiation and emitting a light of higher energy wavelength. A diagram of the
energy levels involved in the upconversion emission of a sample doped with Yb3* and
Er3* ions when excited with infrared light is shown in Figure .
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Figure 2.21: The energy level diagram for Yb3* and Er3* ions under infrared excitation.
[91]).

The wavelength of the diode laser is chosen to match the absorption transition between
the ground state 4I;5 /2 and the excited level 1y 2. When the atom is excited to the 1, /2
level, the same laser is used to pump it to the 417/2 level. Nonradiative relaxation then
causes the atom to populate the *Sg/5/?Hj1 /2 and *Fgj levels, resulting in bright green
(550 nm) and red (675 nm) emission due to the transitions ‘Sz to *Ij50 and Fg o
to “Iy5/2, respectively [92-94]. At low concentrations of dopants, the Sz /?Hjy /s levels
primarily decay through radiation to the “Ij5/5 level, which results in a higher intensity
of green emission [91].

When additionally doped with Yb3*, there are three mechanisms of upconversion
possible. The first is simple excited-state absorption, where Yb3* ions do not participate
in the process. The second is energy transfer upconversion, where two excited Er®* ions
(in the Ty, /2 state) interact with each other, resulting in one ion being de-excited to the
145 /2 state and the other being excited to the iF, /2 state. This second mechanism involves

the participation of Yb?" ions in the energy transfer process [91]. This mechanism can
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be described as

24111/2 —* Lis/2 +* F7/2

A third mechanism is realised via energy transfer from Yb** (*F5/5) to Er** (*Hyy ).
The ET from Yb** (*F5/5) to Er* (*Hyy /2) is dependent on the concentration of Yb** ions.
This means that the efficiency of the transfer process is determined by the concentration
of the donor and acceptor ions. After a second photon is absorbed by Yb3* ions, the
energy is transferred to Er** ions, which are then raised from the Iy /5 level to the *Fr o
level. This process can result in the emission of green and red upconversion luminescence

through the following channels.

2Fi/a(YD™) +4 Ly jo(Er®") =2 Fr o (YD) +1 Fr o (Er®)

The *F7/, (Er*") state decays nonradiatively to the *Sz/o/?*Hii/e and *Fgjp (Er*t)
levels. The green emission is observed from the S35 — *I;5/, transition while the *Fg o
— 1352 transition produces red emission. The increase in overall emission intensity in the
presence of Yb3" ions and Er®t ions is consistent with the idea that the energy transfer
process between these ions is dependent on their concentration. This suggests that the
efficiency of the transfer process increases as the concentration of Yb** and Er3* ions

increases [91].

While rare-earth luminescent probes offer a valuable insight into the structure and
symmetry of the host material, an equally important method of spectroscopy is thermo-

luminescence.

2.3.3 Thermoluminescence

Thermoluminescence in this work is used to determine the types of oxygen vacancies
present in hafnia and their activation energies. The theoretical background of this phe-

nomena is therefore studied in this section.

Thermoluminescence is the emission of light from an insulator or a semiconductor
when it is heated. It is the thermally stimulated emission of light following the previous
absorption of energy from radiation [54]. In general, emission-luminescence occurs when
energy from radiation is transferred to the electrons of a solid, exciting them from a

ground state to an excited state (transition (i) in figure 1.3a).
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Figure 2.22: Energy transitions involved in the production of (a) fluorescence and (b)
phosphorescence. [54].

The emission of a luminescence photon occurs when an excited electron returns to its
ground state (transition (ii)). In the case of fluorescence, the delay between transitions
(i) and (ii) is less than 107 seconds, and the process is not influenced by temperature
[p4]. According to Chen & Kirsh [95], Jablonski [96] was the first to explain temperature-
dependent phosphorescence. In this model, the energy level diagram is modified by the
presence of a metastable level (m) in the forbidden energy gap between the excited state
(e) and the ground state (g). This allows an electron that is excited from the ground state
to the excited state to become trapped in the metastable level. The electron will remain
in this level until it is given enough energy to return to the excited state, at which point
it can undergo a normal transition back to the ground state and emit a photon of light.
This process is sensitive to temperature because the amount of energy needed to return
to the excited state from the metastable level increases with decreasing temperature[H4].

In general, the presence of impurities and structural defects in a material can create
discrete energy states within the forbidden gap of the material. These energy states allow
for radiative recombination to take place, leading to luminescence. These defects are
known as "luminescent centers.” The presence of vacant lattice sites or other impurities,
lattice defects, and irregularities in the host lattice can also create unoccupied states,
known as traps. These traps can delay the luminescence (phosphorescence) by temporarily
holding the charge carriers (electrons and holes) before they can recombine with the
luminescent centers [97].

The release of charge carriers from trapping levels by thermal processes depends on

the probability of their escape, as described by equation @

p=sexp(—E/kT) (2.3)

where p is the probability of escape, s is the frequency factor, k is Boltzmann’s constant,

E is the trap depth below the excited state and T is the sample temperature [54].

The charge carriers (electrons and holes) that are released from the traps when the
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material is heated can recombine radiatively through the CB or the VB, leading to ther-
moluminescence. The intensity of this TL, denoted as I;, is proportional to the rate at
which electrons and holes recombine at the recombination center level C (as shown in
Figure 4). It can be expressed mathematically by equation @, where the rate of recom-
bination is determined by the probability of the charge carriers escaping from the trapping
levels [p4].

I, = Iy exp(—pt) (2.4)

where [ is inital intensity at t = t5. The frequency factor s varies slowly with temperature
and can be constant for a particular trap.

In practice, when an electron or hole is released from a trap, it has a certain probability
of being recaptured. If the charge carriers that are released on heating are not retrapped,
and all of them recombine radiatively, the TL intensity 17, will be proportional to the
rate at which the trapped carriers are released. This relationship is described by equation
@, where the rate of release of the trapped carriers determines the intensity of the TL
[b4].

T
It = Ny, sexp(—E/kT) exp {—(s/ﬁ)/T exp(—E/kT)dT (2.5)
0
where Ny, is the number of electrons trapped at initial temperature Ty and S the rate
of heating. Equation @ is the Randall and Wilkins (1945) expression for the first-order
kinetics under conditions of no retrapping.

In the case of second-order kinetics (as described by Garlick and Gibson in 1948 [9g]),
the released charge carriers are considered to have an equal probability of recombining at
a luminescent center or being recaptured by the same trap. Under these conditions, the

TL intensity I7;, can be expressed as

N2 —E\ [Ny s [T —E -
Iy = = 0~ — |dT+1 2.6
e () (W5 Lo Gr)r ] e
Finally, to determine trap depth levels in this work, the following second order decon-
volution function developed by Chen et al. (1970)[99] is used

E kT2 E -
I,, = ngsexp <_ﬁ) [SﬁEmeXp (_W) (1—-A,)+ 1} (2.7)

where A, = 2kT,,/E, I, is the glow peak intensity, F (eV) the activation energy, s

(s71) the frequency factor, ng the initial concentration of trapped carriers, k (eV K™') the
Boltzmann constant, T, (K) the absolute temperature of the peaks.

While we have reviewed the methods used in the studies of hafnia and zirconia present
in this work, it is also important to acknowledge the properties that make hafnia a useful

and promising material in electronic applications such as the dielectric response.
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2.4 Dielectric response

The property that makes hafnia stand out among other materials and enables it to be a
substitute of SiOy in field-effect transistors is its high dielectric constant (high-k value),
that as a result lowers the total leakage currents present and allows the reduction of the

size of the thin-film layers even further.

The k value must be greater than 12, preferably 25-30, in order to achieve good ca-
pacitance performance. With an acceptable k value, the dielectrics will have a physical
thickness that is sufficient to prevent gate leakage while not being too thick to obstruct
physical scaling while obtaining the target EOT (equivalent oxide thickness). A large k
value, on the other hand, is undesirable in CMOS design because it results in disadvan-
tageous large fringing fields in the source and drain regions [100]. Fig. demonstrate
that the k values of certain oxides are inversely proportional to the band gap, implying

that a higher k values is not necessarily better for practical applications.
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Figure 2.23: Static dielectric constant versus band gap for candidate gate oxides [4].

The tetragonal (k ~ 70) and cubic (k ~ 29) phases exhibit a substantially greater
dielectric response than the monoclinic phase (k ~ 16), according to first-principles inves-
tigations [[7]. S. Migita et al. recently revealed that ultra-thin cubic hafnia films have a
very high kvalue of about 50 and a band gap that is similar to monoclinic hafnia. From as-
deposited amorphous hafnia, ultrathin films of cubic hafnia have been achieved employing
an ultrafast ramp with a reduced holdtime in the annealing process [22]. Low-temperature
synthesis approaches to extremely crystalline cubic hafnia have also been established in
other, more recent studies [101].

However, HfO, films have an unstable threshold potential, which is often attributed
to charge trapping. Defects, in particular oxygen vacancies, have been thought to be a

plausible cause for this charge trapping [102]. Cockayne in his 2006 study researched the
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impacts of oxygen vacancies on the electric properties of hafnia and discovered that while
the introduction of vacancies alter the overall phonon density of states DOS, the changes
in the dielectric constant are quite small - 3% or less with one O vacancy per 64 O atoms.
Thus, the insertion of O vacancies has little to no impact on the polar phonons that
make up the majority of the dielectric response of HfO,. If vacancies vary at all, charged
vacancies tend to suppress the dielectric response while neutral vacancies tend to amplify
it. Neutral vacancies tend to enhance the dielectric response while charged vacancies tend
to decrease it, if the dielectric constant is influenced at all. While the changes changes
introduced by oxygen vacancies in monoclinic hafnia are small, the static dielectric tensor
ks almost doubles with phase shift from monoclinic to metastable cubic. This implies that
the estimated increase in k; of the associated compound ZrO, with the addition of oxygen
vacancies is not primarily attributable to the oxygen vacancies themselves but rather to

the stabilization of the cubic phase in comparison to the monoclinic phase [103].

The dielectric response of hafnia, however, is only a part of what makes hafnia a
prospective material in future applications. The key property that has opened the path to
many applications such as the ferroelectric field-effect transistor and ferroelectric random-

access memories is its ferroelectric properties which are discussed shortly.

2.5 Ferroelectric Applications

For more than half a century, ferroelectricity has attracted widespread attention as a
material property with the goal of bridging the performance gap between data processing
and nonvolatile storage [104]. Nonvolatile storage choices such as hard disks, which have
limited bandwidth, impose important performance restrictions, often known as the von
Neumann bottleneck ( [105].

Ferroelectricity was first discovered by Valasek in Rochelle salt in the 1920s [106], with
subsequent investigations of conventional perovskite ferroelectrics such as BaTiO3 (BT)
and Pb(Zr,Ti)O3 (PZT) taking place in the 1950s [[107, 108]. However, the concept of
FeFETs that was created in the 1950s had largely remained a theory until the discov-
ery of ferroelectricity in Si:HfO, films due to limitations of materials. Hafnia films can
finally overcome te thickness limitation and CMOS incompatibility of ferroelectrics with
perovskite structures that existed previously [5].

Due to the substantially lower data storage speed relative to the operation performance
when dealing with huge volumes of data, the von Neumann bottleneck has become a
serious concern nowadays. Based on distributed parallel information processing, neural
networks can effectively handle these challenges, and ferroelectric films can operate as
biological synapses to effectively simulate the behavior of the human brain and produce
artificial intelligence with high speed and low loss [109].

Elemental doping, interfacial engineering, surface energy effects, and deposition pro-
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cedures have all been employed to alter and control the ferroelectric characteristics of
HfO,-based films [110-114]. HfOo-based materials have received interest in a wide range
of applications due to its multifunctional features, which include dielectric, ferroelectric,
anti-ferroelectric, and piezoelectric performance.

HfOs-based materials with ultra-thin thickness can be used in 3D integration of
FeRAM, FeFET, and bioelectronic synapses due to their non-volatile properties [115,
116]. In Zr-rich circumstances, Muller et al. identified anti-ferroelectric characteristics of
ZrOy/HfO, films [117], and comparable phenomena were also discovered in Al: HfO,[[11§]
and Si: HfO5[5]. The remaining polarization could be very tiny, or perhaps negligible, with
no hysteresis loops, which is ideal for energy storage applications that want to improve
efficiency. They are appealing for applications in supercapacitors, energy harvesting, and
solid-state cooling [115, [119] because they have an electric field-induced anti-ferroelectric

to ferroelectric phase change.

Mimura et al. also improved the thickness limitation from the nano- to micro-scale,
and 1 m-thick Y:HfO, films with a remnant polarization of 14 C/cm? demonstrated good
ferroelectric and piezoelectric capabilities [120]. Kirbach et al. discovered piezoelectric-
ity in 20 nm-thick Si:HfO, films, which could aid in the creation of highly integrated
nano-electro-mechanical-systems (NEMS) and sensor devices [121]. Under an external
electric field, ferroelectric films can exhibit considerable strain, which can trigger micro-
or nanoscale devices. Ferroelectricity has recently been observed in bulk Y:HfO,, overcom-
ing the present thickness limitation and paving the way for next-generation ferroelectric
devices [122].

Several review papers on the structures and applications of HfOs-based films in fer-
roelectric and anti-ferroelectric devices have been published in this field. Park et al., for
example, summarized ferroelectricity and anti-ferroelectricity in HfOs-based films from
their origins to an overview of experimental work to their potential applications [115].
Following that, Park et al. discussed the benefits and drawbacks of fluorite-structure HfO,
for memory devices, as well as how suitable doping, lowering oxygen vacancy concentra-
tions, and anti-ferroelectric characteristics might help with device endurance [123]. Due
to its low permittivity and high coercive field, Mikolajick et al. highlighted how HfO, can
overcome major concerns in 1-transistor-1- capacitor (1T-1C) ferroelectric random-access
memory (FeRAMs) and ferroelectric field-effect transistors (FeFETs) as compared to stan-
dard perovskite materials [[124]. Park et al. discussed the current challenges and potential
influencing factors in HfO5 from the standpoint of fundamental physics for semiconductor
devices, and provided possible solutions [125]. Based on models of physical mechanisms,
Pesic et al. presented in-depth research of ferroelectric hafnium and related devices. Park
et al. extensively evaluated anti-ferroelectric hafnium from its fundamental physics to

energy-related applications based on both pyroelectricity and anti-ferroelectricity [[126].
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In addition to the simulation and experimental reviews mentioned above, novel in-
sights are examined from the standpoint of defects and domains. Park et al. evaluated the
effects of point defects (e.g. oxygen vacancies, carbon, and hydrogen) and two-dimensional
defects on the ferroelectric characteristics of fluorite-structure oxides (e.g. interfacial layer
and grain boundaries) [127]. Lee et al. presented a complete analysis of ferroelectricity
in fluorite-structured ferroelectrics, with a focus on domain dynamics and related appli-
cations, particularly in neuromorphic computing [12§].

The origins of ferroelectricity and the kinetic phase transitions of HfO, are still being
debated. Wake-up effects, long-term tiredness response, and imprint effect are among the

problems that must be overcome.

In order to enable hafnia as a potential ferroelectric material, it is important to under-
stand the processes of defect formation and defect characterization. Defect formation can
be influenced by doping the material with rare-earth ions, that both affect the bulk ma-
terial by creating oxygen vacancies in a controlled manner and act as luminescent probes
that provide information about the structure and symmetry of the material.

We therefore conclude the review of the theoretical and experimental evidence on
oxygen vacancies in hafnia, having reviewed the methods used in this work to study these
defects and the key properties of hafnia that make it a valuable material in already existent

applications, as well as promising future ones.

The next chapters discuss the materials and methods used in this work in details, while

the rest of the work focuses on the formation and characterization of oxygen vacancies.
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3.MATERIALS AND METHODS

In this chapter, the methods of synthesis used in the studies that comprise this work are
discussed. This section discusses the main methods for synthesizing hafnia and zirconia
samples, namely sol-gel, hydrothermal, and solar physical vapor deposition techniques. It
also examines the technical aspects of the measurements and equipment used to charac-

terize the resulting samples.

3.1 Synthesis

Most of the samples used in this work have been synthesized either by the sol-gel method
or the hydrothermal method. Additional descriptions of other methods of synthesis are

provided in the Results and Discussion section.

3.1.1 Sol-gel

The amorphous network architectures of sol-gel materials are the result of rapid and
(nearly) irreversible processes, as opposed to glass production from melts, where the ther-
modynamically advantageous crystalline structure is avoided by quick enough cooling.
Therefore, molecular precursors, which serve as the foundation for the subsequent mate-
rials, are converted into metastable solids known as sol-gel materials through kinetically
controlled processes. As a direct result, all reaction factors, including the precursor prop-
erties, have a significant impact on the structure and therefore the properties of sol-gel
materials [129].

A sol is a suspension of colloidal particles in a liquid. These particles can be amorphous
or crystalline and can have complex substructures, such as dense, porous, or polymeric
structures. These substructures can be the result of aggregation of subcolloidal chemical
units [130].

A gel is a solid network with a porous, three-dimensional structure that supports
a continuous liquid phase. In many sol-gel systems used to synthesize oxide materials,
gelation (the formation of gels) occurs when covalent bonds form between the particles
in the sol. Gel formation can be reversible if other types of bonds, such as van der
Waals forces or hydrogen bonds, are involved. The structure of a gel network is largely
determined by the size and shape of the particles in the sol [130].

The tendency of fine particles in a sol to aggregate or clump together is caused by
attractive van der Waals forces and the minimization of total surface or interfacial energy
in the system. To prevent this aggregation and stabilize the sol, repulsive forces of similar

magnitude must be introduced. This can be achieved by adsorbing an organic layer on
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the particles (known as a "steric barrier”) or by creating electrostatic repulsion between
the particles. This demonstrates the strong influence that organic additives and ionic
species can have on the gelation process. The stability and coagulation of sols is crucial
to sol-gel chemistry. Gelation can also be induced by rapidly evaporating the solvent,
which is useful for the preparation of films or fibers [130].

When the liquid in the pores of a wet gel is allowed to evaporate, capillary forces cause
the gel network to shrink, often by a factor of 5-10. This resulting dried gel is called a
xerogel. The drying process can cause the monolithic gel body to be destroyed, resulting
in a powder. If the gel is dried in a way that preserves its pore and network structure,

the resulting dried gel is called an aerogel [L30].

3.1.2 Hydrothermal

The hydrothermal method involves the use of an aqueous solution as a reaction system in a
specialized closed reaction vessel to create a high-temperature, high-pressure environment.
This is achieved by heating the reaction system and pressurizing it (or by allowing the
vapor pressure generated by the system itself to build up). This process can dissolve and
recrystallize substances that are poorly soluble or insoluble under normal conditions [131].

The main steps of crystalline growth under hydrothermal conditions are as follows:

1. The reactants are dissolved in a hydrothermal medium and enter the solution in
the form of ions or molecular groups.

2. The ions or molecules are separated by the temperature difference between the
upper and lower portions of the reaction vessel. The ions or molecular groups are trans-
ported to the lower temperature region, where they form a supersaturated solution around
the seed crystal.

3. The ions or molecular groups are adsorbed, decomposed, and desorbed at the
growth interface.

4. The adsorbed material moves at the interface.

5. The dissolved matter crystallizes.

In a hydrothermal reaction, water can either participate in the reaction as a chemical
component or serve as a solvent or puffing accelerator [132, 133]. By using water as a
pressure transmission medium, the formation of inorganic compounds can be accelerated
by controlling the physical and chemical factors of the process. In high-temperature and
high-pressure hydrothermal systems, the properties of water will undergo the following
changes: The ionic product increases, and the ionic product of water rapidly increases
with increasing pressure and temperature. Under high-temperature and high-pressure
hydrothermal conditions, the rates of hydrolysis reactions and ionic reactions will increase

naturally with water as the medium [[134].
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The compounds involved in the hydrothermal method have low solubility in water,
so even at high hydrothermal reaction temperatures, the solubility of most substances in
pure water is typically less than 0.1-0.2 wt.%. To increase solubility during the crystal

’are often introduced

growth process, one or more substances, known as "mineralizers,’
into the system. Mineralizers are typically compounds that have high solubility in water
and continue to increase in solubility with increasing temperature, such as certain low-
melting salts, acids, and bases [135-137]. Adding a suitable mineralizer not only increases
the solubility of the solute in the hydrothermal solution but also changes its solubility
temperature coefficient. Some mineralizers can also form complexes with the crystalline

material to speed up the rate of crystal nucleation [134].

3.1.3 Solar physical vapor deposition

The increasing interest in nanostructured materials has led to the development of new
methods for creating novel materials with the ability to engineer their properties on the
nano scale. The use of concentrated solar power technology, which has proven to be effec-
tive in converting solar radiation into high-temperature heat, has also been a driving force
behind this development. As a clean and efficient form of renewable energy, concentrated
solar power has been used to develop a unique process known as solar physical vapor
deposition [138]. SPVD method was developed at the Odeillo-Font Romeu laboratory in
France by utilizing "heliotron” solar reactors that operate under concentrated sunlight in
2 kW solar furnaces [[139]. This process involves melting and vaporizing a material in a
solar reactor using concentrated solar radiation, before condensing it to form nanopowders
[138].

Zirconia is a material that can withstand high temperatures, and as a result, the evapo-
ration temperature for zirconia in the Heliotron reactor is estimated to be around 3000°C.
These temperatures are reached by utilizing heat transfer through the concentration of
solar radiation onto small spot sizes [140].

The schematic of the SPVD method is shown in Fig. El] along with the evaporation
process in Fig. @

The solar radiation is directed onto the sample by using mobile plane mirrors that track
the movement of the sun and reflect the light onto a parabolic mirror. The parabolic mirror
concentrates the light onto the sample with spot sizes smaller than 1 cm?. To control the
power, the flaps between the mobile plane mirrors and the parabolic mirror are adjusted.
The target material is placed at the focal point of the parabolic mirror in a water-cooled
target holder, which is located at the center of the glass balloon of the reactor [140]. This
setup allows for the control of the ambient gas and gas pressure, as well as the flow of

gas, which facilitates the transport of the evaporated particles. The evaporated particles
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are carried by the gas flow along the cooling part (the cold finger) to nanoporous ceramic
filters. This method of particle transport reduces the amount of particle condensation on
the walls and allows for controlled collection of the particles at the filters. The properties

of the prepared samples are also affected by the power density, gas type, pressure, and

flow rate in the reactor []
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Figure 3.1: Schematic of Heliotron reactor (left) and its photograph (right) []
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Figure 3.2: Schematic of plasma evaporation process inside Heliotron reactor (left) and
photograph of reactor (right) []
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3.2 Characterization

3.2.1 Structure and Morphology

X-ray diffraction (XRD) was measured using PANalytical X'Pert Pro diffractometer with
Cu Ko radiation (1.5418 A). The morphology of all samples was characterized by high-
resolution SEM- FIB electron microscope Helios 5 UX (Thermo Scientific) operated at 2
kV using the TLD (through-the-lens detector) detector.

For lamella preparation samples were covered with gold. The crystalline size verifi-
cation and morphology studies were performed using a transmission electron microscope
(TEM, Tecnai G20, FEI) operated at 200 kV. The samples for TEM studies were placed
on a holey carbon coated grid AGS147-4 (Agar Scientific).

3.2.2 Luminescence

Two different setups were utilized for luminescence measurements. The first setup in-
cluded an Andor Shamrock SR-303i spectrometer paired with an Andor iDus401 CCD for
the measurement of photoluminescence spectra, TL studies, and XRL. The second setup
was a Horiba iHR320 imaging spectrometer combined with a SampleMax sample chamber
and a Jobin Yvon/Horiba TRIAX320 excitation monochromator, which was used for the
measurement of photoluminescence and luminescence decay kinetics. This spectrometer
was also coupled with a photomultiplier tube and CCD. A list of parameters for these
measurements is provided below:

Andor Shamrock SR-303i is a Czerny-Turner spectrometer that utilizes imaging
toroidal optics with a focal length of 303mm and an aperture of f/4. Its wavelength
resolution is 0.1 nm, and it can achieve a resolution of <0.2 nm with a 25 m pixel CCD
detector. Its wavelength reproducibility is #0.05 nm and its wavelength accuracy is 0.2
nm. The spectrometer is equipped with an interchangeable triple grating turret that holds
gratings of 150 lines/mm, 600 lines/mm, and 1200 lines/mm.

Andor iDus401 (DU401A-BV) CCD has 1024x128 active pixels and a pixel size
of 26x26 m. It is air-cooled, capable of reaching temperatures as low as -55°C. It also has
a maximum acquisition rate of 81 spectra per second.

Horiba iHR320 is an imaging spectrometer that uses a Czerny-Turner arrangement
with a 320 mm focal length and an aperture of f/4.1. It covers a spectral range of 150
to 1500 nm when using the 1200 1/mm grating and it has a triple grating turret. The
spectral resolution is 0.06 nm, and its wavelength accuracy is £0.20 nm, repeatability
is £ 0.075 nm, spectral dispersion 2.35 nm/mm, scan speed 159 nm/sec and step size
0.002 nm. It is equipped with three different gratings options: 1200 grooves/mm, 950

grooves/mm and 150 grooves/mm.
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Jobin Yvon/Horiba TRIAX320 is a single grating excitation monochromator that
comes with three different grating options: 1800 grooves/mm, 1200 grooves/mm, and 600
grooves/mm. For luminescence measurements, different excitation sources were used.
They include a YAG:Nd laser (266 nm, 532 nm), conventional Deuterium and Xenon
lamps, and an X-ray source which is directly connected to the sample chamber in the
Andor setup.

In addition to Andor Shamrock SR-303i and Andor iDus401 setup, TL measurements
were performed by Lexsyg Research TL/OSL reader from Freiberg Instruments with
samples being irradiated by X-rays for 30min before measuring TL.

The decay kinetics of luminescence were measured using a photon counting head
H8259-02 (HAMAMATSU) and a P7887 counting board (Fast ComTec GmbH)
with minimal time bin 0.25 ns. The time resolution of the system was 1 ns.

The spectra that were obtained with the CCD in PL, XRL and TL measurements
were not adjusted to account for variations in detection at different wavelengths, as the
study only involved comparisons. For detailed information about the hardware used for
luminescence measurements, the reader should refer to the corresponding papers included

in this work.

3.2.3 Software

The majority of the software used was for graphical data representation, performing decon-
volution functions on the obtained data and analysing X-ray diffractograms. Non-specific
software used is not mentioned.

OriginPro is a scientific data analysis and graphing software. It provides tools for
data analysis, graphing, and programming, and was used for creating graphical represen-
tations in this work. Additional scripts using the built-in programming language LabTalk
were created for more efficient use of the software.

Mathematica provides a wide range of functions for numerical and symbolic com-
putations, visualization, and programming. A custom script was used for deconvolution
calculations for both photoluminescence and thermoluminescence spectra.

Profex software was used for the analysis of X-ray diffractograms and the determi-

nation of the phases of the materials using Rietveld refinement.
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4.RESULTS AND DISCUSSION

4.1 Charge compensation in hafnia
Hypothesis 1:

A hypothesis is put forward that the luminescence intensity of rare-earth ions in HfOq
is determined more by the vicinity and distribution of oxygen vacancies than by phase
transition from monoclinic to tetragonal. This is explored by doping hafnia and zirconia
with a charge-compensating element such as Nb%* in addition to the Eu3* ions. When
a charge-compensating element is introduced, the amount of oxygen vacancies is reduced
and as a result, the phase of the host material remains monoclinic and is not transformed

to tetragonal. This allows us to judge the intensity of luminescence in different conditions.

4.1.1 Introduction

Many modern applications like LED emitters and various scintillators require durable
luminescent materials. These applications are often based on wide band gap materials (
HfO, or ZrOy) doped with rare earth elements such as Eu, Er, Pr, Th ad others [101], 141,
142]. The wide band gap also ensures that the thermal quenching effects of luminescence
are lower thus increasing the overall luminescence intensity [[143, [144]. Besides promising
optical properties hafnia is also a high-k material and has already been applied in various
microelectronic devices [145, 146]. It is one of the most promising materials in the search
for a replacement of SiO, [143], for which a reduction in size any further is difficult to
achieve due to its relatively low dielectric permittivity constant.

Both optical and electric properties in hafnia depend on crystal phase and defects.
Undoped hafnia is expected to exist in monoclinic phase at room temperature and ambient
pressure [101]; however, by adding dopants with lower valence or by decreasing the size
of nanocrystals (crystal sizes below 30 nm) and thus increasing the surface energy, the
tetragonal phases can be stabilized [147]. Theoretical calculations demonstrate that the
tetragonal or cubic phases can be stabilized by oxygen vacancies alone [148]. This effect
was proven by experimental studies performed on ZrO, matrix [149]. Recent studies [140,
146, 150] showed that in zirconia a strong overall reduction in Ln®*" luminescence intensity
can be explained by intrinsic defects. However, the implementation of Nb®* ions as charge
compensators in the matrix can change the defect concentration and distribution thus
highly increasing the resulting intensity. Zirconia and hafnia have very similar optical,
electrical and structural properties, therefore, they are called twin oxides. Hence in this

study, we are looking at Nb effect on Eu ion luminescence in hafnia.
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4.1.2 Materials and methods

Materials

Hafnium tetrachloride (HfCly, purity 98 %), europium oxide (EuyOs, purity 99,99 %),
niobium pentachloride (NbCls, purity 99 %), were used as the starting materials and
were purchased from Alfa Aesar. Citric acid (CgHgO7, purity 99,5 %) and ethylene glycol
(HO(CH;),OH, purity 99 %) were used as a complexing and chelating agents, both pur-
chased from Sigma Aldrich. Nitric acid (HNOg, assay 65 %) was used to dissolve EusOj
and was purchased from Sigma Aldrich. Methanol (CH3OH, purity 99,9 %) was used
to dissolve NbCl; and was purchased from AppliChem. Analytical grade chemicals were

used without any further purification.

Synthesis of doped HfO, nanoparticles

In the present work, HfOs:Eu?T and HfO.:Eu?T, Nb®* nanoparticles were synthesized
using a sol-gel polymerized complex method following the procedure described by Ramos-
Gonzélez et al. [151]. The molar ratio of metal ions, citric acid and ethylene glycol was
1:1:4, respectively. Three different doped HfOy samples were synthesized, where molar
concentrations of Eu?*t ions were 5 and 10 mol%, and the molar concentration of Nb>*+
ions was 5 mol%. To avoid the formation of niobium oxide, the appropriate amount of
NbCls was dissolved in methanol and was added dropwise to the metal citrate complex
solution while constantly stirred. When gel consistency was obtained, this gel was heated
at 350°C in an open oven for 2 hours for nitric oxide elimination and a black powder was
obtained. After synthesis, each sample was split into three parts and calcined at 800°C,
1000°C and 1200°C for 2 hours and as a result, white powders were obtained.

Measurement methods

The crystalline structure of the samples was determined by X-ray diffraction (XRD)
using an X-ray diffractometer (X’Pert Pro MPD) with Cu-Ka radiation (A=1.54 nm).
Crystalline sizes were not measured but are roughly estimated based on previous research.

Luminescence measurements were performed using two different excitation sources: a
YAG laser FQSS266 (CryLas GmbH) 4th harmonic at 266 nm (4.66 eV) for photolumi-
nescence measurements at room temperature and an X-ray tube with a tungsten anode
operated at 30 kV and 10 mA for TL measurements.

All samples were pressed into tablets of equal size, which allowed for intensity com-
parison between the samples. The luminescence spectra were recorded using an Andor

Shamrock B-303i spectrograph equipped with a CCD camera (Andor DU-401A-BV).

The decay kinetics of luminescence were measured using a photon counting head
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H8259-02 (HAMAMATSU) and a P7887 counting board (Fast ComTec GmbH) with

minimal time bin 0.25 ns. The time resolution of the system was 1 ns.

4.1.3 Results and discussion

Earlier works show that maximum luminescence intensity is acquired at 5mol% Eu con-
centration [152-154], therefore a sample of 5mol% Eu was chosen as a reference. However,
the 5% of Eu is not enough to fully stabilize the tetragonal phase at higher annealing tem-
peratures (with larger grain sizes of over 30nm). To assist the phase stabilization at higher
temperatures, an additional sample with a higher concentration of 10mol%Eu was cho-
sen. The aim of this research was to study the role of Nb ions in the crystalline structure,
and Nb®* ion concentration was chosen to match the lanthanide concentration, similar to
previous studies [149, [155]. This decision was based on the fact that for each pair of ions
only one oxygen vacancy is needed to compensate the charge. No vacancies are needed to
form monoclinic phase, which means that Ln?" ions are non-uniformly distributed in the
matrix and tend to agglomerate (especially at higher temperatures monoclinic phase and
large grain size). Samples with less than 5% content did not seem to provide any addi-
tional information and were not studied. A lower luminescence intensity and monoclinic

phase would be expected as is seen in similar studies in Zr [153] and [152].
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Figure 4.1: Hafnia structure dependence for all annealing temperatures and dopant con-
centrations (XRD)

As it is expected for the structure and the resulting luminescence intensity of hafnia

to be dependent on the size of nanocrystal grains, all samples were annealed at three
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different temperatures: 800°C , 1000°C , 1200°C , similar to the approach used in other
research works [[140, 149, 152].

X-ray diffraction (XRD) data (Fig.@) reveals that when the annealing temperature
was increased to 1200°C , phase transformation from tetragonal to monoclinic started
taking place in the sample 5Eu (5mol% Eu). This phase transformation is assumed
to happen due to nanocrystal grain size increase which results in excess surface energy
being insufficient for stabilization [149]. For the sample containing Nb, the monoclinic
phase was dominant for all annealing temperatures and at lower temperatures, besides
the presence of monoclinic and tetragonal phases, additional phases of NbyOg5 can be
seen. This means that the chosen method of synthesis does not ensure the creation of
pure hafnia phases only, although niobium related phases disappear with the increase
of the annealing temperature. Previous research demonstrates that inability to remain
stable in a tetragonal phase for samples containing Nb is due to the resulting oxygen
vacancy decrease in the crystallites [140]. Ln3" ions are expected to not take part in
tetragonal phase stabilizations due to oxygen vacancies not forming as a result of the
charge compensation. Due to the oxygen vacancy reduction when doping with Nb ions,
the lattice constant increases and according to Braggs law, the tetragonal peaks shift
to lower angles as compared to samples doped only with Eu®*. Crystallite sizes were
calculated using the Scherrer equation [156] and were found to be (in nm): 5.8, 10.6, 48.4
for 5Eu samples, 5.3, 9.4, 26.5 for 10Eu and 13.4, 16.4, 45.5 for 5EubNb for annealing
temperatures of 800°C , 1000°C , 1200°C , respectively.
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Figure 4.2: TL intensity distribution for peaks at 613nm.

Sample 10Eu (10mol% Eu) maintained a steady tetragonal phase for all annealing

temperatures due to the relatively large Ln®" concentration. It can be seen that the
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stabilization of tetragonal phases is dependent on Eu ion concentration and 5mol% is not
sufficient for higher (>1000°C ) annealing temperatures. However the concentration of
5mol% in various metal oxides is considered to be optimal for maximum luminescence
intensity and phase stabilization [140, 152].

The oxygen vacancies in the HfO, matrix act as electron traps and as such, they have
their characteristic TL (Fig.@) curves. Therefore, to determine the relative number of
defects in samples with and without Nb, thermoluminescence measurements were per-
formed for samples 5Eu and 5Eu5Nb (5mol%Eu and 5mol%Nb), annealed at 1200°C. TL
peaks for the 5Dy—"F5 transition were monitored over all temperatures. With a geometric
factor p, = 0.46, the peak at 220K is somewhere in between the first- and second-order
kinetics [157]. Possibly meaning that the probability of retrapping is not absolutely negli-
gible (as it would be for first-order kinetics), but it also does not reach a full second-order
kinetic status. Luminescence intensity throughout heating was ten times greater for the
sample 5Eu, confirming a significant decrease in defects (electron traps) for the sample

containing Nb, of which most are assumed to be oxygen vacancies [[15§].

1,0 4
. —u—5Eu
0,9 —o—10Eu
1 —A— 5Eu5Nb
~ 084 x15
S i
L o074
b 4
@ 06
8 -
£ 054
8 N
c 0,4 -
[0]
8 .
o034
£ 1
€ 024
=)
3 ]
0,1
0,0 1

T T T T
800 1000 1200
Annealing temperature (°C)

Figure 4.3: Integrated photoluminescence intensity (570-670nm range) dependence on
annealing temperatures.

For samples annealed at 800°C , the most intense luminescence was observed for
the sample containing 5% Eu (Fig.@) This observation correlates with previous results
obtained for Eu doped hafnia [152, 154] and zirconia [159] where the optimal concentration
for maximum Eu luminescence was also found to be 5%. The lower luminescence intensity
of the sample containing 10mol%Eu can be explained by concentration quenching [152,
153]. With the increase of annealing temperatures, oxygen vacancies are thought to

relocate between Ln®* ions wherever charge compensation is needed. The distance to the
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oxygen vacancies becomes smaller as the temperature rises, thus increasing the chances
for the energy coming from Ln®** ions to get trapped in the defects.

Luminescence intensity for the Nb doped sample increases by a great margin for sam-
ples annealed at higher temperatrues. We associate the lesser luminescence intensity seen
at lower annealing temperatures with Eu ion mixing with Nb,O5 phases, as the tenfold
increase in luminescence for higher temperatures could not be explained solely by larger
particle sizes or a decrease in defects.

At 1000°C and 1200°C the most intense luminescence was observed for the sample
containing Nb, excluding the possibility that the increase in intensity of the Nb doped
samples is a positive effect of NbyO5 presence. Despite the larger grain sizes, with the
increase in annealing temperature from 800°C to 1200°C the luminescence intensity halves
for samples without Nb. This counterintuitive behaviour can be explained with the cation
inability to diffuse at temperatures below 1200°C , therefore an anion diffusion takes place
in the oxygen sublattice. The luminescence quenching is explained with oxygen vacancies
present in the near vicinity of Eu ion (in the first coordination sphere). Similar behaviour

has been shown in other research works [160].
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Figure 4.4: Spectral distribution for the sample containing 5mol% Eu

The peak at 607nm related to 5Dg—"F, transition in Eu ions is related to oxygen
vacancy presence in Eu surroundings [161]. Figure @ shows the spectral distribution
at all annealing temperatures for the sample 5Eu. A new line at 607nm appears when
the annealing temperature changes from 800°C to 1000°C, which fits the description pre-
sented in [161)], however, the intensity decreases again at higher temperatures. From XRD
measurements it can be seen that for the sample 5Eu, a phase shift starts taking place

from tetragonal to monoclinic. For the stabilization of the tetragonal phase, oxygen va-
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cancies are needed, however they are not necessary for the monoclinic phase. At 1100°C -

1300°C cation diffusion starts so the luminescence quenching can be explained by Eu ion

agglomeration.
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Figure 4.5: Spectral distribution for all samples annealed at 1000°C .

Due to the tetragonal phase being associated with the most efficient luminescence
in previous studies of zirconia [161-163] it might seem that luminescence intensity would
increase significantly if a tetragonal or cubic phase was achieved for hafnia doped with Nb
too. However recent studies have shown that an increase in luminescence intensity occurs
even after phase change from tetragonal to monoclinic in Er, Nb or Eu, Nb doped ZrO,
(149, 150], which leads to think that both luminescence intensity and spectral distribution
is mostly influenced by structure related defects (such as oxygen vacancies) and less so
by local crystal field differences between monoclinic and tetragonal structures [164].

The spectral distribution in Fig.@ shows that the peak at 607 nm for the sample
containing Nb is greatly reduced in intensity as compared to the other samples. The
changes in the crystalline environment change the distribution of oxygen vacancies present
in the lattice and is the main contributor to changes in luminescence spectrum.

As magnetic dipole transitions °Dy—"F; are assumed to be unaffected by local crys-
tal fields (as opposed to electric dipole transition 5Dy—"F5)[89, [165], a local symmetry
evaluation using the relation between the electric dipole and magnetic dipole intensities
is presented.

Figure @ shows that the overall symmetry for samples containing Nb is significantly
lower, though, increases as the grain size becomes larger (at 1200°C ). Symmetry for
samples without Nb is higher and more allied. The observed results again lead to think
that luminescence intensity is more related to intrinsic defects rather than the local crystal

field influence.
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Luminescence decay is strongly dependent on the presence of defects present in hafnia.
Time-resolved luminescence measurements were made (Fig. @) and by integrating the
area of the obtained kinetics, the slow to fast component ratio was determined (Table
[1]) The kinetics were recorded for the most intense Eu peak - 613 nm. Luminescence
decays showed complex nature and therefore the approximation was divided in three
parts. All ratios correlate with luminescence intensity well - the smaller the ratio of slow
to fast, the greater the luminescence intensity, with the exception of the 613nm line for
samples containing Nb, for which a different fast component mechanism seems to be in
place. Combined with luminescence intensity results, this ratio generally indicates that
the transition is not only more probable, but also energy transfer is taking place and

nonradiative transitions have become more dominant.

Table 4.1: Integrated area ratio of the slow component (30ps - 5ms) versus the fast
component (0 -30ps)

5Eu 10Eu 5Eu5Nb
nm 800°C 1000°C 1200°C 800°C 1000°C 1200°C 800°C 1000°C 1200°C
613 1.0 1.3 2.2 1.5 3.3 16.1 264.4 56.0 72.3
607 0.9 1.3 4.1 1.7 4.9 12.9 15750.9 39.5 0.6
590 0.8 1.2 3.9 2.6 4.7 11.6 7360.0 66.2 0.4

Judd-Ofelt analysis

For the calculations of spontaneous emission probability and the quantum efficiency Judd-
Ofelt theory was applied to the emission spectra and the necessary parameters were
calculated as is described in this paragraph. Due to the fact that for Eu®* electric dipole
(ED) "Do—"Fa 46 transitions depend only on one squared reduced matrix element [166]
, the experimental (2 intensities can be calculated from the ratio of the single magnetic
dipole (MD) transition Dy—"F; to ED transitions and are determined by the following
formula[[167]:

D,navi 9n? J L\(v)dv

0, —
A e?vy n(n?+ 2)2[(UJ||[UN||W'J)? [ I(v)dv

(4.1)

0742 esu? cm? according to previous calculations

where D,,q4 is assumed to be 9.6 x 1
[168]. e is the elementary charge 4.803 x 107'% esu, n is the refractive index 2.08 [50] and
[(WJ[| UMW J")|? are the squared reduced matrix elements for Eu®* that are indepen-
dent of the host material and have been taken from Ref.[166]. Electric dipole transition
strengths can be determined from the corresponding JO parameters using the following

equation:
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Deg=¢ Y QWI[UNV|T])P (4.2)

A=2,4,6

The spontaneous emission probability Ag is related to electric and magnetic dipole

strengths as follows:

Ded + n3Dmd (43)

643 [n(n? + 2)3
AT T V') =
(WIT) = a1 [ 9

where v is the average transition energy, h is the Planck constant (6.63 x 10727 erg
s) and 2J+1 is the degeneracy of the initial state °Dy. The total radiative rate Ag,
determined by the sum over all radiative rates can be used to calculate nonradiative rate

and emission quantum efficiency 7 (the ratio of photons emitted to photons absorbed by

Eu®" ions).

Anp=1/7 — Ap (4.4)
n:AR/(AR+ANR> (45)

Table 4.2: Qy, €, JO parameters, experimental decay lifetimes (7) for °Dy—"F5, radiative
transition rates (Ag), nonradiative rates (Ayg), emission quantum efficiency (7)

Sample, T (°C) Q(x107*cm?) Qu(x107*cm?) 7,us Ag(s™') Anxr(s™) 7,%

5Eu, 800°C 3.8 1.8 204.7 188 4697 3.8
5Eu, 1000°C 3.2 1.3 179.6 174 5395 3.1
5Eu, 1200°C 3.1 1.2 487 169 20349 0.8
10Eu, 800°C 4.2 20 1174 199 8317 2.3
10Eu, 1000°C 3.6 1.1 57.7 177 17166 1.0
10Eu, 1200°C 2.9 0.9 27.1 162 36794 0.4
5Eu5Nb, 800°C 7.5 2.5 0.1 261 7131676 0.004
5Eu5Nb, 1000°C 8.2 22 1104 268 8790 3.0
5Eu5Nb, 1200°C 5.3 1.9 9148 215 878 19.7

For all samples Q5 >Qy4. This indicates that Eu®" ions are located at assymetric sites
[169, 170]. A higher Qs value indicates a more significant impact of the surrounding
crystal field, which in our case means that samples annealed at lower temperatures are
residing at more asymmetric sites and the ED transitions are supposedly stronger than
they would be for more symmetric sites. However the increasing luminescence intensity
of the 5EubNb sample for more symmetric sites indicates other factors (such as size of

the particles) being determinative.
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4.1.4 Conclusions

This study demonstrates that the Nb ions implemented in 4th group oxides doped with
lanthanide ions drastically increase the luminescence intensity. HfO, is the second system
where this effect is demonstrated, therefore other similar systems are expected to fall in
this category too. Doping with 5% Eu is not sufficient for phase stabilization at higher
temperatures, however samples doped with 10% Eu (sufficient for phase stabilization)
show lower luminescence intensity due to concentration quenching. Sample containing
Nb has a significantly higher luminescence intensity starting at 1000°C and higher. The
partial phase change from mostly tetragonal to mostly monoclinic accompanied by an
increase in luminescence intensity in the samples containing Nb, indicates that the changes
in luminescence intensity for samples not containing Nb are mostly due to oxygen vacancy
presence and are not directly related to changes in the phase of crystallites and the
resulting local crystal field. The calculated quantum efficiency also indicates a fivefold

increase for the sample containing Nb annealed at 1200°C.

4.1.5 Thesis 1

The thesis of this study is therefore that the vicinity and distribution of oxygen vacan-
cies determine the resulting rare-earth ion luminescence in HfO, and ZrO, rather than
the surrounding crystal symmetry and phase. As it was seen, while the phase change
from tetragonal to monoclinic in purely europium-doped samples seems to result in a
reduction in the luminescence intensity, when the material is additionally doped with
the charge-compensating element niobium, the phase change does not affect the resulting

luminescence intensity and it increases with increasing annealing temperatures.

Thesis 1: The luminescence intensity of rare-earth ions in HfO, is deter-
mined more by the vicinity and distribution of nearby oxygen vacancies than

by phase transition from monoclinic to tetragonal.
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4.2 Formation of translucent nanostructured zirconia ceramics

Hypothesis 2:

A hypothesis is put forward that erbium ion luminescence is an effective way of moni-
toring defect formation and phase transformation in nanostructured ZrO, ceramics during
the sintering process. In order to prove this hypothesis, zirconia samples are formed using
the sol-gel method and solar physical vapor deposition and are doped with erbium. The
pressure applied when pressing the powder into pellets impacts the phase of the resulting
ceramics - this is thus monitored by studying rare-earth up-conversion luminescence in

the different samples as the surroundings of the luminescent probe change.

4.2.1 Introduction

Interest in transparent and translucent zirconia ceramics has been growing in recent years
due to the wide range of potential applications such as high temperature windows and
viewports, high power laser diffuse optics, transparent armor, optical electronics and
optical data storage [L71-175]. The ceramics can also be used as fast scintillators [7§].

Up until recently, the obtained translucent zirconia ceramics have been either monocrys-
tals or cubic crystals as only with the advent of nanotechnology transparent ceramics from
non-cubic crystals became possible [176-180]. Nanostructured ceramics can be obtained
at low temperatures and low pressures and have high thermal stability [181-183]. Such
ceramics can be used in laser optics, optical windows and other applications where high
thermal stability is needed [184-187]. For example, in laser optics a limiting factor for
the emission intensity is the thermal stability of the crystal [187] — if the optical pumping
power is too intense, a large thermal gradient is formed across the crystal and the crystal
might shatter. Nanostructured ceramics would allow for larger pumping powers and thus
larger emission intensities.

Zirconium dioxide (ZrO,) is a good potential material for use in nanostructured ce-
ramics [175] as it has a wide band gap and a relatively large refraction coefficient [[164,
175] compared to similar materials. The goal of this paper is to study the formation
of translucent nanostructured ceramics. Research of mechanisms that affect the optical
translucency was carried out by doping the translucent ZrO, ceramics with Er?T Yb3*

and performing XRD, up-conversion luminescence, TEM and SEM studies.
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4.2.2 Experimental procedure

Materials

Zirconium(IV) oxychloride octahydrate (ZrOCl, - 8HyO, purity 98 %, Sigma-Aldrich),
erbium oxide (EryOs, purity 99.99 %, Alfa Aesar) and ytterbium oxide (YbeOg, purity
99.995, Alfa Aesar) were used as the starting materials for the preperation of Er3t /Yb3+
codoped ZrO, sample. Glycine (Gly, purity 99.7 %, Sigma Aldrich) was used as a fuel,
gelling agent and chelate. Nitric acid (HNOg, assay 70 %, Sigma Aldrich) was used to
dissolve EryO3 and YbsOj3, as a oxidant and for elimination of chlorine. Analytical grade

chemicals were used without any further purification.

4.2.3 Sample synthesis

Our preliminary studies showed that for transparent ceramic preparation the samples
should be of minimal agglomeration and have high quality free standing nanocrystals with
sizes 10-30 nm. To obtain homogenous samples with little agglomeration, the samples that
were synthesized by the sol-gel method [164] were placed in a solar reactor in order to
undergo solar physical vapor deposition (SPVD) process [140]. Additionally the samples
were doped with 1 mol% Er®* and 2 mol% Yb3*, in order to allow spectroscopical studies
of the obtained ceramics by using the Er3* as a luminescent probe. The resulting samples
also exhibited a more crystalline structure with even particles smaller than 5 nm showing

easily recognizable crystalline structure in TEM measurements.

Sol-gel synthesis

ZrO, samples doped with 1 mol% Er,O3 and 2 mol% Yb,O3 were prepared by the glycine-
nitrate assisted sol-gel combustion method following the procedure described by Lamas et
al. [188]. The stoichiometric amount of ZrOCl, - 8H;0, EryO3 and YbyO3 were dissolved
in nitric acid. After all starting materials were completely dissolved, a sufficient volume
of deionized water was added to the solution so the molar concentration of all metal ions
in the solution would be 0.2 M. After that, appropriate amount of glycine was added to
the solution under constant stirring speed. The molar ratio of metal ions and glycine
was 1:1.5, and molar ratio of glycine and NO3s— was 1:1.4. The resulting mixture was
then heated at 90°C under constant stirring speed until a gel consistency was reached.
The gel was heated up to 300°C, which led to the auto-ignition process and a dark gray
powder was obtained. Subsequently, this powder was heated for 2 hours at 350°C in an
open oven for nitric oxides and carbonaceous impurity elimination and a black powder
was obtained. After synthesis, the obtained powder was calcined for 2 hours at 1000°C

with heating rate 5°C/min in the air. Then the sample was naturally cooled down to
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room temperature, and as a result, white powder was obtained. For further applications,
the prepared powder was pressed into pellet with a diameter of 13 mm and thickness of

5 mm under 10 tons and was used as a target for SPVD method.

SPVD method

Zirconia is a high-temperature material, and therefore, the evaporation temperature for
zirconia in the Heliotron reactor is estimated to be about 3000°C. Such temperatures
are achieved with heat transfer via concentration of solar radiation focused to small spot

2. Mobile plane

sizes. The estimated maximal power density can reach up to 5 kW /cm
mirrors follow the movement of the sun and reflect solar radiation onto the parabolic
mirror, whose emission is concentrated on the sample with spot sizes below 1 cm?. For
power control, flaps between the mobile plane mirrors and a parabolic mirror are used.
The target material is placed at the focus of the parabolic mirror in a water-cooled target
holder, which is placed at the center of the glass balloon of the reactor. This setup
facilitates variation of the ambient gas and gas pressure while also allowing gas flow for
controlled material transport. The evaporated particles are transported by gas flow along
the cooling part (the cold finger) to nanoporous ceramic filters. Such particle transport
reduces the particle condensation on the walls and allows controlled particle collection at
the filters. The power density, gas type, pressure, and flow rate in the reactor also affect
the properties of the prepared samples. A schematic of the SPVD method can be seen in
[140].

Measurements

The crystal structure of the samples was examined via X-ray diffraction (XRD) using an
X-ray diffractometer X'Pert Pro (Cu K-0y5.) The morphology of samples was character-
ized by high-resolution SEM-FIB electron microscope Helios 5 UX (Thermo Scientific)
operated at 2 kV using the TLD (through-the-lens detector) detector. For lamella prepa-
ration samples were covered with gold. The crystalline size verification and morphology
studies were performed using a transmission electron microscope (TEM, Tecnai G20, FEI)
operated at 200 kV. The samples for TEM studies were prepared in two ways - by crushing
the pellets and by preparing lamellas using SEM-FIB. The luminescence measurements
were carried out at room temperature using a 975- nm Thorlabs L975P1WJ laser diode
coupled with a Thorlabs I'TC4005 controller as the excitation source. The luminescence
spectra were recorded using an Andor Shamrock B-303i spectrograph equipped with a
CCD camera (Andor DU-401A-BV).
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Ceramic sample preparation

Several high quality samples were obtained from the SPVD process, such that when
pressed at approximately 250 MPa pressure (limit of hand pumped hydraulic press) a
slightly translucent ceramic was obtained. The obtained pellets showed a distinctive
brown color, in contrast to the white color of the powders. It should be noted that we
were not able to obtain transparent ceramics using any kind of sol-gel nanopowder samples
without the additional step of SPVD method. The samples were pressed into pellets of

5mm diameter with a thickness of 1mm.
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Figure 4.8: Pressed pellets with no annealing (left) and annealing at 700°C temperature
(right).

4.2.4 Results and discussion

To understand the origin of the color of the ceramic and to study ceramic sintering, after
pressing the powder into pellets the samples underwent annealing at various temperatures
— 500°C, 700°C, 800°C and 900°C. The annealed samples lost the brown coloring and
started to become white in color (Figure @) with increasing annealing temperatures. At
900°C the sample remained white, however became non-translucent.A previous study by
Srdi¢ et al. in which zirconia nanocrystals were synthesized by chemical vapor synthesis
also noted a brownish green color. According to Srdi¢, full density of the pressed ceramics
is reached at around 950°C [[189]. We assume that origin of this is enhanced light scattering
and increase in pore size due to the enlargement of particle and cavity sizes when annealing
at high temperatures [62, 149]. Several sets of samples were prepared and translucency

achieved repeatedly. Annealing at various temperatures showed consistent results.
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Figure 4.9: Pressed pellet with no annealing (RT) and annealing at 500°C, 700°C, 800°C
and 900°C temperatures (right).

X-Ray diffraction

Figure shows XRD spectra of the ZrO, powder as well as an unsintered pellet and
pellets annealed at 750°C and 900°C. To ensure that the data is comparable the RT and
750°C spectra were taken of the same pellet before and after annealing. The data reveals
an unexpected phase transformation from a mostly tetragonal phase powder sample to al-
most monoclinic phase when pressed in pellets (with monoclinic phase varying depending

on annealing temperature from 68% to 84%, the rest being tetragonal phase) .
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Figure 4.10: X-Ray diffraction data for the powder sample (black) and unsintered pellet
(red), pellet annealed at 750°C (blue), and pellet annealed at 900°C (cyan).

To understand the phase transformation, stabilization processes in zirconia need to be
considered. At ambient pressure ZrOs has three polymorphs — monoclinic, tetragonal,
and cubic. Only the monoclinic phase of the undoped ZrO, is stable at room temperature

(RT), however, the tetragonal and cubic phases can be stabilized by adding dopants with
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lower valence such as Mg?", Ca?", Y3* (usually 3-14 mol%) [190-192]. In our case, the
Er3* and Yb3* concentration is too low and the tetragonal phase in powders is stabilized
mainly by grain size (surface energy). Once the nanoparticles are pressed together, the
surface energy reduces and the tetragonal phase is no longer able to remain stable and a
phase transformation to monoclinic takes place. This is due to the nanoparticles fusing
together and as a result the effective surface area reducing. Srdi¢ et al. observe a lower
specific surface area for the pressed ceramics and explainit by the formation of contacts
between individual particles decreasing the free surface area [189]. After applying a pres-
sure of 250 MPa, the ceramic acquires a brown color - a large amount of defects are
created that stabilize the monoclinic phase, as the pressure is not high enough to start
phase transformation to tetragonal (according to Alzyab et al. the transformation from
monoclinic to tetragonal phase starts at around 2 GPa [[193]). By annealing at 750°C the
defects disappear and tetragonal phase content slightly increases. By further annealing at
900°C rapid grain growth occurs, thus further reducing the surface impact in tetragonal
phase stabilization. To understand the defect creation the samples were doped with Er

for upconversion luminescence studies.

Up-conversion luminescence

Figure shows that when comparing the up-conversion luminescence spectra between
the pressed pellets and powder form, an increase in the red part of the spectrum relative
to the green part can be seen. An overall decrease in the luminescence intensity can also
be observed for the pressed sample. The red luminescence of the Er®* ion is associated
with cross-relaxation processes, which are correlated with the presence of defects near
Er ions, therefore the position of Er®* ions in the nanoparticles should be investigated
further. Furthermore, the phase transformation from tetragonal in powders to monoclinic

in ceramic pellets, could be the reason for the changes in upconversion luminescence.
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Figure 4.11: Up-conversion luminescence spectra for powder (green) and pressed pellet
(red) samples before annealing.

When comparing the spectra of the annealed samples, it is shown in Figure
that the samples annealed at higher temperatures exhibit lower luminescence intensity in
the red part of the spectrum relative to the green and have a higher total luminescence
intensity. When annealed at 900°C, the luminescence intensity and red/green peak ratio
returns to the level measured for powder sample, thus indicating that the crystalline phase
affects upconversion luminescence less than intrinsic defect concentration. Until recently,
it was believed that the decrease in photoluminescence that occurs at higher annealing
temperatures is caused by the phase shift from tetragonal to monoclinic [148, [190, 194,
195]. However, a study by Smits et al [149] showed that when a charge compensating
element such as Nb>T is incorporated into ZrO, samples additionally to Er**, the phase
change to monoclinic does not reduce photoluminescence intensity . Therefore the changes
in the intensity of up-conversion luminescence can not be explained by changes in the
local crystal field that occur due to a phase shift and instead lanthanide ion positions and

interaction with defects should be evaluated.
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Figure 4.12: Up-conversion luminescence dependence on annealing temperatures.

It is known that cation (lanthanide) diffusion begins at around 1400°C, however anions
start diffusing at 600°C [161]. Therefore the changes in the luminescence spectra can be
explained rather by intrinsic defects than by an increase in Er®* cross-relaxation efficiency.
If the increase in the red luminescence when pressing the samples into pellets was due
to the distance between Er®™ ions becoming shorter, annealing would not have a large
impact on the luminescence intensity. As a result of the annealing, oxygen vacancy
diffusion and a decrease in defect amount takes place, which results in the increase of
the total luminescence. Unlike pressed ceramics, the impact of heating up to 900°C has
minimal impact on the luminescence intensity of the powder, which also indicates that
the decrease of luminescence intensity after pressing and the subsequent increase when

pressed samples are annealed can be explained by intrinsic defects.

TEM and SEM study

Figure shows bright-field TEM images of the powder samples obtained by the SPVD
method. It can be seen that there is practically no agglomeration in the sample and a
homogenous structure is maintained. It can also be seen that grains in powder samples
have a round shape, whereas the pressed pellet ceramic grains are deformed and have a
hexagon type shape as shown in Figure B and C. At the same time, the ceramic

samples have an increased tendency to stick together by the edges.
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Figure 4.14: TEM images of the ZrO, powder from crushed ceramic pellet at room
temperature A and annealed at 900°C B.

A typical site for defect creation is the boundary where two particles are pressed
together. In Figure cross-section (lamella) TEM images of pellets show a relatively
low amount of pores and the pore size is comparable to the size of the particles. At the
same time the grain size growth by annealing at 900°C is clearly visible and the pores
are also more distinct. When pressure is applied to the powder, edges are formed at the
boundaries of crystals. During annealing the smaller nanocrystals are fused into these

edge arrangements.
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Figure 4.15: TEM images of lamella samples for unannealed ceramics (left), and lamellas
from 900°C (right)

Figure 4.16:  Top row: SEM images of pressed ceramic samples annealed at various

temperatures. Bottom row: same images false colored to show particles (green) and pores
(red).

Figure shows SEM images of the pressed ceramics annealed at various temper-
atures. It can be seen that at low temperatures the pores (colored in red) are more
abundant leading to less translucent samples. As the particle size increases with the an-
nealing temperatures, the pores also change and become larger and fewer. During the
sintering of zirconia nano-particles, small pores are eliminated and considerable growth
of pores takes place. However at 900°C the particles (colored in green) have become too

large and the sample becomes opaque. No shrinking was visible when the samples were
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annealed, meaning that the volume fraction of pores (i.e. the porosity) remains constant

and only the pore size changes, becoming larger with higher annealing temperatures.
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Figure 4.17:  Top row: SEM images of pressed ceramic samples annealed at various

temperatures. Bottom row: same images false colored to show particles (green) and pores
(red).

Figure shows the percentage of pores as determined from SEM images in Figure
It can be seen that around 750°C degrees the total volume of pores remains the same,
while the number of pores decreases and individual volume of other pores increases.

In order to obtain a correlation between crystallite sizes and annealing temperatures
we calculated mean crystallite sizes (t) from XRD data (Figure ) using the Scherrer

equation

A
K. 4.
T B - cost’ (4.6)

where shape factor K has been assumed to be 0.9; Cu Koawavelengths A;=0.15406
nm, hp=0.15444 nm; (- line broadening at half the maximum intensity (FWHM) after
substracting the instrumental broadening (0.06 - 0.07 FWHM); 9— Bragg angle.

Phase transformation could lead to inconsistencies in the calculated values, therefore
additionally crushed ceramics were measured in TEM and particle size distribution ac-
quired (Figure ) The particle size in the samples follows a normal distribution and the

average particle size increases significantly with an increase in the annealing temperature.
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D shows the arithmetic means of the number-

weighted distributions shown in Figures 11A; B and C.

annealed at 500°C and 900°C respectively.

4.2.5 Conclusions

Translucent ZrO, ceramics have been obtained by performing SPVD after sol-gel synthe-

sis.

The pressure of 250 MPa (diameter of pellet 5mm) is enough to create defects in

nanocrystals of average size 25 nm. The luminescence quenching seen when pressing

the ZrO, powder into pellets can be explained by the creation of intrinsic defects when

pressure is applied rather than by the change in Er®* ion cross-relaxation efficiency due

to crystalline phase transformation. The annealing reduces the defects in ceramics thus

increasing transparency, but at the same time, the pore size increases thus increasing light

scattering.

4.2.6 Thesis 2

The thesis of this study is therefore that erbium ion luminescence is an effective way of

monitoring defect formation and phase transformation in nanostructured ZrO, ceramics
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during the sintering process. When the samples were pressed into pellets, it was seen that
the phase of the material is changed and intrinsic defects are created. Doping the mate-
rials with erbium, allowed studying this process in detail by analyzing the up-conversion

luminescence data of the samples.

Thesis 2: Erbium ion luminescence is an effective way of monitoring defect
formation and phase transformation in nanostructured ZrO, ceramics during

the sintering process.
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4.3 Thermoluminescence study of oxygen vacancies in HfO,
Hypothesis 3:

A hypothesis is put forward that single (+1) and double (42) charged oxygen vacan-
cies at 3-fold coordinated (VO3", VO3") and 4-fold coordinated (VO;"+VO3iT) sites of
monoclinic HfFO2 can be identified by thermoluminescence. Several factors are needed to
perform this accurate analysis. First, to obtain a large enough sample group for a reliable
study, the samples are synthesized using various methods and materials that ensure that
the defects present are not case-typical. These samples are then studied and correlations
of different characteristics with the resulting thermoluminescence data are analyzed. Sec-
ondly, the samples are doped with europium to create oxygen vacancies in a controlled
manner. This allows for direct observation of oxygen vacancy formation and behavior via

changes in their thermoluminescence spectra.

4.3.1 Introduction

Because of its desirable features such as a broad band gap of 5.25-5.95 eV [3] and a high-
k value of 25 [4, 146], hafnia has become a popular choice among high dielectric gate
materials for CMOS applications. Hafnia has a high heat of formation as well as excellent
chemical compatibility with silicon, in addition being chemically and thermally stable
[22, 196]. In recent years HfO, has been the material of choice in replacing SiOy when
further downward scaling was rendered highly difficult due to leakage currents caused by
the comparatively low dielectric constant of SiOs [197-200]. In addition, hafnia is also
a promising material in transparent thin-film electroluminescence devices due to its high
dielectric constant combined with transparency characteristics [201, 202].

In 2011 it was also discovered by Boscke et al.[p], followed by other publications [[117,
118, 203] that under certain conditions, hafnia exhibits ferroelectric properties and further
studies have enabled important technological prospects, such as ferroelectric field-effect
transistors, which up until now have been mostly a theoretical concept due to the lack
suitable materials [5, 115]. Ferroelectric hafnia is also a highly promising material in
ferroelectric random-access memories [204-206)].

However, compared to SiOs, HfO5 has a higher defect concentration [[145, 200], result-
ing in a higher density of charge traps, transient instability of the gate threshold voltage,
coulomb scattering of carriers in the substrate channel, and source-level voltage instability
[6, 207]. Although HfO, has already been successfully used in large scale manufacturing
as a high-k metal gate material, the intrinsic defects still present a significant challenge
and require further studies.

Thorough theoretical studies of intrinsic defects in undoped HfO, have been pub-

lished [G, 17, 21-23] examining the probabilities of defect creation and stability under
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various conditions, however, complementary experimental studies have provided limited
information [43, 46, 48, 84, 208, 209].

The focus of this study therefore is on the oxygen vacancies found in hafnia studied
using different methods of synthesis and thorough TL measurements, in addition with
photoluminescence, XRD and TEM measurements. An in-depth analysis is enabled by
combining two main factors: 1) various synthesis methods are used allowing to obtain
more reliable and thorough data; 2) in addition to undoped HfO, samples were also doped
with Eu®*. Rare-earth ions are often used as luminous probes of the local structure of
the system in which they are embedded [62, 86, 89, 90, 149, 210], however in addition
to that, Eu®t ions are known to create oxygen vacancies when incorporated into HfO,
matrix. [43, 62, 87, 149].

4.3.2 DMaterials and methods

Materials

Hafnium tetrachloride (HfCly, purity 99.9 % (metals basis excluding Zr), Zr<0.5 %),
europium oxide (EuyOgs, purity 99.99 %) were used as the starting materials for non-
doped and doped HfOy and were purchased from Alfa Aesar, Germany. Hafnium dioxide
(HfOq, purity 99.9% (metals basis excluding Zr), Zr<0.5%, Alfa Aesar, Germany) was
used as a references material.

Citric acid anhydrous (CgHgO7, purity 99.0 %, Lach:ner, Czech Republic) and ethylene
glycol (HO(CH3),OH, purity 99.5 %, Fisher Chemical, Belgium) were used as a chelat-
ing agent and esterification agent for the sol-gel polymerized complex synthesis method,
respectively. Additionally, citric acid was used as a chelating agent for the solution com-
bustion synthesis method, where ammonium hydroxide (NH,OH, concentration 25 %,
Honeywell Fluka, Germany) was used as fuel. NH;OH and potassium hydroxide (KOH,
assay (acidimetric, KOH): 84.0 %, EMPLURA, Germany) were used as precipitating
agents and as alkaline sources for hydrothermal and precipitation synthesis methods, re-
spectively. Glycine (CoHsNOg, purity 99.7 %, Sigma Aldrich, China) was firstly used as a
chelating agent and also as a gelling agent for the sol-gel glycine synthesis method. Urea
(NH;CONH,, purity 99.5 %, Carl Roth, Germany) was used a chelating and a gelling
agent for the sol-gel urea synthesis method, and also as a fuel for the solution combustion
synthesis methods. Hexamethylenetetramine (CgH2Ny, HMTA, purity 99.0 %, Chempur,
Poland) was used as a chelating agent and fuel for the solution combustion synthesis meth-
ods. Absolute ethanol (CoH5OH, EtOH, 99.8 %, STA “Jaunpagasts Plus”) was used for
removal of synthesis reaction residue from the hydrothermal synthesis method. Nitric
acid (HNO3, assay 70 %, Sigma Aldrich, France) was used for dissolved EusO3. All the

chemicals used in this work are reagent and analytical grade and used without further
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purification.

Synthesis

Sol-gel synthesis (SG) 1.1) SG-PC:

Citric acid (CA) was dissolved in 100 ml of deionized water (0.2 mol L™!) at room
temperature under constant stirring speed for 10 min. Then 0.2 mol L™! of HfCl, was
added to this. Stirring was continued at room temperature for 10 min to dissolve the
HfCly. Then ethylene glycol (EG) was added to this complex solution at room temperature
under constant stirring speed. The molar ratio of CA and EG was 1:4, respectively.

1.2) SG-G:

HfCl, was dissolved in 100 mL of deionized water (0.2 mol L™') at room temperature
under constant stirring speed for 10 min. Then 4 mol L™ of glycine was added to this
solution. Stirring was continued at room temperature for 10 min. Then appropriate
amount of conc. HNOj3 was added to this complex solution at room temperature under
constant stirring speed. The molar ratio of Gly and HNOj3 was 1:1.43, respectively.

1.3) SG-U:

HfCly was dissolved in 100 mL of deionized water (0.2 mol L™!) at room temperature
under constant stirring speed for 10 min. Then 4 mol L~! of urea was added to this
solution.

2) Continued for all:

The reaction then was then carried out at 90 °C under constant stirring speed. After
3 hours a had formed. Heating of this gel was continued at 90 °C and a white solid gel
was obtained. The gel was then placed in a vertical muffle furnace and heated at 400 °C
with heating rate 13 °C min~! for 2 hours. Subsequently, the sample was naturally cooled
down to room temperature. After synthesis, the obtained sample was calcined at 800 °C
for 2 hours with a heating rate of 5 °C min~! in an air atmosphere.

For 5 atom% Eu?T-doped HfO, nanomaterial synthesis Eu* ion solution was added

dropwise to the Hf** ion solution and stirred for 10 min before the addition of urea.

Combustion synthesis (CO) 1) For all:

HfCl, was dissolved in 100 mL of deionized water (0.2 mol L) at room temperature
under constant stirring speed for 10 min.

2.1) CO-U:

A homogeneous Hf** ion solution was obtained and 4 mol L~! urea was added to this
solution. Stirring was continued for another 10 min to obtain a homogeneous metal-urea
complexes solution. Then appropriate amount of conc. HNO3 was added to this complex

solution at room temperature under constant stirring speed. The molar ratio of urea and
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HNOj3 was 1:1.5, respectively.

2.2) CO-H:

Then 0.4 mol L' of hexamethylenetetramine (HMTA) was added to this solution
at room temperature under constant stirring speed. The molar ratio of Hf** ions and
HMTA was 1:2, respectively. Appropriate amount of conc. HNOj3 was added to this
complex solution at room temperature under constant stirring speed to obtain a molar
ratio of HMTA and HNOj3 was 1:5, respectively.

2.3) CO-UH:

Then 0.4 mol L™! of hexamethylenetetramine (HMTA) was added to this solution at
room temperature under constant stirring speed. The resulting mixture was stirred at
room temperature for 10 min and then 0.4 mol L~! of urea was added to this solution at
room temperature under constant stirring speed. The molar ratios of Hf** ions, HMTA
and urea were 1:2:2, respectively. Stirring was continued for another 10 min to obtain a
homogeneous metal-complexes solution. Then appropriate amount of conc. HNO3 was
added to this complex solution at room temperature under constant stirring speed. The
molar ratios of HMTA:HNOj3 and urea:HNO3 were 1:3 and 1:1.5, respectively.

3) Continued for all:

The resulting reaction mixture was stirred at room temperature for 10 min and the
pH was measured to be 3. The mixture was heated at 100 °C until white gel was formed.
The resulting white gel was then placed in a preheated vertical muffle furnace and the
SCS reaction was carried out at 300 °C until a rapid gas evolution and self-ignition process
was observed. After SCS, the obtained grayish white powder sample was calcined at 800
°C for 2 hours with a heating rate of 5 °C min~! in the air atmosphere.

For 5 atom% Eu**-doped HfO, nanomaterials, the appropriate amount of Eu** ion

solution was added dropwise to the Hf** ion solution under constant stirring speed before
the addition of urea/HMTA.

Auto-ignition combustion synthesis (AIC) Citric acid (CA) was dissolved in 100
ml of deionized water (0.8 mol L™!) at room temperature under constant stirring speed.
Stirring was continued for another 10 min to obtain a homogeneous CA solution and then
0.2 mol L' of HfCl, was added to this solution. The molar ratio of Hf** ions and CA was
1:4, respectively. Stirring was continued at room temperature for 10 min to dissolve the
HfCl, and to obtain a homogeneous precursor metal-citric complexes solution. Then 5 mL
of conc. HNO3 and 11.5 mL of 26 % NH4;OH were added to this complex solution. The
molar ratio of NH4,OH and HNOj3 was 1:1, respectively. The resulting reaction mixture was
stirred at room temperature for 10 min and the pH was measured to be 7. A colorless,
clear reaction mixture was obtained and then this mixture was heated at 100 °C until

intense gas evolution was observed and dark brown gel was formed. The resulting dark
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gel was then placed in a preheated vertical muffle furnace and the solution combustion
synthesis (SCS) reaction was carried out at 300 °C until a rapid gas evolution and self-
ignition process was observed. After SCS, the obtained powder sample was calcined at
800 °C for 2 hours with a heating rate of 5 °C min™! in an air atmosphere.

For 5 atom% Eu3*-doped HfO, nanomaterials the appropriate amount of Eut ion

solution was added dropwise to the hafnium citrate complex solution before the addition
of conc. HNO3 and 26 % NH,OH,

Hydrothermal synthesis (HYT) HfCl, was dissolved in 20 ml of deionized water
(0.2 mol L™!) at room temperature under constant stirring speed. 25 % of NH;OH was
added to the Hf** ion solution at a rate of 0.05 mL min~! under constant stirring. The
hydrothermal reaction was carried out at 120 °C for 72 hours in a laboratory heating-
drying oven. The reaction mixture was naturally cooled down to room temperature after.
The nanomaterials in the sol were separated from the solvent by centrifugation for 15 min
at 9000 rpm and purified by washing with deionized water and EtOH a total of seven
times. The resulting wet sample was dried for 1 hour in a laboratory heating-drying oven
at 120 °C and calcined at 800 °C for 2 hours with a heating rate of 5 °C min*.

For 5 atom% Eu®T-doped HfO, before the addition of EG/NH,OH/Gly, Eu*" ion
solution was added to the Hf** ion solution, with stirring continued for 10 minutes before

the addition of NH,OH.

Precipitation synthesis (PRE) The precipitation synthesis method of non-doped and
doped HfO, nanomaterials. In the beginning, the two different solutions were prepared
by separately dissolved HfCly in 50 mL deionized water (0.4 mol L™!) and KOH in 50
mL deionized water (0.16 mol L) at room temperature under constant stirring speed.
After dissolving completely, the hydroxide ion solution was slowly added to the hafnium
ion solution at a rate of 0.83 mL min~! under constant stirring speed. The molar ratio of
Hf* ions and hydroxide ions was 1:4, respectively. The precipitation (PRE) reaction was
carried out at room temperature under constant stirring speed for 24 hours. After the
reaction, the nanomaterials in the sol were separated from the solvent by centrifugation
for 15 min at 9000 rpm and purified by washing with deionized water and EtOH a total
of seven times. After that, the resulting white gel-like sample was dried for 24 hours at
room temperature and large, hard and semi-transparent crystals were obtained, which,
when crushed in an agate pestle. The powder sample was calcined at 800 °C for 2 hours
with a heating rate of 5 °C min~! in an air atmosphere.

For 5 atom% Eu3*-doped HfO, nanomaterials, Eu* ion solution was added dropwise
to the Hf** ion solution at room temperature under constant stirring speed before the
addition of KOH. After the addition of both the Eu* ion ion solution, stirring was
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continued for 10 minutes to obtain a homogeneous metal ion solution, and then KOH

solution was added.

Characterization

The crystalline structure of the samples was determined by X-ray diffraction (XRD)
using an X-ray diffractometer (X’Pert Pro MPD) with Cu-Ka radiation (A= 1.54 nm).
Crystalline sizes were determined from XRD data using the Scherrer equation.

Luminescence measurements were performed using a YAG laser FQSS266 (CryLas
GmbH) 4th harmonic at 266 nm (4.66 eV) at room temperature. All samples were pressed
into tablets of equal size, which allowed for intensity comparison between the samples.
The luminescence spectra were recorded using an Andor Shamrock B-303i spectrograph
equipped with a CCD camera (Andor DU-401A-BV).

The TL measurements were done with Lexsyg Research TL/OSL reader from Freiberg
Instruments with samples being irradiated by X-rays for 30 min before measuring TL.

The crystalline size verification and morphology studies were performed using a trans-
mission electron microscope (TEM, Tecnai G20, FEI) operated at 200 kV.

4.3.3 Results and discussion

Based on the need for the samples to have similar characteristics to ensure comparability
and luminescent probes being affected more by the concentration of oxygen vacancies than
the phase [62, [149], the parameters of the synthesis methods were adjusted to achieve a
monoclinic phase for all samples.

Samples from here on will be referred to as SG-PC (sol-gel polymerized complex),
SG-G (sol-gel glycine), SG-U (sol-gel urea), CO-UH (combustion urea, HMTA), CO-U
(combustion urea), CO-H (combustion HMTA), AIC (auto-ignition combustion), HYT
(hydrothermal), PRE (precipitation).

X-Ray diffraction

Figure shows the results of X-ray diffraction measurements for the undoped nanocrys-
talline HfO, samples. Some of the undoped hafnia samples show traces of tetragonal
phase, however precise percentages are below the limit of detection. The Eu doped sam-
ples showed a tetragonal phase ranging from 6.48% to 9.1% in the overall phase distri-
bution according to the Rietveld refinement results. The larger fraction of the tetragonal
phase found in the Eu doped samples is expected, as the incorporation of Eu®* ions in the
HfO, matrix creates oxygen vacancies that tend to stabilize the tetragonal phase at room

temperature [§]. However no correlation was found between the percentage of tetragonal
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phase present in the Eu samples and the performed PL and TL measurements.

monoclinic
H tetragonal

monoclinic

tetragonal

Theta, 26
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60

Figure 4.20: X-Ray diffraction pattern for undoped (left) and Eu doped (right) hafnia
samples.

Additionally, crystallite size was determined for all samples using the Scherrer equa-

tion. The determined crystallite sizes can be seen in Table During the various
synthesis, the synthesis parameters were adjusted with the purpose of achieving similar
grain sizes in order to ensure that the size and the resulting surface to volume ratios would

not create a significant impact on other properties.

Table 4.3: Grain sizes in nm for undoped HfO, and Eu?t doped HfO,

SG-PC SG-G SG-U CO-U CO-H CO-UH AIC HYT PRE

HfO9 18.6 22.8 24.1 37.3 17.3 254 16.1 14.1 26.4
Fu 22.6 26.2 32.4 28.0 23.9 27.0 254  28.0 40.4
Photoluminescence

Photoluminescence spectra were measured for the undoped and Eu doped nanoparticles
excited by a 4.66 eV laser (Fig.). The normalized photoluminescence spectra for
the undoped samples Figure (left) show slight differences in the slopes of the peaks.
AIC and CO-H samples show a more intense slope on the lower energy side with their
peak maxima also shifted to slightly lower energies, while CO-UH, HYT and PRE samples
showed small changes in the shape of the peak closer around maxima on the higher energy
side and had their maxima shifted to slightly higher energies. The maxima are located
between 2.36-2.41 eV for all spectra however no correlation between the precise maxima

and other parameters was found.
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Figure 4.21: Photoluminescence spectra for the undoped HfO, samples (left) and Eu
doped HfO, (right).

HfOq:Eu sample spectra can be seen in Figure (right). As magnetic dipole tran-
sitions (°Dy—"F;) are assumed to be unaffected by local crystal fields (as opposed to
the electric dipole transition *Dy—"Fy) [@, ], a local symmetry evaluation using the
ratio of the electric dipole and magnetic dipole intensities can be carried out. The highest
asymmetry ratios were seen for the samples AIC, SG-G and SG-PC, while the lowest were
for the samples PRE, HYT and CO-H.
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Intrinsic defect parameter evaluation

Undoped

SG-U

Normalized intensity, a.u.

PRE

Temperature, K

Figure 4.22: Thermoluminescence glow curves for undoped HfO, (black line) an 5 at% Eu

doped (red line) samples with intensities normalized against the maximum value (undoped
CO-UH).

Figure shows TL glow peaks for undoped and 5 at% Eu doped samples after a 30
minute irradiation with X-rays. The peaks were registered at 550 nm for the undoped
samples and 613 nm for the Eu doped samples. As photons in a similar mechanism to
photoluminescence after the initial excitation via thermostimulation, the shown TL curves
were corrected according to the PL intensities of the samples. Additionally, the TL curves
were normalized with respect to the most intense TL peak (CO-UH undoped sample) in
order to not lose information on the relative intensities of the peaks.

Multiple peaks in the glow curves signify the presence of traps with different activation
energies. The shape of the TL curves does not allow to state unambiguously that peaks
are of the first order kinetics and therefore second order kinetics were used to ensure
consistency and avoid mixed order kinetics [54]. The activation energies were evaluated
using second order glow-curve deconvolution functions developed by Kitis et al. [211] and
are shown in Equation @ The frequency factor for all glow curves was chosen to be

s = 107'2 as the approximate typical lattice vibration frequency of HfO, [54].

E kT2 E -2

where A, = 2kT,,/E, I, is the glow peak intensity, £ (eV) the activation energy, s
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(s71) the frequency factor, ng the initial concentration of trapped carriers, k (eV K1) the
Boltzmann constant, T, (K) the absolute temperature of the peaks.
The obtained trap activation energies are shown in Table @ It can be seen that

largely there are five different traps located at energies:

1) 0.89 - 0.96 eV (336 K)
2) 1.00 - 1.08 eV (368 K)
3) 1.20 - 1.24 eV (445 K)
4) 1.35 - 1.40 eV (495 K)
5) 1.44 - 1.55 eV (557 K)

Table 4.4: Trap activation energies for undoped HfO, and Eu doped samples, eV

Undoped Eu

SG-PC | 0.89 1.00 1.23 0.95 1.02 1.54
SG-G 094 1.03 122 135|094 1.03 1.22

SG-U 0.95 1.02 1.24 0.94 1.08 1.23 148
CO-U 1.01 1.24 1.35(096 1.00 1.20 1.44
CO-H 0.95 1.01 1.47
CO-UH 1.01 1.21 1.40 1095 1.04 1.22 1.50
AIC 1.05 1.20 1.35 (094 1.01

HYT 094 1.01 1.11 1.38{0.95 1.04 1.50
PRE 0.92 1.02 1.23 0.95 1.06 1.55

Theoretical studies provide valuable insights into trap activation energies of oxygen
vacancies as well as defect formation energies. Although the seminal work of Foster et al.
[17] had undervalued the band gap of HfO5 (3.92 eV for the monoclinic phase), resulting in
traps being located too close to valence band, when corrected for more recent theoretical
values of the band gap (5.75 eV for the monoclinic phase), the values obtained are 1.10 eV
for VO3* and 0.93 eV for VO3* and 1.43 eV for VO7' and 1.44 eV for VO;*. No electron
affinity values for VO§ and VO{ were given by Foster.

Defect formation energies in undoped HfO, are provided by another seminal study by
Zheng et al [21] and Chimata et al. [22]. While Chimata largely confirms the calculations
of Zheng, only Zheng provides formation energies for VO3 and VO, separately.

Zheng reports 1.12 eV, -—1.66 eV, -—4.83 eV and 0.98 eV, -—1.39 eV, -—4.20 eV for
VO3, VO3t VO3 and VO,, VO;T, VOI' under oxygen poor conditions respectively. A
similar trend is seen under oxygen rich conditions, however the defect formation energies
being higher with 0.81 eV and 1.44 ¢V for VO3* and VO3 respectively.

Based on these studies we propose the following assignment of defect types to the

obtained TL curves:
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1) 0.89 - 0.96 eV (336K) - VO3 "

The theoretical trap depth is 0.93 eV [17]. We obtained values in the range of 0.89
- 0.96 eV. Due to the "negative U” tendency of oxygen vacancies and VO3" not being
stable against disproportionation into VOY and VO3 ' [17, 21, 22], it is expected for there
to be only a small amount of these defects found in undoped hafnia. This corresponds
to the low 336 K TL peak intensity seen in the undoped samples and the increase of the

peak intensity in Eu doped samples when the "negative U” tendency is disrupted.

2) 1.00 - 1.08 eV (368K) - VO3*

The theoretical trap depth is 1.10 eV[17]. We obtained values in the range of 1.00 -
1.08 eV. Although the energy ranges do not correspond within the necessary range, we
base this proposition on the observation that the the electron affinity for VO3* is the
most favorable and it is the most intense TL peak in the majority of the undoped samples

as well as Eu doped samples.

3) 1.20 - 1.24 eV (445K) - VO;© + VO3i*

The theoretical trap depth is 1.44 and 1.43 eV for VO, * and VO3t correspondingly
[17]. We obtained values in the range of 1.20 - 1.24 eV. Here the difference between the
theoretical values and the ones we have obtained is significant. However, based on the
electron affinity being the second most favorable among VO3 and VO, defects correspond-
ing with the intensities of TL peaks and the already seen underestimation of trap depth
with the previous defect type, the authors believe this to be the VO3* + VO defect
peak. The difference between the theoretical values and our experimentally obtained ones
might be explained by being due to Foster et al. using the theoretical band gap of 3.95 eV
instead of 5.75 €V as has been calculated in more recent studies or a different frequency

factor needing to be used for these traps (at s = 107! the obtained trap values are in the
ranges 1.37-1.41 eV).

4) 1.35 - 1.40 eV (495 K)
Seen only in the undoped samples, it is possible that these might be oxygen interstitials
0" as Zheng [21] provides point defect formation energies of 7.22 eV and 1.58 eV under

oxygen poor and rich conditions respectively. Foster gives a corrected trap depth of 2.12
ev.

5) 1.44 - 1.55 eV (557 K) The peak overall is of very low intensity and found only
in Eu doped samples. It is possible that this peak belongs to hafnium interstitials which

appear when Eu?t is introduced, however we do not speculate on this further.
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Temperature dependant behaviour

For all samples PL peak maxima exhibit a shift to lower energies with an average of 0.06
eV when measured at a temperature of 10 K. This might be explained by non-radiative
transitions to a higher energy level when measured at room temperature. The PL spectra

of the undoped SG-PC sample measured at room temperature and 10 K are shown in
Figure .

Wavelength, nm
700 650 600 550 500 450 400

Normalized intensity, a.u.

1.8 2.0 2.2 2.4 2.6 2.8 3.0 32
Photon energy, eV

Figure 4.23: Spectra of the undoped SG-PC sample at room temperature and at 10 K.

Similar to PL spectra at 10 K and room temperatures, low temperature TL wavelength
spectra also show a tendency to shift the peak maxima to higher energies at increasing
temperatures. Figure shows TL spectra peak position shift with the corresponding
TL glow peaks for samples SG-PC, SG-G, PRE, CO-U and CO-UH. The rest of the
samples exhibited a signal-to-noise ratio that was too low for meaningful analysis.

However, it can be seen that the process is not straightforward and the more significant
shift to higher temperatures happens around the same temperatures (although preceding
the glow peaks by around 50 K) at which the TL glow peaks increase in intensity, signifying
an unknown underlying mechanism to play a part in the resulting processes that require

further studies.
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Figure 4.24: TL glow peaks (intensity) and TL spectrum peak position (eV) dependence
on temperature for samples SG-PC, SG-G, PRE, CO-U and CO-UH.

The calculated trap depth energies for can be seen in Table @ The samples not
included in this table did not have sufficient TL intensity. Due to a lack of both theoretical
and experimental data, we do not speculate on the precise nature of these defects apart

from them probably being more surface related than the above room temperature defects.

Table 4.5: Trap activation energies for undoped samples below room temperatures (eV)

Sample 150K 210K 250K 290K

SG-PC 0.58 0.71 0.82
SG-G 06 0.68 0.78
CO-U 047 0.61 0.66 0.76
CO-UH | 041 059 0.68 0.79
PRE 0.6 0.7 0.8
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The phenomenon is further observed when the TL wavelength spectra at higher tem-
peratures are considered. For all undoped samples except AIC the peak maximum of
the room temperature photoluminescence spectrum is located at lower energies than the
TL wavelength spectra maximums (Fig. . This might be partially explained by the

non-radiative transitions happening at increasing temperatures, however not fully.
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Figure 4.25: TL and Xray peak maximuma in regard to the PL maximum; (left) - sample
AIC with TL and X-ray spectra energies are located at lower values than the PL peak,
(right) - sample SG-U where the opposite is seen

In addition to TL and PL peak shifts, XRL measurements at room temperature were
performed. It can be seen that when the PL spectra is located at lower energies than
TL spectra, the same is true for XRL spectra and vice versa when PL peak is located at
higher energies than TL spectra, XRL peak is located at lower energies as well. A possible
factor of the additional peak shift might be due to PL spectra having a larger interaction
with the surface of the particles where the grain boundaries exhibit a larger amount of
defects such as oxygen vacancies and are more amorphous thus lowering the band-gap.

To further expand on this factor, the authors turn to TEM images. TEM images for
undoped SG-PC, SG-G, SG-U, AIC, PRE and CO-UH samples can be seen in Figure
4.20. It can be seen that the sample AIC for which PL peak was higher than TL and
XRL peaks is highly crystalline near grain boundaries and shows no signs of an amorphous
phase, however, samples SG-U and PRE also show similar characteristics while their PL
peaks were located at lower energies. Other samples show significant amounts of an
amorphous phase near the grain boundaries. Although most samples seem to confirm the
influence of grain boundary and surface defects on the resulting photoluminescence peak
position, the exceptions show that the resulting PL peak shift is a result of several factors,
possibly only a couple of them being the amount of amorphousness on grain boundaries

and non-radiative transitions.
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Figure 4.26: TEM images of the undoped HfO, samples SG-PC, SG-G, SG-U, AIC, PRE
and CO-UH

93



Sample correlation patterns

In order to exclude other factors such as grain size from the obtained PL and TL data
analysis as well as gain understanding on whether any correlation exists between different
characteristics, the authors evaluated the obtained data using the Pearson correlation
coefficient (with p<0.05) and manually assessed for circumstantial outlier errors.

The initial chosen characteristic parameters were: Integrated PL intensity, integrated
above room TL intensities, integrated below room temperature TL intensity, grain size,
TL peaks at 150K, 258K, 340 K, 370 K, 450 K, PL peak intensities and peak positions at
10K and ambient temperatures, phase composition (% of tetragonal phase). No significant

correlations were found.

4.3.4 Conclusions

For the first time a thorough experimental study of the possible intrinsic defects origi-
nating in hafnia has been performed. Trap depths for VO3, VO3*, VO, VO3* oxygen
vacancies were evaluated from above room temperature TL data. Below room tempera-
ture TL measurements were also performed with further studies needed to determine the
trap origin.

Possible non-radiative transition phenomena was observed with PL and TL wavelength
spectra shifting to higher energies with increasing temperatures.

Additionally when PL spectra was compared to TL wavelength spectra a potential
indication of direct surface defect contribution to the resulting PL spectra was observed
in both TL, XRL spectra and TEM images.

4.3.5 Thesis 3

Different types of oxygen vacancies in monoclinic HfO, have been successfully identified
by studying undoped and europium-doped samples and their thermoluminescence spec-
tra. The experimentally identified vacancy characteristics strongly correlate with the
theoretical calculations discussed both in this study and section , confirming that
the identification of oxygen vacancies using thermoluminescence is a valid and reliable
method.

Thesis 3: Single (+1) and double (42) charged oxygen vacancies at 3-
fold coordinated (VOi", VO2") and 4-fold coordinated (VO}"+VO3") sites of

monoclinic HfO2 can be identified by thermoluminescence.
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4.4 FEuropium ion incorporation characteristics in HfO,
Hypothesis 4:

A hypothesis is put forward that in monoclinic HfO,, Eu®* ions tend to incorporate
in pairs as well as single ions, creating VO3" and VO3" oxygen vacancies. In order to
prove this hypothesis, undoped and europium doped hafnia samples are synthesized and
their characteristics analyzed. By using the information on the types of oxygen vacancies
identified in thermoluminescence data acquired in the previous study, a further study on

the properties of rare-earth ion incorporation into the host matrix is performed.

4.4.1 Introduction

Hafnium dioxide (HfO,) is a versatile and promising material with a wide range of poten-
tial applications in fields such as engineered ceramics, electronic materials, optoelectronics,
solid electrolytes, ferroelectric devices etc., due to its impressive physical and chemical
properties. These properties include high chemical and thermal stability, strong mechan-
ical resistance, a high melting point of 2800°C, and high phase transition temperatures,
making it an ideal material for use in high-temperature refractory applications, such as
thermal oxidation protection layers and thermal barrier coatings [212-215].

Hafnia has also gained popularity as a high dielectric gate material for CMOS ap-
plications due to its favorable characteristics, including a broad bandgap of 5.25-5.95 eV
and a high-k value of 25 [22, 196]. It has become the preferred alternative to SiO as
technology continues to reduce in size, as the low dielectric constant of SiO, resulted in
leakage currents that hindered further downsizing [197, [198, 200].

Rare-earth ions are often used as luminescent probes to investigate the local structure
of the system in which they are embedded, due to the well-defined electronic levels deter-
mined by their 4f™ electronic configuration [62, 86, 89, 90, 149] and the shielding effect
provided by the 5s and 5p electronic shells to the 4f electrons [87]. However the char-
acteristics and effect of Eu®* ion incorporation into metal oxides from the experimental
point of view have not been thoroughly investigated.

Therefore in this work we examine the properties of hafnia synthesized by various
methods with an emphasis on the study of defects and the mechanisms of Eu®* incor-
poration into the host lattice. X-Ray diffraction, photoluminescence, luminescence decay
kinetics and thermoluminescence measurements were performed in order to analyze the

obtained samples.
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4.4.2 Materials and methods

See Section for the full list of chemicals used. Additonally, Niobium pentachloride
(NbCls, purity 99 %) was used for the Nb doped samples, purchased from Alfa Aesar,
Germany.

The synthesis process is described in detail in Section . An additional step of
adding niobium to the sol-gel and combustion methods was performed:

Sol-gel (SG):
For 5 atom% Eu**-doped HfO, and 5 atom% Eu?*, 5 atom% Nb>T-doped HfO, nanoma-
terial synthesis Eu3t and Nb®*t ion solution was added dropwise to the Hf** ion solution
and stirred for 10 min before the addition of urea.

Combustion (CO):
For 5 atom% Eu®"-doped HfO, and 5 atom% Eu3", 5 atom% Nb®T-doped HfO, nano-
materials, the appropriate amount of Eu?t and Nb®* ion solution was added dropwise to
the Hf*" ion solution under constant stirring speed before the addition of urea/HMTA.

Characterization methods and parameters are described in Section .

4.4.3 Results and discussion

Although previous studies suggest that a more intense luminescence can be attained for
tetragonal HfO,, more recent studies have shown that the luminescence intensity is not as
dependent on the phase of the material as it is on the distribution of oxygen vacancies [62,
149]. Based on this knowledge, the parameters of the synthesis methods were adjusted to

achieve a monoclinic phase for all samples for the purpose of comparability.

X-Ray diffraction

Figure shows the results of X-ray diffraction measurements for the Eu and Eu,Nb
doped HfO, samples. One of the undoped hafnia samples (CO-H) showed traces of tetrag-
onal phase (2%), with the rest of the undoped samples being >99% monoclinic. The Eu
doped samples showed a tetragonal phase ranging from 6.03% to 9.09% in the overall
phase distribution, with Eu,Nb doped samples ranging from 0.74% to 4.39% according
to the Rietveld refinement results. The larger fraction of the tetragonal phase found in
the Eu doped samples is expected, as the incorporation of Eu?* ions in the HfO, matrix
creates oxygen vacancies that tend to stabilize the tetragonal phase at room tempera-
ture [149]. However no correlation was found between the percentage of tetragonal phase
present in the Eu and Eu,Nb samples and the performed PL and TL measurements in
this study.
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Figure 4.27: X-Ray diffraction pattern for Eu doped (left) and Eu,Nb doped (right) hafnia
samples.

It must also be noted that it is difficult to determine whether the additional phase is
tetragonal or cubic. According to [§], when HfO, is doped with ions that have a larger
radius than Hf**, the phase tends to be cubic rather than tetragonal, however Rietveld
refinement indicated the phase to be tetragonal for the doped samples. Additionally, there
can be seen a visual peak shift for the tetragonal peak located at around 30 20 from 29.5
29 to 30.0 20 which is perhaps an indication of mixed cubic and tetragonal phases. The

percentages of monoclinic and tetragonal phases can be seen in Table @

Table 4.6: Monoclinic and tetragonal phase Rietveld analysis of undoped, Eu and Eu,
Nb doped samples.

Undoped Eu Nb
M, % T,% M,% T,% M, % T, %

SG-PC  99.98 0.02 9194 8.06 99.26 0.74
SG-G 99.54 046 9397 6.03 9890 1.10
SG-U 99.73 0.27 9352 648 95.61 4.39
CO-U 99.55 0.45 9254 746 9893 1.07
CO-H 97.90 210 91.26 874 98.76 1.24
CO-UH 99.35 0.65 9091 9.09 97.76 2.24

Additionally, the crystallite size was determined for all samples using the Rietveld
refinement. The determined crystallite sizes can be seen in Table @ During the various
synthesis, the synthesis parameters were adjusted to achieve similar crystallite sizes to
ensure that the size and the resulting surface-to-volume ratios would not significantly

impact other properties. It can be seen that when doped, the crystallite sizes also tend

to increase in size.
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Table 4.7: Crystallite sizes determined by Rietveld refinement(nm).

Sample Undoped Eu Eu,Nb
SG-PC 18.6 22.6  28.0

SG-G 22.8 26.2  30.0
SG-U 24.1 324 425
CO-U 37.3 28.0 31.2
CO-H 17.3 23.9  26.2

CO-UH 254 270 324

Photoluminescence

Photoluminescence spectra were measured for the undoped, Eu doped and Eu,Nb doped
nanoparticles excited by a 4.66 eV laser. The PL spectra for the undoped samples showed
the typical broad peak with maxima being located between 2.36 - 2.41 eV. No correlation
between the position of peak maxima and other parameters were found.

Photoluminescence spectra for samples doped with Eu and Eu,Nb are presented in
Figure . Both Eu and Eu,Nb spectra show the characteristic Eu* ion luminescence,
indicating proper incorporation of Eu®" ions into the HfO, matrix.

As magnetic dipole transitions (°Dy—"F;) are assumed to be unaffected by local crys-
tal fields (as opposed to the electric dipole transition >Dy—"F5) [89, 165], a local symmetry
evaluation using the ratio of the electric dipole and magnetic dipole intensities was carried

out.
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Figure 4.28: Photoluminescence spectra for Eu doped samples (left) and Eu,Nb doped
samples (right).

The general pattern observed from these spectra is the highly increased asymmetry
when samples are additionally doped with Nb* ions. Therefore it can be reasoned that

although the Nb®* ions compensate the charge disparities caused by Eu®* ion incorpo-
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ration and lower the amount of oxygen vacancies present in the material (discussed in
section ), the overall asymmetry of the Eu* sites is increased. Smits et al. presents

a possible mechanism of Nb ion incorporation in similar conditions in [[149)].

Time resolved luminescence and Judd-Ofelt parameters

Figure shows the time-resolved luminescence measurements for Eu and Eu,Nb doped
samples at 613 nm. It can be seen that for samples doped additionally with Nb, the decay
rate is slower than for only Eu doped samples. For Eu doped samples, SG-G shows the
slowest decay rate, while luminescence for samples SG-U and CO-H decays faster. The
decay rates showed a complex nature and were approximated using a double exponent to

separate the fast and slow decay rates.
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Figure 4.29: Time resolved luminescence measurements for Eu doped samples (left) and
Eu,Nb doped samples (right).

For the calculations of spontaneous emission probability and quantum efficiency Judd-
Ofelt theory was applied to the emission spectra and the necessary parameters were
calculated as is described in this paragraph. Due to the fact that for Eu®* electric dipole
"Dy—"Fa46 transitions depend only on one squared reduced matrix element [] , the
experimental {2, intensities can be calculated from the ratio of the single MD transition
°Dy—"F; to ED transitions and are determined by the following formula[]:

D gV} 9n3 [ I\(v)dv

Q pumy
Y n(n? 22 (WU [ L (v)d

(4.8)

where D,,,4 is assumed to be 9.6 x 10742 esu? cm? according to previous calculations
[] e is the elementary charge 4.803 x 107! esu, n is the refractive index 2.08 [@] and
(W J[|UXN||WJ")|? are the squared reduced matrix elements for Eu** that are independent
of the host material and have been taken from Ref. [] The results obtained from the
calculations can be seen in Table @ It can be seen that overall when samples are

additionally doped with Nb>" the emission quantum efficiency increases from an average
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17.1% to 20.1%. This slight increase indicates that oxygen vacancies, created when doping

with Eu?t, lower the quantum efficiency of the material.

Table 4.8: Qy, 4 JO parameters, experimental decay lifetimes (7) for Dy—"F5, radiative
transition rates (Ag), nonradiative rates (Axg), emission quantum efficiency (7)

QQ, 1020 Q4, 10— T 1S Arp Apnp n %

SG-PC 5.27 291 739 227 1127 16.8
SG-G 5.39 3.10 961 232 809 22.3
~ SG-U 5.11 2.86 654 234 1296 15.3
M CO-U 5.10 2.96 682 224 1243 15.3
CO-H 5.09 3.06 740 216 1136 16.0
CO-UH 5.12 2.90 858 222 944 19.0
SG-PC 6.17 3.58 631 251 1335 15.8
SG-G 5.98 3.31 854 244 927 20.8
- SG-U 5.69 3.46 1022 249 730 254
Z CO-U 5.74 3.24 822 241 975 19.8
CO-H 5.60 3.08 o83 239 1476 13.9
CO-UH 5.92 3.27 603 244 1414 14.7

4.4.4 Intrinsic defect parameter evaluation

Figure shows TL glow peaks for undoped, 5 at% Eu doped and 5 at% Eu, 5 at% Nb
doped samples after a 30 minute irradiation with X-rays. The TL curves were adjusted
based on the PL intensities of the samples as it is believed that the photons are emitted in a
mechanism similar to that seen in the photoluminescence process. To preserve information
on the relative intensities of the peaks, the TL curves were additionally normalized in
relation to the TL peak with the highest intensity (CO-UH undoped sample). It can be
seen that as expected, when the samples are additionally doped with Nb*, the charge
compensation reduces the amount of defects acting as traps as compared to undoped and
Eu?t doped samples. The Eu doped sample SG-U shows a significantly different behaviour
from the rest of the samples. As this sample had used relatively larger amounts of urea
during the synthesis, it is possible that some C or N impurities have remained in the final

sample and this sample will not be taken into consideration in further analysis.
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Figure 4.30: Thermoluminescence spectra for undoped HfO, (black line), 5 at% Eu doped
(red line) and 5 at% Eu, 5 at% Nb doped (green line) samples with intensities normalized
against the maximum value (undoped CO-UH).

A previous publication by Laganovska et al. identified various defect types and energy
ranges. The traps at 336K, 368K and 445K were identified as a threefold coordinated
oxygen vacancy VO3*. a threefold coordinated oxygen vacancy VO3 and the fourfold
coordinated oxygen vacancies VO, together with VO/? respectively.

In this study, two novel aspects on the nature of Eu** ion incorporation into monoclinic
HfO5 matrix is seen:

1) The VOI* peak in undoped HfO, has a very low TL intensity as is expected due
to the "negative U” tendency [1§] to disproportionate into VO} and VO3* vacancies.
However, when doped with Eu®*, the VO%Jr peak at 336K greatly increases in intensity.
This indicates that contrary to the previous assumption by Smits et al.[149] that Eu*
ions mostly incorporate themselves in the host matrix in pairs so that the resulting oxygen
vacancy charge V20+ is compensated by two Eu®T ions, a significant part of Eu* ions also
incorporate themselves as single ions and create a stable VOi* vacancy. An illustration

is shown in Figure B
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Figure 4.31: Possible incorporation of Eu*" ions in the HfO, matrix, (left) a V) vacancy
charge compensated by a single Eu®*; (right) V3 charge compensated by two Eu®* ions.

2) The VO;* and VO3 peak at 445K for most undoped samples is the second or even
first highest glow peak. However, when doped with Eu®" ions this peak disappears almost
completely. The effect of threefold coordinated vacancy creation preference has been
discussed in theoretical calculations, where Foster et al. [] notes that the total system
energy is much lower (0.44 eV and 0.76 eV, respectively) for the threefold-coordinated site.
This implies that although the formation of an initial neutral vacancy is energetically
balanced between sites, once electrons are removed, the threefold coordinated oxygen
vacancy is strongly favored for both VO:* and VO3", and vacancies are likely to diffuse
to these sites. It is therefore possible that when Eu' ions are incorporated into the
matrix, the total system energy is lower when Eu®* ions are located next to threefold
coordinated oxygen vacancies and is thus the preferred site for Eu®* ions as is seen in our

experimental data.

4.4.5 Conclusions

HfO, doped with Eu®** and Eu®*, Nb" of monoclinic structure and crystallite sizes
ranging between 17.3 nm and 42.5 nm has been studied. When doped with Nb, an
expected decrease in the amount of oxygen vacancies is seen. Judd-Ofelt calculations
confirm an increased emission quantum efficiency for samples doped additionally with Nb
as compared to samples doped only with Eu.

The analysis of thermoluminescence data shows that a significant amount of Eu®* ions
are incorporated into the host matrix not only in pairs that balance out a V?;r vacancy,
but also as single ions located next to a VIOJr vacancy.

Eu?t ion incorporation into the host matrix creates a significantly larger amount of

threefold coordinated oxygen vacancies than fourfold coordinated oxygen vacancies. This
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finding agrees with theoretical calculations where the threefold coordinated oxygen va-
cancy has a much lower total system energy when electrons are removed. Therefore when

Eu' ions are introduced, mainly threefold coordinated oxygen vacancies are created.

4.4.6 Thesis 4:

By analysing the thermoluminescene data of the undoped and europium-doped samples,
it was seen that when Eu3t is incorporated into the matrix, not only a V?;r vacancy
is formed (signifying that the ions are incorporated into pairs), but a \/'15r vacancy is
formed as well. The V10+ vacancy is therefore hypothesized to be charge balanced by
single Eu* ions, leading to the conclusion, that europium also incorporates in single ions.
Additionally, a strong preference for threefold-coordinated oxygen vacancy formation is
seen, providing valuable insight into the mechanism of rare-earth ion incorporation into

metal-oxide materials in general.

Thesis 4: In monoclinic HfO,, Eu®* ions tend to incorporate in pairs as

well as single ions, creating VO™ and VO:" oxygen vacancies.
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5.SUMMARY

This work was focused on the study of defects in hafnia and zirconia nanoparticles and
their influence on the various properties of these metal oxides, often using luminescent
probes to gain additional insight into these materials.

An important drawback of introducing lanthanides into metal oxides are the oxygen
vacancies created as a result of charge disbalance. To mitigate this issue, charge compen-
sation in hafnia and zirconia was studied. It was shown to be a successful approach in
reducing the amount of oxygen vacancies, which was observed through a decrease in ther-
moluminescence intensity and an increase in photoluminescence intensity. As a result,
the quantum efficiency of these materials was significantly enhanced.

Even more important, while it was previously assumed that the phase of the host
material largely determines the luminescence properties of the dopants, when charge-
compensated, the luminescence intensity kept increasing even as the phase changed from
tetragonal to monoclinic. This change suggested that the presence of oxygen vacancies is
the primary cause of changes in luminescence intensity, rather than changes in the phase
of the material and the resulting local crystal field.

This behaviour was shown to be true also with up-conversion luminescence. We ob-
served luminescence quenching in ceramic samples when powders were pressed into pellets.
By studying the differences in up-conversion luminescence spectra at different annealing
temperatures, it was determined that the cause of the quenching could not be due to
a change in lanthanide ion cross-relaxation efficiency as a result of phase change with
applied pressure, but was yet again the impact of intrinsic defect creation.

Seeing as oxygen vacancies played a significant role in the resulting properties of
metal oxides, it was necessary to carry out an in-depth research on the oxygen vacancies
themselves. Through the use of thermoluminescence and the study of samples synthesized
using various methods, threefold- and fourfold- coordinated, singly and doubly charged
oxygen vacancies in hafnia were identified experimentally for the first time. These results
enable an easier and more in-detail identification of oxygen vacancies in future studies.

Finally, although lanthanides are widely used as luminescent probes to carry out stud-
ies on the materials they are incorporated into, the nature of the incorporation of these
ions had not been fully studied. Therefore, building on the knowledge gained while study-
ing oxygen vacancies in hafnia, it was shown that the incorporation of lanthanide ions
into the host matrix creates specifically threefold-coordinated oxygen vacancies which the
ions then locate next to. It was also observed that lanthanide ions tend to incorporate
into the matrix as both single ions and in pairs, which provides a key insight into the

behavior of lanthanide ions in metal oxides.
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6. THESES

Thesis 1: The luminescence intensity of rare-earth ions in HfO, is determined more by
the vicinity and distribution of nearby oxygen vacancies than by phase transition from

monoclinic to tetragonal.

Thesis 2: Erbium ion luminescence is an effective way of monitoring defect formation

and phase transformation in nanostructured ZrO, ceramics during the sintering process.

Thesis 3: Single (+1) and double (42) charged oxygen vacancies at 3-fold coordinated
(VO3*, VO3%) and 4-fold coordinated (VO;t+VO3") sites of monoclinic HfO2 can be

identified by thermoluminescence.

Thesis 4: In monoclinic HfO,, Eut ions tend to incorporate in pairs as well as single

ions, creating VO3 and VO3 oxygen vacancies.
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