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Abstract

Ceramic oxide with fluorite structure, such as ceria (CeQO.), has been proposed as a
surrogate of nuclear fuels (e.g. UO2, PuO.) and transmutation targets because of the excellent
radiation resistance. Ceria has a redox effect between two charge states of cerium ions with
localized f electrons, which induces oxygen vacancies (Vo) to compensate for charge neutrality.
Gadolinia (Gd203) exhibits a bixbyite structure, and it has been doped in UO- fuel as a burnable
poison due to the large absorption cross-section of thermal neutrons. Gd>Oz-doped CeO; as
expressed by Ce1.xGdxOz-2 also produces Vo since the Gd** substitutes into the Ce** site. The
oxygen deficiency in Ce1-xGdxO2.x2 is mainly controlled by the dopant concentration.

Moreover, Vo can be generated by elastic collisions with high-energy electrons by
receiving energy above the threshold displacement energy of oxygen atoms. The Vo is a key
factor to determine radiation tolerance since it enhances the recombination of interstitials and
vacancies. The kinetic behavior of point defects in ceramics is known to depend on their charge
states. However, there was only limited research on it since the in-situ techniques are needed
to gain the production and charge state of point defects in ceramics during irradiation.

In this dissertation, radiation damage in Ce1xGdxO2.x2 was investigated for a wide range
of Gd dopant concentrations (0 < x < 0.5). For this purpose, a unique facility of a high voltage
electron microscope (HVEM) interfaced with cathodoluminescence (CL) facility at The
Ultramicroscopy Research Center of Kyushu University was utilized to examine the production
and charge state of point defects in-situ under high-energy electron irradiation. Further,
microstructure change induced by heavy ion irradiation was studied comprehensively against
dopant concentration by x-ray diffraction (XRD) analysis, micro-Raman spectroscopy, and
transmission electron microscopy (TEM) to understand the role of oxygen vacancy on the
microstructure stability. This dissertation consists of seven chapters.

Chapter 1 described the introduction and research goal of this study. At the end of this
chapter, the structure of the dissertation was outlined.

Chapter 2 reviewed the theoretical and experimental background on structure in CeO3
and Ce1xGdxO2.x2. Displacement damage, energy loss, diffraction analysis for structure
evaluation, and CL emission mechanism were described in this chapter.

Chapter 3 explained the experimental methodology for the sample preparation, and the

techniques of XRD, Raman spectroscopy, and TEM. Details for the synthesis of Ce1.xGdxOx-



x2 samples and ion irradiation conditions were described. In-situ CL measurement conditions
were also described together with the data acquisition procedures.

Chapter 4 described point defect production under in-beam conditions in pure single
crystal and polycrystalline ceria using the in-situ HVEM-CL technique. The CL spectra were
obtained with 400 ~ 1250 keV electrons, and they were fitted into three CL bands. One band
was assigned to be the F* center which is induced by electron-nuclear elastic collisions, and
the other two bands were originated from charge-compensative Ce®* ions caused by Vo
formation. Localized atomic configurations between Ce®* ions and charged Vo were suggested
according to the CL spectra. The dependence of CL spectra against electron energy and
irradiation temperature were also explained by taking the cross-sections of defect production
and electronic excitation.

Chapter 5 discussed microstructure and radiation response in Ce1.xGdxO2.x2 for a wide
range of Gd,Os concentrations (0 < x < 0.5). Microstructure characterization was carried out
comprehensively by XRD, micro-Raman spectroscopy, and TEM. The formation of bixbyite
structure with Vo ordering was observed for x > 0.2, associated with the saturation of lattice
parameter and micro-strain relaxation. Those microstructure changes with values of x were
found to influence the microstructure change induced by 200 MeV Xe ions. lon track density
and size were found to be depressed for samples with x > 0.2, and this was discussed with the
ordering of Vo which attributes to the recovery process of radiation-induced defects.

Chapter 6 described the application of the in-situ HVEM-CL technique to Ce1.xGdxO2-x2
samples. The CL bands for Ce3*-Vo, Ce®**, and F* center were observed from Ce1xGdxO2-x2 as
same as pure ceria. The electronic configurations and energy dependence of CL spectra in Ce-
xGdxO2-x2 were compared with those of pure ceria. Photon energy shifts and quenching of CL
emission were observed in Ce1xGdxO2.x2, and the change was discussed with the generation
of Vo induced by Gd,Os doping, and the change of electrical configuration around Ce3* ions
and Vo. The band gap energy level of defects in Ce1.xGdxO2-x2 Was suggested in this chapter.

In chapter 7, all the experimental and simulation works done in the wake of this study

are summarized as conclusions together with possible directions for future research.
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Chapter 1

Introduction

A sufficient energy supply is as importance as a fast growing of world population in
modern life society demanding safety, mobility and daily comfort life. For this reason, the
energy industry has discussed and studied the energy generation and storage systems. To lead
these technologies, it is necessary to develop superior materials for energy source applications,
such as generation facilities for chemical and photo-physical energy, nuclear reaction energy,
and thermomechanical energy. All of those industries need excellent materials, which generate
high efficient energy for each environmental condition.

Ceramic oxide is one of the remarkable and fascinated materials, which have high
strength, high insulation ability, low thermal expansion, and chemical stability. For those
reasons, ceramic oxide has been used safely in many industrial fields, such as energy-

supplement devices, auto motives, medical technology, and aerospace. Especially for nuclear

applications, magnesia (MgO), sapphire (a-Al2Oz), and yttria-stabilized cubic zirconia (ZrOx:

Y) are promising ceramic materials to be used for the host of inert matrix fuels in nuclear
fission reactors, transmutation targets, and functional materials in fusion devices under high-
energy particle radiations. They can endure the exposure to extreme environments, for instance,
high or low temperatures, and intense radiation. Therefore, it is necessary to understand their
physical and chemical characteristics under harsh environment to prevent degradation of
physical and chemical properties.

In particular, ceramics are used for nuclear fuel, and they are widely investigated for
their safety and reliability. Typically, plutonium oxide (PuQ) is actively developed for use in

mixed oxide (MOX) fuel such as (U, Pu)O- for thermal reactors or fast reactor fuel. For the
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safe use of MOX fuel, it is necessary to understand the drawbacks caused by the pile-up of
damage for a long time. However, it might be hard to handle and study the radiative materials
caused by irradiation. Therefore, cerium dioxide or ceria (CeOz) with a fluorite structure can
be considered as a surrogate of PuO: to avoid radioactive problems caused by its direct use of
it.

Moreover, for the high performance of nuclear reactors to use in long-life power plants,
the burnable poison has been used to control the initial reactivity. Fuel utilization has been
introduced with additional neutron absorbers in fissile materials. Gadolinium (Gd) is one of the
fission products forming solid solutions with uranium dioxide. Gd,Oz3 has been, therefore, used
as a dopant for UO- fuel in boiling water reactors because Gd isotopes have a large absorption
cross-section of 49,000 barns for thermal neutrons with taking the natural abundance of Gd
isotopes into consideration [1]. The UO,-Gd20s3 fuel has been used in the boiling water reactor
(BWR) type since 1967, and the maximum concentration of Gd2Os is around 4 wt% (i.e. ~6
at% Gd). Recently, the UO,-Gd»0s fuel is introduced in the pressurized water reactor (PWR)
type up to high concentration of Gd2O3 around 10 wt% (i.e. ~14 at% Gd).

Nuclear fuel materials are exposed to various radiations such as high-energy fission
fragments, high-energy neutrons, a-, -, and y-rays generated by nuclear fission reactions in
nuclear reactors. Radiation with those high-energy particles has been known to induce the
amorphization in ceramics and cause degradation of mechanical properties, and void swelling
due to the atomic displacement damage [2]. Irradiation defects resulting from these various
radiations form and accumulate in the heating-resisting materials. Also, accumulation of fission
products and high-density electron excitation damage are also of importance for the stability
of fuels. Detailed knowledge of the point defect production and kinetics are often required for
the further understandings of radiation damage in ceramics. For example, electronic excitation

is known to affect damage processes, such as the formation and migration of point defects, and
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stability of point defect aggregates in ionic and covalently bonded ceramic materials [3-5].
Fission fragments arising from fuels and transmutation targets have high energies of 70 - 100
MeV and induce a high density of electronic excitation in materials. It has been reported that
when such high-density electronic excitation is induced during crystallization, columnar
irradiation defects called ‘ion tracks’ form along ion trails [6]. In nuclear fuel, such high-
density electronic excitation damage is induced repeatedly to reach 10* to 10° times for the
burn-up of 1% FIMA (% fissioned per initial metal atom). Therefore, evaluation of the ion
track formation in the fluorite-structure oxide and the microstructure change due to its overlap
is important for understanding the stability of the structure of nuclear reactor fuels and for the
development of next-generation fuels.

To understand the basic process of irradiation damage, the threshold displacement
energy (Eq) is indispensable physical quantity. Costantini et al. used an electron accelerator to
irradiate electrons with a wide range of energies to yttria-stabilized cubic zirconia (YSZ), and
anion electron trapping centers (F* centers) were investigated by electron spin resonance (EPR)
method [7]. From the analysis of the electron-energy dependence of the point defect
accumulation process, the value of Eq can be derived by in-situ observation in transmission
electron microscopy (TEM). Yasunaga et al. irradiated electrons to CeO> for various energies
by using TEM and observed the formation and growth process of the irradiation defect in-beam
state [8,9]. They confirmed that the properties of the dislocation loop depended on the electron
energy, and according to the results, they estimated the Eq of Ce and O ions as 44 ~ 58 eV and
<33 eV, respectively [9]. Values of Eq4 in various ceramic materials, such as UO, (U: ~40 eV,
O: ~20 eV), ThO, (Th: 48.5 ~61.5 eV, O: 17.5 ~ 100 eV), ZrO, (Zr: 54 ~ 68.5 eV, O: 14 ~
100 eV), were summarized in references [10-12], although the reported values of Eq are not

sufficient at the present moment.
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Mostly, ceramics includes multielement and their crystal structures content multi-
sublattices themselves. The atomic bonds also have ion-covalent bonding which depends on
crystal. The electronic valence of point defects can be changed by electronic excitation that
influences the migration dynamics and aggregation of point defects [13]. Under radiation
irradiation conditions, it is, therefore, necessary to have a general idea of in-beam physical
characteristics of defect behaviors.

Electron microscopy is one of the useful techniques to measure radiation damage in
materials. High energy electrons generated in an electron microscope, such as a TEM, can be
irradiated with a high-flux electron beam to a specimen and produce point defects in a short
time. Namely, an in-situ TEM experiment has an advantage that one can observe the nucleation
and accumulation of defects dynamically. The use of electron irradiation has an additional
advantage since the target does not need to be cooled down unlike neutron or high-energy ion
irradiation. Unfortunately, the defects recombination occurs during the cooling period, and it
is hard to observe its effects in-situ right after neutrons/ions irradiation. Therefore, the in-situ
TEM method has the characteristics of being able to conduct a systematic and precise study on
the effects of fission product accumulation in-beam environment and high-density electron
excitation.

Optical absorption spectroscopy technique has an advantage to identify the defects in

ceramics. Photoluminescence (PL) spectroscopy and UV-visible optical absorption
spectroscopy were used to examine the defects in ceramics [14,15]. A photo-induced electron-
hole pair indicates the localized defect level at photoexcitation energies within the bandgap
energy. In particular, naturally present defects, such as F centers (electron centers) and V
centers (hole centers), were demonstrated by PL spectroscopy in alkali halides and oxides [15].

In addition, thermo-stimulated luminescence (TSL) [16], optically stimulated luminescence
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(OSL) [17], and radio-luminescence (RL) [18] were also used to identify nature or radiation-
induced defects in ceramics.

Cathodoluminescence (CL) spectroscopy is one of the optical absorption techniques,
and it has been used for the impurity analysis by using SEM under low-energy electron
irradiation (<40 keV). The first observation of discoloration was investigated by Goldstein [19]
in alkali halides induced by electron irradiation. For several decades, F centers from oxygen
vacancies were examined in various ceramic oxides, such as MgO, Al>Os, ZnO, and TiO> [20—
23].

CL spectroscopy has also been utilized to study the radiation-induced defects.
Recently, a study on point defect formation by elastic and inelastic collisions under high-energy
electron irradiation was performed in ceramics by using in-situ CL spectroscopy under high-
energy electron irradiation [24,25]. CL spectra emitted from impurities and F centers in
sapphire (a-Al203), YSZ (ZrO2:Y), spinel (MgAl>O4) were detected and revealed its electrical
characteristics and formation of defects in-beam condition. It was revealed the point defects
formation and aggregation with their charge states under electron irradiation [25].

Radiation response due to multi-particles collisions of electronic and nuclear stopping
is also attracted for ceramics leading the annealing of radiation damage due to a synergetic
effect. The synergetic effect of elastic (or nuclear) (Sn) and inelastic (or electronic) (Se) energy
loss is a key factor of nanostructure evolution and defect kinetics of ceramics [26,27]. The
recovering and expansion delay of the defects due to ionization-induced diffusion and
recombination of point defects lead the synergetic effect. These point defects in ceramic
influence physical properties, such as thermal conductivity and diffusivity [28]. The kinetic
behaviors of point defects are depending on their charge states. Therefore, it is important to

understand the charge states of the defects under irradiation conditions, and thereby in-situ high
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voltage electron microscopy (HVEM)-CL method can be a powerful technique for the radiation
damage study in ceramics.

Based on the explanation above, the purpose of this dissertation is to gain insights into
the radiation damage in the rare-earth (RE)-doped fluorite structure oxides. In particular, this
dissertation has two objectives to elucidate the followings: i) understanding the on-site point
defect production and its charge state during electron irradiation, and ii) examination of
microstructure evaluation by RE doping and ion irradiation.

The dissertation consists of seven chapters.

Chapter 1 describes the introduction and research goal of this dissertation. At the end
of this chapter, the orientation of each chapter is proposed.

Chapter 2 reviews the theoretical and experimental background of physical and
chemical characteristics of the main material of Gd>O3 doped ceria, and diffraction analysis.
Furthermore, fundamental knowledge of displacement damage, energy loss, and
cathodoluminescence spectroscopy are described.

Chapter 3 explains experimental methodologies for the sample preparation,
measurement, and analysis techniques. The sample preparation complies synthesis procedure,
thinning for TEM observation, and ion irradiation. Experimental facility performances and
conditions for x-ray diffraction (XRD), Raman spectroscopy, TEM, and in-situ HVEM-CL
measurement are described with the explanation of data acquisition procedures.

Chapter 4 describes in-situ HVEM-CL measurement in pure ceria under electron
irradiation by using the HVEM. This technique yields information on the instant Frenkel point
defect formation under out-of-equilibrium conditions upon high-energy electron irradiation.
CL spectra were obtained from single crystal and polycrystalline samples. Charge states of
defects were interpreted by CL profiles and they related to oxygen vacancy localization.

Moreover, energy and temperature dependence of CL emission was investigated.

6
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Chapter 5 discusses the microstructure evaluation in Gd>Os doped ceria upon the
creation of oxygen vacancies in a wide range of dopant concentrations. Comprehensive
microstructure characterization, such as phase, lattice parameter, and microstrain of the
samples was carried out by XRD, micro-Raman spectroscopy, and TEM in virgin samples.
Moreover, heavy ion radiation-induced microstructure evolution was followed in the same
samples by comprehensive microstructure characterization techniques to understand the
radiation resistance effect by Gd>Os doping and intrinsic oxygen vacancy creation.

Chapter 6 presents the application of the in-situ HVEM-CL technique to the Gd.O3
doped ceria samples. Information on charge state and electronic configurations of in-situ
defects generated during high-energy electron irradiation were investigated in the doped
samples. The Gd>O3 concentration effect with the creation of oxygen vacancies by doping for
CL emission from the defects varying accelerate energies of the HVEM was investigated. At
the end of this chapter, the energy levels of defects in the bad gap of the Gd>O3 doped ceria
were summarized by comparing the pure ceria.

In chapter 7, all the experimental and simulation works done in the wake of this study are
summarized as conclusions. Possible directions of research for further understanding of the

radiation recovery effect in electron/ion irradiated Ce1-xGdxO2-2 are also highlighted.
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Chapter 2

Theoretical and Experimental background

2.1 Introduction

Ceramics are compounds of ionic and covalent bonds of cations and anions, and they are
arranged regularly with the periodicity in crystalline solids. To understand the degradation of
ceramics under ions and/or electrons irradiation, it often requires the analysis of physical
properties under in-beam condition. Also, the background of the reference materials, ceria and
Gd»03 doped ceria which are used in this dissertation, need to be introduced especially for the
structure and oxygen deficiency by trivalent cation doping. Fundamental knowledge of
analytical methods in short and long ranges is important to understand physical and chemical
property changes. Moreover, background of radiation dynamics should be introduced with an
emphasis on complex displacement mechanism of ceramics with multi sublattices. In this
chapter, the background of experimental techniques and fundamental displacement process

relevant to this dissertation are described.

2.2 Crystals and ceramics

Crystals have a long-range order in periodic and they can be categorized into six crystal
families and seven crystal systems according to the direction and magnitude (Table 2-1) [29,30].
The labels of a, b, ¢, and «, S, y in Figure 2-1 are crystallographic axes and angles, respectively.
Generally, ceramics are more complex than metals, which are usually contain two or more
crystallographic sublattices with a combination of ionic and/or covalent bonds. These bonds
give a high elastic modulus and hardness, high melting point, low thermal expansion, and
excellent chemical resistance of ceramic materials [31,32]. The crystal structure of ceria (CeO3),

8
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Table 2-1. Crystal families and systems

Crystal family Crystal system AXis system
Isomeric Cubic a=b=c a=p=y=90°
Tetragonal Tetragonal a=b#c a=p=y=90°
Hexagonal a=b#c a=p=90°y=120°
Hexagonal Trigonal or
Rhombohedral a=b=c a=p=y#90
Orthorhombic Orthorhombic azb#c a=p=y=90°
Monoclinic Monoclinic azb#c a=p=90°y+#90°
Anorthic Triclinic azb#c a*p#y+90°
+b
\a a
g >

Figure 2-1. Crystallographic axes a, b, ¢ and the angles «, f, y in positive values.
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which is the main compounds investigated in this dissertation, is shown in Figure 2-2 (a). As
shown in Figure 2-2 (b), it forms the fluorite structure: the structure and stability of ceria will

be discussed in the following section 2.2.1.

2.2.1 Cerium dioxide (CeOy)

Cerium dioxide or ceria (CeO.) is one of the prominent materials for a surrogate of PuO;
and for an inert matrix fuel, such as rock-like oxide fuel [33]. It is noted that most oxide-based
nuclear fuels have a fluorite structure. Ceria also possesses a stable cubic fluorite structure
under ambient pressure from room temperature to the melting point (2477 °C) [Figure 2-2 (b)].

Ceria produces nature oxygen vacancies due to its non-stoichiometry occurring
through the reduction and oxidization of cerium. Under the reducing condition, Ce (1V) is
converted into Ce (I11), and the reduced ceria is charge-balanced by forming oxygen vacancies.
The composition of ceria can be expressed as CeO2.x, where x in CeO».x represents the oxygen
vacancy concentration. The reversible redox reaction in ceria is written in Krdger-Vink
notation as below,

Ce(IV) & Ce(11D), (2-1)

2Ceg, + 05 © 2Cec. + 1/20,(g) + V5, (2-2)
where the Ceg, and 0 are neutrally possessed Ce and O ions in their lattice sites (i.e., Ce**
and O%), respectively. Ceg, represents a Ce ion at a Ce ion lattice site with a localized mobile
electron (i.e., Ce*"), and V;; is positively charged oxygen vacancy (no electron localization).
Ceria has a wide band gap energy (~ 6 eV) between 2p oxygen valence band and 5d, 6s cerium
conduction band [34,35]. Between these two bands, there is an empty cerium 4f band, called
4f state, which is a narrow localized level in stoichiometric ceria [36]. As the oxygen atom is

reduced, an electron is transferred to the empty 4f band and it is partially filled, leading the

10
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Figure 2-2. (a) Cubic fluorite-type crystal structure and (b) phase diagram of ceria [37].
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band splitting into 4f full (4f*) and 4f empty (4°) due to spin-orbit coupling of cerium ion [38].

2.2.2 Gd>03 doped CeO:

Gd203 doped CeO», as expressed by Cei1-xGdxO2x2, IS expected to create oxygen
vacancies by the substitution of Gd®* into Ce** site since cations have similar Shannon ionic
radius (i.e. Gd®*: 1.053 A, Ce**: 0.970 A). However, due to the different valence states of Gd®*
into Ce** ions [39], a vacancy is created at an oxygen ion site as described by Kréger—Vink
notation below,

2Cede + 05 + Gd,05 — 2Gd, + Vg + 2Ce0,, (2-3)
where Ceg, and Og represent the neutral charge state of Ce** on a cerium lattice site and O
on an oxygen lattice site, respectively. Gd¢, is a Gd** ion located at a cerium lattice site with -
1 charge, and V{; is a vacancy at an oxygen lattice site with +2 charge [40]. In the Ce1.xGdxO2-
x/2 System, the oxygen deficiency is mainly determined by the Gd.Os content [41-43]. Besides,
the Gd»0O3 has a cubic bixbyite (C-type, 1a-3) structure as shown in Figure 2-3 (a) which is
close to the fluorite (F-type, Fm-3m) structure. A unit cell of the C-type structure is built from
eight-unit cells of the F-type structure, but the C-type structure includes 25% of ordered oxygen
vacancies unless the F-type structure [44]. As a consequence of Gd.O3 doping, the crystal
structure transforms from F-type to the double lattice parameter of C-type ordering oxygen
vacancies. Figure 2-3 (b) is a phase diagram of Gd.Oz doped ceria examined by different
authors. The temperature of ordering (Tord), phase separation (Tsep), freezing transition (Te),
cation quenching (Tg), and ordering transition (T9%:4) were evaluated by Monte Carlo (MC)
modeling and density function theory (DFT) in 4 x 4 x 4 supercells with 768 lattice sites by
Zguns et al [45]. Also, the phase transition from fluorite (F) to C-type (C) was observed by

experimental analysis such as XRD [46-48], XAFS [47], and gas analysis [49] at various
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Figure 2-3. (a) Bixbyite (C-type) structure of Gd>O3 and (b) phase diagram of Gd203—CeO:.
Symbols represent the DFT calculation results conducted by Zguns et al. [45]. In the
thermodynamic equilibrium, Torg (black) and Tsep (red) are temperatures of ordering and phase
separation, respectively. The ordering transition was hardly observed for xcq < 0.3, while the
vacancy ordering occurred with phase transition for xeq = 0.3. Cations were quenched at 1500
K (Tq) and ordering transition (T%:q) was observed for 0.27 < xca < 0.4. Oxygen freezing (Tr),
which is the rearrangements of vacancies upon cooling are mostly stopped, was observed for
Xed S 0.27 and = 0.75. The red, blue, magenta and green horizontal bars represented
experimental data of phase transition between fluorite (F) to C-type (C) suggested by Bevan et

al. [49], Nakagawa et al. [47], Brauer et al. [46], and Ikuma et al.[48]. F+C is a biphasic region.
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quenching temperatures. The fluorite structure started to transform around Xgq = 0.2 ~ 0.5 to
the C-type structure but it strongly depends on T4 and analysis methods.

The oxygen vacancy ordering was observed in nano-sized domains formed by the
aggregation of dopant Gd®* ions and oxygen vacancies, as observed by electron energy loss
spectroscopy (EELS) analysis [50], high-resolution transmission electron microscopy
(HRTEM) and the selected area electron diffraction (SAED) patterns [51]. As a consequence
of the oxygen vacancy ordering, the disordering is produced by the influence of electrostatic
repulsion with oxygen vacancies in the C-type structure, while cations in fluorite keep their
perfect cube with 8 coordinated oxygen ions [42]. In particular, it affects the distribution of the
interatomic distance between cation-cation pairs rather than cation-oxygen pairs. In addition,
the clustering of the dopants with associated oxygen vacancies is increasing with dopant
concentration increasing. The clusters reduce the concentration of freely mobile oxygen

vacancies that rather decreases conductivity at high concentrations of dopants [51-54].

2.3  X-ray diffraction (XRD) analysis and the Rietveld refinement

X-ray diffraction (XRD) technique helps the understanding of the physical properties of
metals, ceramics, polymers, and other solids allowing one to understand the arrangement and
distance of lattice planes in a form of crystals. W.H. Bragg and W. L. Bragg interpreted the
crystal diffraction by using the wavelength of x-ray, and they expressed it as Bragg’s law [Eq.
(2-4)].

nA = 2dsin 6. (2-4)

When the phase difference between two or more waves is half of the wavelength, the
wave is offset and disappears, but when the phase difference is an integer (n) multiple of the
wavelength (1), the amplitude is amplified, and the intensity becomes greater. In Figure 2-4,

the distance from A to B is d sin 8, where d is lattice distance, 8 for Bragg’s angle, which is
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Incident x-rays Diffracted x-rays

Figure 2-4. Braggs’ law reflection
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equal to the distance from B to C. Therefore, if AB = BC = d sin 8 and the following Eq. (2-4)
is satisfied, x-rays are strongly diffracted.

In the microcrystalline powder sample, a number of crystalline are combined in
random directions. Furthermore, one powder sample consists of more than one phase. In this
multi-phase sample, the single Braggs’ reflection is hard to examine the crystal structure with
high symmetry refinement, since diffracted XRD intensities are overlapped in the XRD
patterns. For the multi-phase sample XRD analysis, the Rietveld refinement can be used by
fitting Gaussian, Lorentzian, or Pseudo-Voigt profiles using the least-square method, and this
method can use for quantitative analysis [55]. The Rietveld refinement is conducted by a
computer algorithm and free software programs are typically used for instance Fullprof [56],
GSAS [57], and RIETAN [58]. For the operation of Rietveld refinement, it is important to
determine crystal structure if the initial structure is known, unless it should be operated by ab-
initio calculation. Reliable crystal structure models can obtain from the database such as
‘Inorganic Crystal Structure Database’ [59], ‘American Mineralogist Crystal Structure
Database’ [60], and Crystallography Open Database [61].

The quality of Rietveld refinement is measured by parameters of goodness factor (x2),
weighted profile factor (Rwe) and R expected (Rexp). For the interpretation, values of observed
and computed XRD peak intensity at the position of 26; are assigned to y;o and y; ¢,

respectively. The Rietveld algorithm targets to minimize the weighted sum of squared

differences between the observed and computed intensity values [i.e., ZWi(yi,o — yilc)z],
where w; is 1/0%[y; o). 0[y; 0] is uncertainty estimate for y; o. Rwe is the most meaningful of
the weighted profile R-factors because of the minimized residuals. It can be expressed by,

Ro? = 2wi(Vio — Vic)?
WP 2w (¥io)?

(2-5)
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The best possible value of Rwp expected for the number of data points (N) can be

represented as the expected R-factor, Rexp [62]. Rexp is described below,

2 N
Rexp” = SEEEEY)
2 w;(¥i0)

(2-6)
The statistical quality of the refinement is explained by Chi-squared (x?). They are
calculated through equations as written below,
X* = Rwe/ RExp (2-7)
A goodness of fit can be defined by x?, and its value of 1.3 or less is usually considered
reasonable [62]. Too small x? value means that the counting statistical errors are greater than

the model errors either because of poor counting statistics or because of high background by

slowly varied angle [62].

2.4  Displacement damage and Energy loss

A displacement cascade is induced by an elastic collision between a high-energy particle
and a target atom. The initially displaced atom directly from an incident radiation particle is
called as a primary knock-on atom (PKA). If the PKA has sufficient energy, the knocked lattice
atom results to rest in an interstice of lattice, which generates an interstitial atom.
Complementary, the original lattice site remains vacant to form a vacancy. This simple pair of
interstitial and vacancy remaining stable is called as a Frenkel pair.

To initiate displacement from the lattice site, the transferred kinetic energy to the lattice
atom should be higher than the threshold displacement energy (Eq). Eq is a material dependent
physical quantity. In general, experimental measurement of Eq is difficult for ceramics due to
their complex structure [11,63]. The values of Eq are also dependent on the crystallographic

direction [64], and temperature.
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In a collision between a charged particle and a target atom nucleus, the mean free path
between these two-body collisions should be greater than the interatomic spacing. We can
apply the law of conservation of energy and momentum in the elastic collision satisfied with

nonrelativistic mechanics.

_ 4AM M, .2 Q
- (M1+M2)2 ESln (2)’ (2-8)

where T is the transferred energy to the PKA, E is the incident particle energy, 6 is the angle
of deflection of the incident particle as a result of the collision, M, is incident particle mass and
M, is struck atomic mass. When the 68 = 0, the T shows the maximum value, T,,,, which is
written as,

.MM,
™ (Mg + M,)?

(2-9)
For the case of high-energy electrons, relativistic quantum mechanics should be used for
the calculation. As assuming that M, is an electron (m,), the rest energy is written by Eq. (2-
10) with an approximation of M; < M, as follows,
M;c? = m,c? = 0.511 (MeV), (2-10)

where c is the light velocity (2.998 x 10® m/s). By adding the relativistic correction, T, given

by the incident electron to the target atom is expressed as,

T, = (211;16) (E+2mec2) E, (2-11)

mec?

where E is incident electron energy (MeV), M is mass of PKA (u).

To understand displacement damage generation by electron irradiation, E; should be
higher than T,,,. The relationship between T and E,; can be explained by,

i) T,,, < E4: No displacement occurs,

ii) T,, = E4: Displacement occurs displaced atoms remain as the Frenkel pairs producing

defects such as displacement loop or voids.
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i) T,, »E; (ie., T > ~1 keV): PKA produce displacement chain reaction to
surrounding atoms, which is called as cascade collision.

The displacement cross-section (o) for electron-nuclear collision can be measured for
the range of angle between 6,, and m for the quantity of greatest interest in the interpretation
of radiation damage. a,; was evaluated by McKinley-Feshbach formula [65],

_T ,Z{T_m_ _ 2y Im Tnyia oy Tm ]} ]
Oy 4(b) E, 1 ﬁlnEd+na,8 Z(Ed) lnEd 2 |t (2-12)

2Ze?
2

where b’ = — (1 - Y2, a = Ze?/hc, B = v/c, v is velocity of the electron incident on

a nucleus of charge Ze. The g, calculation for O and Ce sublattice in ceria as a function of
incident electron energy will be shown in Chapter 4.

When a charged particle incident to a target material, it loses the kinetic energy through
interaction with the nuclei or electrons in the target matter. The energy loss in a targeted matter
determines the final distribution of defects. The energy loss which is referred to as stopping

power is noted as

S(E)=—%= (- d—E)n +(- d—E)e, (2-13)

dx dx dx

where the total stopping power S(E) is defined as the differential of its energy (E) by the
penetration depth, or —Z—i. The total stopping power is the sum of nuclear (n) and electronic

(e) stopping power. The electronic and nuclear stopping power calculation results for oxygen
ions in CeO; are shown in Figure 2-5. The threshold displacement energy of oxygen ion (Eqd,0)
value was used as 14 eV for this calculation. The left y-axis is electronic stopping power (Se)
and the right one is nuclear stopping power (Sn). The Se showed higher values than the values
of Sy, and the energy loss mostly occurred by Se with the increase of the primary electron energy.
For the thin TEM samples (thickness: ~100 nm), S is negligible for the E ranging of 200 keV

< E <1500 keV as 5 ~ 6 eV, while the think samples for CL measurement (thickness: ~150
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Figure 2-5. Oxygen ion electronic and nuclear stopping power in CeO: as a function of primary
electron energy. The threshold displacement energy of oxygen ion (Ed.0) was 14 eV for this
calculation.
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um) showed high Se as 8 ~ 9 keV. Despite high Se values for thick samples, the reduction of Se
is dominant only for E <200 keV. Therefore, displacement is mainly depending on the increase

of S versus primary electron energy.

2.5  F center and CL spectroscopy

Defect charge state and electronic structure is important properties of an ionic crystal.
The defects located within band gap cause absorptions and emissions of visible light. This
defect is called F center (Farbe center or color center). F centers are generated in laser-active
metallic oxides. It is formed by as the anion is excited; one or more unpaired electrons are
trapped by the anion vacancy site. F centers are designated according to its charge state, such
as F°, F* or F™* centers by the number of captured electrons of two, one, or zero, respectively.

Figure 2-6 illustrates F centers and Ce ions (Ce®*, Ce*") in ceria. The distribution of
oxidation number of Ce ion around the F center was involved in the charge state of the F center
according to the number of electrons left behind at a vacancy or 4f level [66,67]. The conversion
of F and F* centers is related to the excitation and ionization cross-section, the intensity of
incident electrons, and the number of excited F* centers (F**) [68]. The energy level of F centers
is ceria was interpreted by photoluminescence spectroscopy, electron paramagnetic resonance
(EPR), and density functional theory (DFT) calculation [69].

Cathodoluminescence (CL) is an optical and electromagnetic phenomenon using pulses
from high-energy electrons (cathode rays) as the means of excitation. The CL emission is
generally collected for imaging or spectroscopy. CL image gives an important information on
different phases, point defects or impurities localization. On the other hand, CL spectroscopy
provides a specific wavelength emitted from impurities and defects in band gap materials

giving its charge number.
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The electron beam for CL measurement is generally produced from an electron
microscope [e.g., SEM, scanning transmission electron microscope (STEM)], electron-prove
microanalysis (EPMA), or cathodoluminescence microscope. These primary electron energies
are generally too high to directly excite electrons. Therefore, the inelastic scattering of the
primary electrons in the target leads to the emission of secondary electrons, and the secondary
electrons excite the electrons with a kinetic energy higher than band gap of the target.

CL emission process can be explained by the electron and hole trapping and de-trapping
in phosphor interaction. At first, the secondary electrons are produced by elastic and inelastic
scattering process. They produce electron and hole pairs and give rise electron and hole
trapping at defects or impurities levels in the band gap. The trapped electrons and holes are
excited by primary and secondary electrons. Then, light emitted by radiative decay from
excited states. Finally, the electrons and holes are recombined together, and CL light is emitted.
The CL cross-section (o) can be shown schematically in Figure 2-7 and written as,

Ocr = 0{0¢0,0r, (2-14)
where g; is the ionization cross-section generating free electron hole pairs by elastic and
inelastic collision, o, is the trapping cross-section for thermalized electrons or holes on
electronic levels of defects or impurities, o, is the excitation cross-section of these levels by
primary and secondary electrons, and o, is the radiative-decay cross-section from excites state

[25]. Non-radiative recombination takes place from ground state to the valence band states [70].
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F* center

Figure 2-6. Scheme of F centers, cerium (Ce3*, Ce**) and O% ions in ceria (100) plane.
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CHAPTER 3 EXPERIMENTAL DETAIL

Chapter 3

Experimental detalil

3.1 Introduction

In this dissertation, atomistic and electronic characteristics of radiation-induced
displacements in ceramics and their crystal microstructure evaluation with heavy ion irradiation
were elucidated in a wide range of scale analysis methods to understand the synergetic effect
and kinetics of point defects under irradiation. In this chapter, the structural properties of virgin
ceramics before the irradiation, and electron/ion irradiation experimental conditions were
described in detail. Moreover, experimental techniques, for instance, XRD, Raman
spectroscopy, TEM methods, in-situ CL spectroscopy under high-energy electron irradiation,

and experiment conditions operated in this dissertation were described.

3.2  Specimens

Single crystal ceria, polycrystalline ceria and Gd.Oz doped ceria were used in this
dissertation. The single crystal ceria was supplied from Dr. W. J. Weber in Oak Ridge National
Laboratory in USA. The thickness of the specimen is around 1 mm. It was attached to half-disk
shape of tungsten washer in diameter of 3 mm to adjust the specimen. The sample image is

shown in Figure 3-1.

3.2.1 Synthesis
Polycrystalline ceria and Gd2Os doped ceira (Ce1xGdxOz-x2) (0.01 < xgd < 0.5), were
synthesized by solid state method. Ceria and Gd>Os powders were supplied by Rare Metallic

Co., Ltd., with 99.9% of purity. The impurities in ceria were shown in Table 3-1. Ceria and
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Single crystal ceria Polycrystalline ceria

¥ Specimen

N

Figure 3-1. Single crystal and polycrystalline ceria specimen images.
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Table 3-1. Impurities in ceria powder.

Element Concentration (ppm)
Y203 <5
La,0O3 10
PreO11 <5
Nd203 6
Smz03 <5
Euz203 <5
Gd203 <5
ThsO7 <5
Dy,03 <5
Ho203 <5
Er.03 <5
Tmz03 <5
Yb203 <5
Lu2O3 <5

CaOo <5
Fe203 <5
SiO2 <20
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Gd203 powders were ball milled homogeneously with ethyl alcohol for 24 hours. The mixtures
were compacted into a pellet by uniaxial pressure at 30 MPa for 15 minutes to make a
condensed pellet type sample (¢ = 10 mm, t = 2 mm). They were compressed again sealed
in a plastic bag by hydraulic pressure at 150 MPa for 30 minutes. The compacted pellets were
put in an alumina crucible within ceria powder and sintered in the air-atmosphere at a
temperature of 1500 °C for 12 h followed by an additional annealing at 1000 °C for 3 h in the
air. The sintered compact samples have ~95% of relative densities. The sintered samples were
prepared as a disk type for ion irradiation in a diameter of 3 mm and a thickness of 150 pm.
They were polished by diamond slurries in particles size of 9 um, 3 um and 0.5 um (Masashino
Denshi, inc., MP-1000(W)), and then removed distortion, deterioration layers and fine scratch

marks using colloidal silica (Masashino Denshi, inc.).

3.2.2 Heavy ion irradiation

The thin disk-type samples in thickness of 150 um were irradiated at ambient temperature
with 200 MeV 31Xe'** jons using the Tandem accelerator at Tokai Research and Development
Center, Japan Atomic Energy Agency (JAEA-Tokai) to fluence ranging from 3 x 10 to 1 x
103 cm™. The electronic (Se) and nuclear (Sy) stopping power of the 200 MeV Xe!** ion for
CeO2 and Ceo5Gdos01.75 were calculated with the Stopping and Range of lons in Matter (SRIM)
code [71] with assumptions of displacement energies of 60 eV for Ce, 70 eV for Gd and 30 eV
for O atoms, respectively [9,72]. Initial values of Se at the surface were evaluated to be 27.3
and 26.5 keV nm? for CeO, and CeosGdosO17s, respectively, whereas values of S, at the
surface region were negligible, 0.07 and 0.05 keV nm? for CeO, and CeosGdos01.7s,
respectively, compared to Se. The maximum of S, for CeO> and Ceo5Gdos01.75 is 0.96 and 0.89

keV nm? at a depth of 11.3 and 12.2 um, respectively.
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3.2.3 lon thinning

For the thin-foil sample preparation suitable for TEM observation, the thin disk-type
samples with a diameter of 3 mm were attached to a single-hole molybdenum TEM grid (® =
1.2 um) to keep them from destruction during the dimpling process. The center of the sample
was dimpled using diamond slurries from the opposite side of the irradiated surface, followed
by an ion thinning using an ion-milling system (PIPSII M-695, Gatan Inc.) with 5 keV Ar ion
beams at 8 deg. until a small hole was formed. A dual-beam mode for both side milling was
followed to enlarge the hole size up to ~200 um. Contamination and Ar-ion damaged layers
were finally removed using 0.5 keV Ar ions for 30 min. A thin carbon film was coated on the

irradiated samples to weaken the charge-up effect during TEM observations.

3.3 XRD measurement

XRD experiments were performed at room temperature by an XRD Rigaku. SmartLab®
diffractometer with Cu-Ka (Kaz = 0.15406 nm, Kaz = 0.15444 nm) radiation x-ray source (30
mA, 40 kV) of monochromatic 6-20 scans. The XRD facility is shown in Figure 3-2. XRD
patterns were recorded under continuous rotation from 20 to 90 26 deg. at a step size of 0.01
deg. A part of sintered virgin samples was ground to a powder and was mounted in a glass
holder with a volume of 200 mm?3, and the pattern was obtained with a scan speed of 10 deg.
min.

On the other hand, XRD patterns of ion-irradiated samples were measured with a bulk
type of samples. The Cu-Ka X-ray penetration depth in Ce1-xGdxO2.x2 is 2.26 pum for 90 deg.
[73], while the projected range of 200 MeV Xe!** ions is 11 ~ 12 pm. Therefore, signals from
ion-irradiated samples were generated from the irradiated surface region, including ion tracks
caused by electronic stopping power [71], and the unirradiated layer beneath the ion-irradiated

surface does not influence the XRD patterns. A non-reflective holder, made with single crystal
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Figure 3-2. XRD measurement facility (SmartLab, Rigaku Co.) at the Center for Advanced
Instrumental Analysis in Kyushu University
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silicon in an orientation that does not satisfy the diffraction conditions, was used for holding
ion-irradiated samples of a relatively small size of 3 mm in diameter with a scan speed of 3
deg. min! to enhance the intensity. The XRD patterns from thin disk-shaped samples were also
obtained by the virgin samples in the same measurement conditions to compare the intensity
with those of irradiated samples. The crystal structure of each sample was refined by the
Rietveld method using FullProf suite software [56] based on the split Pseudo-Voigt function,

and the XRD patterns from Cu-Kas radiation were only used for the analysis.

34 Raman spectroscopy

Micro-Raman spectra were recorded at room temperature with 532 nm Nd-YAG laser
excitation in the backscattering geometry using an Invia Reflex® Renishaw spectrometer
coupled with an Olympus microscope containinga x — y — z stage. The TO/LO peak of silicon
wafer was used as a reference spectrum. Spectra were collected between 100 and 1100 cm™ for
virgin Ce1-«GdxO2-x2 samples with a focal spot of 1 x 1 pm? inside a single grain and collected
through a 100 times objective. The laser power was kept below 1-mW to avoid in-beam sample
annealing. Raman spectra were obtained from virgin samples in CEA, France by Dr. Jean-Marc

Costantini.

3.5 Transmission electron microscopy (TEM)

The SAED patterns and bright-field (BF) TEM images were taken by using a
conventional TEM (JEM-2100HC, JEOL Ltd.) in the Ultramicroscopy Research Center (URC)
of Kyushu University at an accelerating voltage of 200 kV. A photo of JEM-2100HC is shown
in Figure 3-3. For the imaging, a parallel beam was used with the opened condenser lens
aperture and spot size 2. A biaxial holder (JEOL EM-31630) was used to tilt the sample up to

+ 38° and £ 30° to x and y-axis, respectively. JEM-2100HC performance is written below.
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Figure 3-3. A conventional TEM (JEM-2100HC, JEOL Ltd.) in Kyushu University.
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® Acceleration voltage: 100, 120, 200 kV
® Resolution: 0.31 nm for point, 0.14 nm for lattice
® Magnification: 1 k ~ 800 k

® Minimum probe diameter: 1~5 um

3.6 High voltage electron microscope (HVEM)

The HVEM (JEM 1300NEF, JEOL Ltd.) of the URC was operated to detect in-situ CL
under high-energy electron irradiation. A photo of JEM-1300NEF is shown in Figure 3-4. A
scheme of it below the acceleration tube system is shown in Figure 3-5. The electrons are
emitted from LaBs filament and accelerated by using the acceleration tube with certain energies.
The intensity of the electron beam and parallel illumination is adjusted by the condenser lens
and irradiated to the specimen. It is possible to observe and record a magnified image of the
specimen on the fluorescent screen if the specimen is very thin where electrons transmit the
specimen. High-resolution imaging by using an Omega-type energy filter, elemental mapping
with SDD XEDS detector, or EELS system are available with the HVEM. The performance of

the HVEM is written below.

® Acceleration voltage: 400 ~ 1250 kV
® Resolution: 0.12 nm for point, 0.10 nm for lattice
® Magnification: 0.2 k ~ 1200 k

® Minimum probe diameter: 1.6 nm
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Figure 3-4. HVEM (JEM 1300NEF, JEOL Ltd.) — CL facility in Kyushu University.
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Figure 3-5. Scheme of JEM-1300NEF below projector lens.
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3.7 Scanning electron microscope (SEM)

SEM produces images of a specimen by scanning a focused electron beam in a vacuum
on a specimen. Secondary electrons, backscattered electrons, x-ray, lights, etc. are emitted from
the specimen during the scanning of the electron beam. The SEM consists of an electron gun
to emit electrons, the condenser lens and scanning coil to scan electrons, the specimen stage to
put and arrange the specimen, detector to detect emitted from the specimen surface. The SEM
(SU6600, Hitachi Ltd.) of the Center of Advanced Instrumental Analysis at Kyushu University
was operated, and it is shown in Figure 3-6. The focused beams of electrons (0.5 ~ 30 keV)
were used from the Schottky emission electron source. The SEM is interfaced with a CL system

(Gatan Inc.) to collect CL spectra. The performance of the SEM is written below.

® Secondary electron resolution: 3.0 nm (1 kV), 1.2 nm (30 kV)

® Reflected electron resolution: 3.0 nm (30 kV)

® Vacuum level: 10 ~ 300 Pa (for low vacuum), ~10** Pa (for high vacuum)
® Magnification: 10 ~ 600 k

® Probe current: 1 ~ 200 nA

3.8 In-situ CL spectroscopy system and measurement conditions
3.8.1 High-energy electron irradiation

The CL emission was collected through an optical fiber probe system, which is installed
near the specimen port in the HVEM as shown in Figure 3-7. An optical fiber probe was used
to correct CL signals, which consist of an optical fiber probe with a 600 pm core diameter and

copper coating, which is designed for high throughput in the 180 ~ 1200 nm wavelength range
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Figure 3-6. SEM-CL facility view of specimen port with CL detection guide lines and a
detector.
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(ref. 151-AC-AC-UV600, Chiyoda Electronics Co., Ltd). The fiber was inserted through a
small hole in diameter of 2 mm and it was aligned at 44° from the electron beam direction
without any disturbance for TEM observation. CL signals can be collected with the cooperation
of various sample holders and other analyzing tools. CL spectra in the 200 ~ 950 nm
wavelength were recorded with a Czerny-Tuner HAMAMATSU MCA spectrometer (PMA-
12 C10027-1) equipped with a cooled CCD linear image sensor (1024 channels). The
wavelength resolution of the spectrometer was 2 nm. Each spectrum can be taken under the
electron beam.

The electron energy was changed during the CL measurement for 400, 600, 800, 1000,
and 1250 keV. The electron beam-current density was also changed by changing the intensity
of the condenser lens. The electron beam flux (¢) was adjusted in the range from 2.6 x 10% to
7.7 x 10 m?s with a beam diameter of 30 um at the specimen position. The thickness of
specimens is ~150 um for CL measurement for the high number of counts from the electron
irradiation. Therefore, the observation of microstructure using HVEM during CL measurement
is not available. The half disk-shaped sample was used to adjust the shape, size, and current of
the transmission electron beam at the hole in the specimen. The CL spectra were obtained in
the magnification x 10k. The specimen holder was used for a biaxial cooling holder
(GATANG36). The holder was equipped with a liquid-nitrogen cooling stage for temperature
down to about 100 K and up to room temperature (300 K), preventing excessive in-beam
heating of samples and temperature control and regulation. The CL spectra were detected for
30 seconds under electron beam in wavelength raging between 195 and 950 nm. The spectra

were averaged out for 5 recordings and repeated 5 times for high reproducibility.
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Figure 3-7. HVEM-CL facility view of specimen port, CL (optical fiber) probe and detector
and its schematic image [24].

40



CHAPTER 3 EXPERIMENTAL DETAIL

3.8.2  Evaluation of electron irradiation fluence

A Faraday cup, inserted between the specimen and fluorescent screen was used for
HVEM to adjust electron irradiation fluence. Accurate electron beam current can be measured
with correcting the loss of backscattered electrons and secondary electrons, with a cylindrical
shape of a Faraday cup as shown in Figure 3-8. Figure 3-5 is a scheme of HVEM-CL (JEM-
1300NEF) below projector lens. Rs was obtained by conversion of the diameter of the Faraday

cup and factors below,

1
M

Rs = RFi—Z , (3-1)
where Rg, l,, l,, and M represent diameter of entrance aperture of Faraday up, distance
between cross-over of projector lens and Faraday cup, distance between cross-over of projector
lens and film plane, and magnification of image plane, respectively.

The total number of electrons incident on Faraday cup is equal to the number of
electrons in the electron beam at specimen penetration position. The number of measured
electrons per unit time was determined by dividing the current measured from Faraday cup by
the elementary charge. The irradiation electron beam intensity (¢) can be calculated by

dividing the number of electrons by the area of entrance aperture of Faraday cup as written

below,

I
en(Rs/2)%'

= (3-2)

where I is current value measured by Faraday cup (A), e is elementary charge (1.602 x 10
C). For JEM-1300NEF, Rp=1.00 x 103 m, I,=0.3375m, [,,= 0.8422 m as shown in Figure 3-

5.
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3.8.3 Lowe-energy electron irradiation (MonoCL4 System)

The MonoCL4 system (Gatan Inc.) was used to lead and detect CL emission from the
sample under 20 keV electron irradiation in the SEM. The MonoCL4 system consists of a
parabolic mirror, light guide to use the emitted CL light, detector, and photomultiplier tube to
count photons as shown in Figure 3-9. The parabolic mirror is located to cover the specimen
stage. The CL photons are emitted from the specimen, which is generated by the electron beam
illumination to the specimen after passing through an aperture with 1 mm in diameter. The CL
photons were reflected by the mirror and collected at a detector. The CL photons are collected
through light guide toward to the detector in every wavelength. Particular wavelength of CL
light could be measured locating diffraction grating since dispersion of the light depends on an
angle and variety of the grating.

Electrons with an energy of 20 keV were used in this dissertation. Electron beam current
of I =~1.67 nA was obtained in the magnification x10k. In-situ CL spectra were measured at
monochromatic mode in wavelength ranging from 200 nm to 950 nm in a step size 2 nm and

dwell time 2 seconds.
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Figure 3-8. Faraday cup for measurement of electron irradiation dose installed in HVEM.
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Chapter 4
Development of in-situ CL technique In

ceria under electron irradiation

4.1 Introduction

Ceria is a surrogate of fuels and transmutation targets for a nuclear reactor. Therefore,
understanding the production and growth of radiation-induced defects during irradiation is of
importance for the safe use of nuclear reactors. In this chapter, the point defects production and
its charge states were investigated to understand the kinetics of displacement in-beam state.
For this purpose, the in-situ CL spectroscopy technique was operated during high-energy
electron irradiation using the HVEM. Complementary CL spectra were also obtained for low-
energy electron irradiation by using the SEM. The electrical configurations of ceria under high-
energy electron irradiation and CL emission from the point defects were evaluated depending

on electron energy temperature.

4.2  Materials and Experimental Procedure

In-situ CL spectra were measured from pure single crystal and polycrystalline ceria
samples under high- and low-energy electron irradiation. A single crystal ceria supplied by Dr.
W. J. Weber of Oak Ridge National Laboratory and the polycrystalline sintered ceria samples
were used in this study. The detail of sample information is described in Chapter 3.

For high-energy electron irradiation, the HVEM-CL facility (Figure 3-7) operated

electron energies from 400 keV to 1250 keV at temperatures of 100, 200, and 300 K.
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Meanwhile, the CL spectra under low-energy electron irradiation were obtained from the
SEM-CL facility (Figure 3-6) at 300 K. The energy was 20 keV which is out of Eqo bound.
All the obtained spectra were fitted with a Gaussian function and the intensity of bands were
integrated to interpret energy and temperature dependence of CL emission. The details of

equipment and experimental conditions are described in Chapter 3.

4.3  Results
4.3.1 Displacement cross-section calculation

The displacement cross-section (aq) in ceria induced by energetic electrons through
elastic collisions was calculated by using SMOTT/POLY computer code [74] based on Eq. (2-
12). The threshold displacement energies (Eq) were assumed based on the reported values of
Eq for Ce (Ed,ce: 44 ~ 58 eV) and O (Eq,0: < 33 eV) sublattices [9].

The calculated total o4 is shown in Figure 4-1. The threshold electron energy to induce
elastic displacement was evaluated where the cross-section exceed 1 barn: those were 150 ~
200 keV for oxygen sublattice (Eo,0) and 1300 ~ 1600 keV for Ce sublattice (Eo,ce), respectively.
These results indicate that the electron irradiation by using a HVEM in the energies range of
400 ~ 1250 keV generates displacement damage only for oxygen sublattice. Therefore, the CL
spectra obtained by using HVEM would include an additional band induced by F centers. On
the other hand, atomic displacement will not be induced with 20 keV electrons. Therefore, one
can hypothesize that the CL spectra obtained using SEM are induced by ionization or natural

defects by energy transfer to electrons at Ce 4f level.
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Figure 4-1. Oxygen and cerium atoms displacement cross section in ceria by electron-nucleus
collisions calculated by SMOTT/POLY computer code [74].
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4.3.2 CL spectra in single crystal ceria

CL spectra under high- and low-energy electron irradiation in single crystal ceria were
obtained. For high-energy electron irradiation, one spectrum was taken under electron
irradiation for 30 seconds at 300 K ~ 100 K, and the spectra were averaged out for 5 recordings
for 400 keV ~ 1250 keV electrons. The spectra were fit with Gaussian profiles. Figure 4-2
shows an example of in-situ CL spectrum for 600 keV electron irradiation together with fitted
curves by Gaussian function. 4 Gaussian bands were appeared at photon energies of 1.6 eV,
2.4 eV, 2.9 eV, and 4.2 eV with full-width at half-maximum (FWHM) of 0.4 eV, 0.8 eV, 0.5
eV, and 1.1 eV, respectively. A sharp and intense unresolved line was seen at 1.79 eV (probably
R-lines of Cr®* impurities). Cr3* exhibits narrow-band emission at around 700 nm because of
spin-forbidden 2E—*A, transition or broadband emission ranging from 650 nm to 1600 nm
because of the spin-allowed *T>—*A; transition [75] and a small doublet at 1.73 ~ 1.75 eV, and
another broader impurity line at 1.85 eV were observed.

CL spectra were also measured for electrons with 20 keV at a constant beam current of
1.7 nA at room temperature, and they are shown in Figure 4-3. The CL band characteristics for
20 keV electrons are described in Table 4-1. Only one broad CL band at 2.4 eV was observed
and this band was divided into two bands at 2.37 eV and 2.84 eV by Gaussian fitting.

For high-energy electron irradiation, CL spectra were measured at different electron
energies of 400, 600, 800, 1000, and 1250 keV at constant beam-flux of 3.8 x 10?! m?2s, The
CL spectra were obtained by averaging out the recordings after 0 ~ 150 seconds at 300, 200,
and 100 K as shown in Figure 4-4. Further, the average CL band characteristics in single crystal
ceria were summarized in Table 4-1 for electron irradiation with 400 keV ~ 1250 keV. The CL
intensity for F* center band is dependent on electron energy, and it showed a maximum at 600

keV electrons.
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4.3.3 CL spectra in polycrystalline ceria

CL spectra under high- and low-energy electron irradiation in polycrystalline ceria were
obtained. For high-energy electron irradiation, one spectrum was taken under electron
irradiation for 30 seconds at 300 ~ 100 K and the spectra were averaged out for 5 recordings
for 400 keV ~ 1250 keV electrons. The spectra were fit with Gaussian profiles. Similar to the
spectrum with 600 keV electrons [Figure (4-2)], spectra with 400 keV ~ 1250 keV electrons
were fitted with 4 Gaussian bands, which were recorded at photon energies of 1.6 eV, 2.1 eV,
2.7 eV, and 4.2 eV with full-width at half-maximum (FWHM) of 0.4 eV, 0.8 eV, 0.6 eV, and
1.2 eV, respectively. A sharp and intense unresolved line was seen at 1.79 eV (probably R-
lines of Cr®* impurities [75]) and a small doublet at 1.73 ~ 1.75 eV and another broader impurity
line was observed at 1.85 eV.

CL spectra were also measured for electrons with 20 keV at a constant beam current of
1.7 nA at room temperature, and they are shown in Figure 4-3. The CL bands characteristics
for 20 keV electrons are described in Table 4-2. Only one broad CL band at 2.5 eV was
observed and this band was divided into two bands at 2.35 eV and 2.80 eV by Gaussian fitting.

For high-energy electron irradiation, CL spectra were measured at different electron
energies of 400, 600, 800, 1000, and 1250 keV at constant electron beam-flux of 3.8 x 102 m-
25, The CL spectra were obtained by averaging out the recordings after 0 ~ 150 seconds as
shown in Figure 4-5. Further, the average CL band characteristics in polycrystalline ceria were
summarized in Table 4-2 for electron irradiation with 400 keV ~ 1250 keV. The CL intensity
for F* center band is dependent on electron energy, and it showed a faint maximum for 600

keV electrons.
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Table 4-1. CL band characteristics and defect assignments for the ceria single crystal samples.

Band center (eV) FWHM (eV) Defect
HVEM (300 K) 4.2 1.1 F* center

2.9 0.5 Ce™"|

2.4 0.8 Ce*

1.7 0.4 Impurity
HVEM (200 K) 4.2 1.2 F* center

2.9 0.5 Ce™"

2.5 0.9 ce*

1.6 0.4 Impurity
HVEM (100 K) 4.2 1.1 F* center

3.0 0.4 Ce*|

2.6 0.9 ce*

1.6 0.5 Impurity
SEM (300 K) 2.7 0.7 Ce

2.3 0.6 ce*
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Table 4-2. CL band characteristics and defect assignments for the ceria polycrystalline samples.

Band center (eV) FWHM (eV) Defect
HVEM (300 K) 4.2 1.2 F* center

2.7 0.6 Ce®

2.1 0.8 Ce*

1.5 0.4 Impurity
HVEM (200 K) 4.3 1.3 F* center

2.9 0.5 Ce™"

2.2 0.9 ce*

1.7 0.6 Impurity
HVEM (100 K) 4.3 1.4 F* center

2.8 0.7 Ce*|

2.1 0.7 ce*

1.6 0.6 Impurity
SEM (300 K) 2.8 0.7 Ce

2.4 0.6 Ce*y
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Figure 4-2. Assignment of CL bands at 300 K of the ceria single crystal for 600 keV electron
excitation. Dotted, dashed, and dotted-dashed lines are fitted spectra and solid line is the
Gaussian curve used for fits of spectrum.
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Figure 4-3. CL spectra at 300 K of the ceria single crystal and polycrystalline sample for 20
keV electron excitation. Dashed and dotted lines are the fitted spectra and solid lines are the
Gaussian curves used for least-square fits.
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Figure 4-4. CL spectra at (a) 300 K, (b) 200 K, and (c) 100 K of the ceria single crystal sample
for electrons of variable energy at fluences of 5.74 x 102 m™. Dashed lines are the fitted spectra
and solid lines are the Gaussian curves used for least-square fits.
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Figure 4-5. CL spectra at (a) 300 K, (b) 200 K, and (c) 100 K of the ceria polycrystalline sample
for electrons of variable energy at fluences of 5.74 x 102 m. Dashed lines are the fitted spectra
and solid lines are the Gaussian curves used for least-square fits.
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4.4  Discussion

CL in oxides is emitted by thermalized secondary electrons (SEs) and holes generated by
elastic and inelastic collisions with energetic electrons [70]. The CL signal is usually
proportional to the volume density of the carriers, and it is produced during the trapping of
these thermalized SEs by defect and impurity levels in the band gap [68,76]. It indicates that
CL emission in thin samples is not proportional to the energy of primary electrons since they
are mostly transmitted through the targets as indicated by simulations by the ESTAR code [77]
(Table 4-3).

The extrinsic CL is assumed that it results from electronic excitation and radiative decay
from the defect and impurity levels by thermalized SEs [70]. At 300 K, most shallow levels
created by impurities and defects are fully ionized while deep levels created by charged point
defects are partially filled. The CL cross-section consists of four independent steps as described
in Eq. (2-14) i.e. (o¢, = 0;0:0.0,) [70]. Trapping of thermalized carriers may also occur
directly on excited states rather than on the ground state of the defect levels. In that case, the
CL process is reduced to three steps only. Thermal quenching by phonon-assisted non-radiative
channels reduces the CL yield at a high temperature [78,79]. For the temperature effect in CL
intensity, o, increases with temperature, whereas o, decreases with temperature [70]. However,
the quenching effect by other non-radiative decay to the defect and impurity levels is still
puzzling and difficult to explain in detail [79]. The radiative decay of exciton across the band
gap is quenched at a high temperature (< 55 K) which can be assumed as intrinsic CL emission
[78]. The CL spectra at 5.5 ~ 6 eV were not observed in ceria which was deduced by EELS

[80,81].
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4.4.1 Analysis of CL spectra

The CL spectra observed in this study showed three broad bands. These bands were
centered at photon energies of around 1.6 eV, 2.1 ~ 25 eV, 2.8 ~ 3.0 eV, and 4.2 eV.
Interpretation of the CL bands was referred to the literature of PL data in ceria, although they
suggested various energy levels for each defect. For example, Askrabi¢ et al. assigned the PL
band centered at 1.7 eV results from the charge transfer transitions from F* centers (V) to the
oxygen 2p states, and the band at 2 ~ 2.5 eV is F%/F* centers [69]. Alternatively, the same bands
at 2 ~ 2.5 eV were associated to 5d* — 4f* transitions of Ce3* ions in non-stoichiometric nano-
crystalline ceria (nc-CeO.) by Maksimchuk et al. [82]. Generally, PL bands at ~2 eV are
considered to attribute to Ce** luminescence, for example in the case of YAG: Ce** [83] and
ZrO,: Ce3* [84]. Finally, the bands at 3.1 ~ 3.15 eV were ascribed by Morshed et al. to 4f —
2p charge transfer transitions for CeO> films on a silicon substrate [85] and nc-CeO> [82]. Also,
the band at 2.9-3.0 eV was also assigned by Askrabic et al. to charge transfer transitions from
the F** center (V) level to Ce3* (4f') for nc-CeO, [69]. The emission band at 3.18 eV in
Lu,SiOs:Ce* (LSO: Ce®*") was attributed to Ce3* in Lu site by Suzuki et al. [86]. However, Jia
et al. suggested two PL bands for each Ce®* level for LSO: Ce®* by ab initio calculations; Ce3*
in a crystallographic site occurs at higher photon energy (~ 3.2 eV) than that of a Ce®* adjacent
to an oxygen vacancy (~ 2.6 eV) [87].

It seems confusing with the variety of interpretations, but it was overlooked that two Ce**
ions are connected with two O ions as shown in Figure 4-6. Let us consider a cluster of neutral
oxygen vacancy (V&) at one oxygen site connecting the two Ce** ions (Ce**-VZ-Ce**) where
the other connecting O ion is not shown in the cluster for clarity. According to first principle
calculations, the two electrons of V& are primarily localized on the two Ce** ions that are next

to each other, generating a Ce3*-V;-Ce®* cluster with more than 0.9 electrons localized on each
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Ce and just around 0.1 electron remaining on the vacancy site [88]. The high electron density
at cerium sites promotes the interpretation of CL data in terms of Ce3* optical transitions rather
than Vo-type (or F-type in spectroscopic notation) transitions, notwithstanding the partial
electron delocalization. As a result, it can be taken into consideration that the various electronic
configurations of the neutral oxygen vacancy V{5, described in terms of a Ce**-VZ-Ce** cluster
rather of adopting the description of oxygen vacancies in terms of F, F* and F?* centers.
Thereby, three different electronic configurations for this cluster can be assumed
considering the electro-neutrality, leading to two or three types of Ce®* ions (Figure 4-6): (i)
Neutral configuration (Ce3*-V;-Ce®") with two neighboring Ce®*" ions, (ii) One positive
configuration (Ce3*-V;-Ce**) with the other electron trapped in the form of a Ce®* at undistorted
substitution location further from the vacancy, and (iii) Two positive configuration (Ce**-V-
Ce*") with the two electrons trapped at two undistorted Ce®* sites farther away from the vacancy.
Configurations (i), (ii) and (iii) correspond to the F center (V), F* center (V) and F?* center
(Vg), respectively. In configurations (i) and (ii), CL detects only the Ce®** ions where the
compensating electrons are trapped. Only the Ce3* ions in configurations (i) and (ii) where the
compensating electrons are confined are detected by CL. As will be explained later, in the case
of configuration (iii), CL comprises both the emission of Ce3* and of a traditional F* center.
In the present results, two broad CL bands were fitted regardless of primary electron
energies centered at 2.1-2.5 eV and 2.7-3.0 eV with FWHM of ~0.5 eV at 300 K (Figures 4-3
~ 4-5). For the polycrystalline sample, they have more intense emission for Ce®* ions in than
in the single crystal. Those two CL bands arise from spin and parity-allowed 5d* — 4f electric-
dipole transitions with large oscillator strengths. The 4f* (°F) level of Ce3* is split into 2Fs/, and
2F71, sub-levels by the spin-orbit coupling interaction, with an energy difference of ~0.25 eV
(~2,000 cm™) [89-93]. The spin-orbit coupling is shown in Figure 4-5 (c) with the red arrows.
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It might be tempting to attribute the two prominent CL bands to the two 5d* — 4! (?Fzs2, 2Fsp2)
transitions. However, there are several arguments against this interpretation. In the case of the
polycrystalline sample: a) the splitting of 0.5 eV at 300 K to 0.9 eV at 100 K between these
bands is larger than the theoretical value 0.25 eV for the spin-orbit splitting of Ce®"; b) the
observed splitting increases from 0.5 to 0.9 eV, whereas the spin-orbit coupling should be
independent of temperature; c) the low energy CL band shifts to lower temperature (2.3 to 2.0
eV) upon decreasing the temperature from 300 K to 100 K; d) the intensities of the two
transitions differ by a factor ~5 (~1.5 for the single crystal).

Cei (2.8 -3.0eV) and Cey (2.1 — 2.5 eV) are assigned to the two types of CL bands from
Ce3* emitting centers compared to the empirical and theoretical analysis in LSO: Ce®" [87].
The CL band Ce can be attributed to a Ce®" at an unperturbed crystallographic site of CeO,
and the CL band Cey to a Ce®* adjacent to an oxygen vacancy. These CL bands have two
characteristics that support this interpretation: a) the low energy CL band (~2 eV) exhibits a
temperature quenching effect as it is weaker at 300 K than at 100 K (Figure 4-5 (c), marked
with arrows in red color), suggesting that the band ~3 eV may be composed of two components
separated by about 0.25 eV, corresponding to the spin-orbit splitting of Ce®". These two
characteristics were also seen in LSO:Ce®* [87] for Ce®*" at an undistorted crystallographic
position and for a Ce®* next to an oxygen vacancy, respectively. Assuming a 5.5 ~ 6 eV energy
gap between the conduction band (Ce-5d) and the valence band (O-2p), the schematic energy
levels of Ce; and Ce; centers are shown in Figure 4-8 [80,81,93,94]. In Figure 4-6,
configurations (ii) and (iii) of the oxygen vacancy correspond to the Ce, center (2.8 ~ 3.0 eV),
attributed to a Ce®* at an undistorted crystallographic site, while configurations (i) and (ii) of
the oxygen vacancy correspond to the Cey center (2.1 ~ 2.5 eV), attributed to a Ce®* adjacent

to an oxygen vacancy.
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The broad CL emission band around ~4 eV was observed for 400 keV ~ 1250 keV
electron irradiation (Figures 4-4 and 4-5) unlike 20 keV (Figure 4-3). The broad 4.2 eV band
is more intense in the single crystal (Figures 4-4) than in the polycrystalline sample (Figures
4-5). It is also represented in Figure 4-2 for the CL spectrum of the single crystal irradiated at
the electron energy of 600 keV. Previously, the F* center for sapphire (a-Al.O3) and YSZ were
assigned to similar CL bands with centers at 3.8 eV and 4.1 eV, respectively [25,70]. The
schematic model of oxygen vacancy (Figure 4-6) suggests that the 4.2 eV band could be related
to configuration (iii), in which the vacancy is represented by an F?* center (V) and two nearby
Ce** ions. As a result, this center loses the Ce** feature. The 4.2 eV band may be the result of
an electron being captured by the vacancy (the Ce**-V;-Ce** cluster) and emitting from the F*
center. The caught electron is concentrated just before emission on the oxygen vacancy site,
which corresponds to an excited F* core, at the center of this symmetric cluster. The Frank-
Condon principle states that during the emission, the electron is still localized at the Vo site.
This final state corresponds to an unrelaxed (transient) state of the F* ground state. Immediately
after the emission, the electron is then shifted to one of the two Ce**, giving a Ce3*-V;-Ce**
cluster. This center corresponds to the relaxed state of the F* center. The F* center CL emission
is described in a schematic configuration as shown in Figure 4-7. Almost all of CL bands have
a FWHM of about 0.5 eV, except for the 4.2-eV band having a width of ~1 eV as the other F*
centers in sapphire and YSZ [25,36,70,95]. The assignment of the CL bands is summarized in
Figure 4-8 and Tables 4-1 ~ 4-2.

For the previous EPR results, information only for the Ce3* were observed after electron
irradiation without detection of F* center [96]. However, CL showed F* center emission at 4.2
eV during irradiation which indicates relaxed state of F* center has a short lifetime and the

electron is immediately transferred to ground state of Cey forming the Ce®**-V;-Ce** cluster.
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Moreover, it suggests that relaxed state of F* center located a higher energy level from the
valence band (~1.8 eV) than that of Cey, which is corresponding to the first principle
calculations results suggested by Han et al., that Ce 4f sate is located at ~1.4 eV from the
valence band [88]. A schematic diagram of energy level in ceria is proposed in Figure 4-8.

In addition, the CL band at 4.2 eV was not observed in both single and poly crystal
samples for 20 keV electron irradiation (Figure 4-3). The oxygen atom displacement cross-
section [97] was calculated by using SMOTT/POLY code [74,98] devised for polyatomic
targets (Figure 4-1). These calculations take into account the primary electron-nucleus
collisions and small atomic displacement cascade contribution, and the admitted value of
threshold displacement energy of Eqo = 35 eV based on the upper boundary value (33 eV)
deduced from experiments at the HVEM [74]. Note that molecular dynamics simulations gave
smaller values of 27 eV [9], and 20 to 35 eV [99]. A larger value of Eq.ce = 58 eV is admitted
for cerium [74]. Our data show that oxygen displacement by elastic electron-nucleus collisions
can only occur for electron energies higher than ~200 keV [97]. This explains the lack of 4.2
eV CL band in CeO: irradiated by 20 keV electrons (Figure 4-3). However, it must be noticed
that the Ces (~2.7 eV) and Cey (~2.3 eV) CL bands are present even after 20 keV electron
irradiation and may originate from two possible processes: (a) excitation of Ce®" at lattice
position (Ce) and Ce** adjacent to preexisting oxygen vacancies (Cen), and (b) the production
of oxygen vacancies in configurations (i) and (ii) by electronic excitations. Hypothesis (b) is
not totally unlikely as the inelastic stopping power (—dE/dX)inel is 4 to 6 times larger for 20 keV
electrons than for 400 keV to 1250 keV, where it is nearly constant (Table 4-3).

The 4.2 eV band is substantially smaller in the sintered sample than in the single crystal
(Figures 4-4 ~ 4-5) when their CL spectra are compared, regardless of temperature, whereas

the Ce®*" ion signal is stronger even though the sintered sample is thinner. Due to the short
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lifetime of the excited state and low temperatures, this effect cannot result from defect diffusion
to the grain boundaries of the sintered sample, as could be expected. The contaminants [79,100]
separated at grain boundaries may be more closely related to athermal non-radiative channels.
Because of thermal quenching at temperatures of 100 K and above, the emission lines of these
contaminants could not be seen. Such a reduction could potentially be caused by the prompt
recombination/annihilation of oxygen Frenkel pairs at grain boundaries.

Finally, a 3d-transition element impurity, such as Ti** in sapphire [68,76], is likely the
cause for the rather broad CL band at 1.7 eV (FWHM = 0.4 eV) observed for high energy
electron irradiation (Figures 4-4 ~ 4-5). This band has previously been observed for oxide
systems with different band gap energies [25,70]. The extremely narrow peaks in this 1.7 eV
band are caused by Cr3* impurities in oxide hosts and their 2E - *A, emission bands (R1. lines)

[63].

4.4.2 Effect of electron energy

Diffusion and recombination processes at the surface of excess free minority carriers
were taken into account to model the electron-energy dependence of the CL signal in the case
of semiconductors, where the effect of electron energy was previously addressed for low-
energy electron excitations (E < 40 keV) of n-doped GaAs in a SEM [101,102]. The depth
dependence of the light emission yield brought on by self-absorption results in a maximum. In
the presence of a dominant surface recombination, the maximum changes to a higher voltage
[102]. The primary electrons are shot through the targets in the current work on CeO2, however,
and the secondary electron distribution can be thought of as homogeneous across the sample
thickness regardless of the source electron energy [70]. Unlike to low-energy electron

irradiation of semiconductors [101], the maximum in CL intensity (Figure 4-9) cannot result
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Figure 4-7. Schematic configuration coordinate representation of the F* center emission. The
site of the unpaired electron is represented in red.
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Figure 4-8. Sketch of electronic levels in the band gap of ceria possessing oxygen vacancies.
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from inhomogeneity of the depth profile of secondary electrons and drift of excess carriers to
the insulator surface.

For the various primary electron energies, little variation in cross-sections was seen at
low cut-off energies (Es = Ecut) values [70]. This translates into minor variations in (dE/dX)inel
(Table 4-3), which are mostly driven by the input of low-energy secondary electrons [103].
Noting that (dE/dx)iner has its minimal value in this energy range (400 keV ~ 1250 keV), the
highest CL intensity as a function of primary electron energy (Figure 4-9) cannot be explained
by the minor fluctuations in (dE/dX)inel by just 10 % (Table 4-3). As a result, between 400 keV
and 1250 keV, the sample produces almost the same amount of electron-hole pairs [104].

Ecut, which is the energy corresponding to an electron range equal to the sample thickness
as calculated by the ESTAR computer code [77], was utilized as previously to choose the range
of efficient secondary electrons yielding the maximum light emission yield. This number is
obviously higher for the single crystal that is 0.5 mm thick (Ecut = 600 keV) than it is for the
sintered sample that is 150 um thick (Ecut = 250 keV). According to calculations of the survival
probability of secondary electrons inside a 150 um thick YSZ target vs Es for E = 400 keV and
E = 1250 keV, secondary electrons' spatial distributions were used to support this rough
approximation [70].

However, we anticipate that the excitation cross-section (a,) will decline more quickly
than the main electron energy. Upon electron irradiation up to 1 GeV above a maximum at low
energy (< 100 eV), this type of decline was in fact seen for the apparent cross section for
fluorescence of molecular levels of nitrogen N2 [105]. Such phenomenon is also possible when

a secondary electron is trapped on an excited state rather than the defect level's ground state.
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Moreover, the displacement cross-section (g;) should increase with the CL integrated
intensity (I, ) for point defects caused by elastic collisions. We therefore suppose that /., can
written as follows

Iy = Kocp0o4, (4-1)
where K is a constant that includes all elements of the experimental setup and conditions.
According to the presumption, the cross-section for electron/hole trapping can be roughly
calculated as (E — Eo)P, for E > Eo, where Eg is the electron energy threshold for atomic
displacement. However, it is possible to believe that o, just depends on temperature and not
directly on E as a characteristic of the defective electronic levels [70]. On the other hand, the
radiative decay cross-section (a,) decreases with E, since the luminescence can be quenched
by increasing the point defect concentration [79,100]. Therefore, a dependence of E~%stands
for the product of g, and o,.. Thus, the primary electron energy dependence of I, can be
surmised as

I, = KE™*(E — Ey)P, (4-2)
where K’ is another constant. A strong decay of I, versus E due to a large o exponent is
required to counteract the steep increase of the total displacement per atom (dpa) induced inside
a 150 um thick sample by the primary electrons and the secondary electron cascade versus E.
Due to the lesser Eq4 value of oxygen atoms (35 eV) compared to cerium atoms (58 eV), those
dpa values solely result from oxygen displacement [74].

Such kind of function yields a maximum of I, versus E for both samples at 300 K
(Figure 4-9) whereas I, is expected to increase steadily if a; is only considered. A limiting
factor must be included to account for this maximum. Least-square fits with Eq. (4-2) give
values of Eo and a and 3 exponents for the various bands (Table 4-4). The value of Eq ~400
keV for the F* center 4.2 eV band of the single crystal and polycrystalline sample at 300 K is
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rather consistent with the data of oxygen displacement by elastic electron-nucleus collisions.

The threshold Eo value is comprised of between 200 keV and 400 keV in agreement with the
CL data. The o exponent (~2) agrees with previous results for F* center bands in sapphire and
YSZ single crystals with values of ~3 [70]. A smaller exponent (~0.6) is deduced for the 4.2
eV band of the polycrystalline sample at 300 K (Table 4-4). The behavior of CL bands assigned
to the luminescence of Ce®*" at 300 K is quite similar for both kinds of samples with o exponents
of ~1.5 (Table 4-4). Fitted parameters for the polycrystalline sample at 100 K and 200 K show
similar consistent data versus electron energy. The behavior of CL bands related to Ce®*
luminescence at 300 K show that these ions are definitely produced with a similar threshold
electron energy as the F* centers by charge compensation of the 2+ oxygen vacancies for the
high-energy electrons. In contrast, the same CL bands for the 20 keV electron excitation likely
derive from ionization effects [106].

Such an analysis, however, is not applicable to the F* center data of the single crystal at
100 K and 200 K, which indicate a constant increase against electron energy above the Eo 400
keV threshold energy rather than a maximum [Figures 4-9 (b-c)]. The 100 K values are
extrapolated linearly to get an Eo value of about 100 keV [Figure 4-9(c)]. It appears that Eq.
(4-2) is solely left with the (E — Eo)? a term for o,;. According to Draeger et al., the increase in
I, is roughly in line with the rise in d from 400 keV to 1250 keV [97]. Table 4-4 contains the
three bands' fitted values.

The relationship between an increase in electron energy and a drop in temperature
depends on the corresponding evolutions of o, and a,: reducing the sample temperature can
result in either a maximum or an ongoing increase in I, . This is comparable to the temperature
effect, which produces either a maximum or a continuous increase for a given electron energy
[70]. Remember that o, decays with temperature owing to thermal quenching, as was
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Table 4-4. Fitting parameters for the electron-energy dependence of CL bands of ceria

Temp. Crystal Band Eo(MeV) | « b
42 eV F~ center 399 2.20 0.37
Single 29eV Ce’; 396 1.39 0.39
24 eV Ce’ g 306 1.11 0.39
300 K
42 eV F~ center 388 0.61 0.37
Poly 2.7eV Ce’™, 308 141 0.25
2.1eV Ce’ g 398 1.57 0.25
42 eV F~ center 287 0 0.36
Single 29eV Ce’, 250 0 0.34
25eV Ce’ 7y 250 0 0.34
200 K
43 eV F~ center 385 0.67 0.38
Poly 29eV Ce’ 375 0.96 0.27
22eV Ce’ g 375 1.23 0.27
42 eV F~ center 355 0 0.36
Single 3.0eV Ce’™, 371 0 0.45
2.6eV Ce’ 7y 340 0.03 0.43
100 K
43 eV F~ center 396 1.22 0.32
Poly 28eV Ce’; 397 1.10 0.28
2.1eV Ce’ g 387 041 0.28
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Figure 4-9. CL integrated intensities of the CL bands at (a) 300 K, (b), 200 K, and (c) 100 K
versus electron energy for the ceria single crystal (full symbols) and polycrystalline sample
(open symbols). Each set of data was recorded for a similar flux and fluence. Solid and dashed
lines are least-square fits with Eq. (4-2) for the single crystal and polycrystalline sample,

respectively.
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previously mentioned [70,78,79,100]. According to the fits, this implies that the exponent
should be temperature dependent (Table 4-4). This could explain why a maximum is observed
in the sintered sample for a distinct thermal quenching behavior of the luminescence, whereas
an almost linear increase of I, for F* centers is observed in the single crystal at 100 K and 200

K.

45  Conclusions

In an HVEM, the CL of cerium dioxide was investigated for electron energies ranging
from 400 keV to 1250 keV at 100 K, 200 K, and 300 K, as well as for 20 keV electrons at 300
K in a SEM. Only the high-energy electrons (> 200 keV) show a broad, noticeable CL band
that is centered at photon energy of 4.2 eV, whereas all electron energies show smaller bands
at 2.3 ~ 2.6 eV and 2.8 ~ 3.0 eV. The emission of F* centers due to elastic electron-nucleus
collisions over a threshold electron energy equivalent to the oxygen displacement energy is
attributed to the 4.2 eV band. The charge compensation of oxygen vacancies for the high-
energy (400 ~ 1250 keV) electrons and ionization effects for the low-energy (20 keV) electron
excitation with a larger inelastic stopping power are attributed to the lower energy CL bands,
respectively. At 100 K and 200 K, similar spectra are obtained, but with larger and slightly
shifted emission bands. Regardless of temperature, the effects of grain boundaries cause the F*
center CL signal for the polycrystalline sample to be weaker than the single crystal under the
identical circumstances. The interaction between the oxygen displacement cross-section and
the luminescence cross-section is used to explain the dependency of CL integrated intensities

as a function of primary electron energy for both types of targets.
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Chapter 5
Microstructure and radiation response of

ceria and Gd>O3 doped ceria

51 Introduction

The point defects are important for lattice stability and subsequent damage
accumulation/annihilation [107]. The trivalent doped ceria, such as Gd.Oz doped ceria,
generates oxygen vacancies for the compensation of charge neutrality, and the oxygen
deficiency of Gd.Oz doped ceria is generally higher than pure ceria. In the nuclear reactor,
Gd>03 dopant concentration in Gd203-UO: fuel is not high (i.e., < 6 Gd at% for BWR and <
14 Gd at% for PWR). However, the concentration of natural oxygen vacancies is mainly
controlled by dopant concentration, and knowledge of the radiation response in high- and wide-
concentration of Gd.0Os doped ceria is rather limited. In this chapter, the microstructure of
virgin and heavy-ion irradiated Gd.O3 doped ceria (Ce1xGdxO2-x2) was evaluated in a wide
range of Gd dopant concentrations (0 < Xed < 0.5) to gain insight into the fundamental
understanding of radiation response in oxygen-deficient ceramics. For this purpose, a variety
of analytical techniques with a wide-scale range was operated, such as XRD, micro-Raman

spectroscopy, and TEM.

5.2  Materials and Experimental procedure

Sintered CeO, and Ce1.xGdxO2-x2 (0.01 < xgd < 0.5) were used in this chapter and the
details of sample preparation methods were described in Chapter 3. The virgin samples were
analyzed by XRD measurements in powder type and thin bulk samples prepared from the same
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bulk sinters. Raman spectroscopy and TEM observation were also utilized with bulk samples.
The thin bulk samples were irradiated at ambient temperature with 200 MeV **1Xe!** ions from
the JAEA-Tokai to fluence ranging from 3 x 10! to 1 x 10 cm™. They were also analyzed by
XRD and TEM observation. The details of experimental conditions are also described in

Chapter 3.

53  Results
5.3.1 Virgin samples

Figure 5-1 shows the powder XRD patterns of sintered virgin Ce1.xGdxO2-x2 (Xed = 0,
0.01, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5) samples and unsintered as-received Gd.Os powder. For
low Gd concentrations (Xed < 0.3), the samples exhibit a single F-type structure, as same as
CeO:. As the Gd»03 doping concentration increases, the C-type characteristic peaks start to be
detected from xcq = 0.4, and the intensity of the C-type peaks is increased at X4 = 0.5, as shown
in the inset magnified figure in Figure 5-1.

Examples of Rietveld refinement results are shown in Figures 5-2(a) and 5-2(b) for CeO>
and Ceos5Gdos01.75, respectively. The analysis revealed that a sintered CeO, sample has the F-
type structure and Ceos5Gdos01.75 has both the F-type and C-type structures by Gd»Os doping.
The Rietveld refinement’s goodness of fit (x?) was defined as the ratio of the expected (Rexe)
to weighted (Rwe) R-factors as ¥? = (Rwe/Rexp)?. The Rwe, Rexe, and %2 results for all virgin
powder samples are summarized in Table 5-1. CeO; and Ce1.xGdxO2-x2 samples with values of
Xad in the range of 0.01 < xgg < 0.3 were refined only using the Fm-3m phase since the C-type
characteristics peaks did not appear in the patterns, while CeosGdo4O1.80 and CeosGdos01.75
samples were refined using two phases of fluorite (Fm-3m) and bixbyite (la-3) structure. The

phase fractions obtained by Rietveld refinement was 71% (fluorite) and 29% (bixbyite) for
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Ceo.6Gdo.401.80 sample, 59% (fluorite) and 41% (bixbyite) for CeosGdos01.75 sample. The value
of ¥? is usually considered reasonable if the value of %2 is less than 1.3 [62]. In the present
analyses, y° is close to 1.3 for samples of 0.1 < xgq < 0.5. However, the values of y? for 0 < xaqg
< 0.05 show slightly higher values than the criterion. This is due to the large number of XRD
counts that may attribute to the increase in the differences between Rexp and Rwe, even with
minor imperfections of fitting in the peak shapes and positions [108].

The lattice parameter (a) and microstrain (&) were evaluated using the Braggs' angles and
full-width half-maximum (FWHM) results derived from the Rietveld refinement [109]. The
lattice parameter for each sample was determined by the Nelson-Riley plot [110]. The lattice
parameter for each Bragg reflection plane of a cubic cell is given by the equation:

Apg = AVhZ + k2 + 12, (5-1)
where d is the d-spacing obtained from the Braggs’ equation, hkl the Miller indices of the
crystal. The Nelson-Riley function £ (8) is given by:

f£(6) = (cos?6/sinf) + (cos?8/0), (5-2)
where 6 is the Braggs’ angle. The lattice parameter for each sample was calculated from the y-
intercept of linear regression on a plot of anw versus f(6), as an example shown in Figure 5-
3(a). The evaluated lattice parameter is plotted in Figure 5-4 as a function of Gd concentration
with error bars representing the standard deviation of the linear regression fitting results. The
results show that the lattice parameter based on the F-type structure Miller indices (ar-type)
increases from 0.5411 to 0.5430 nm for 0 < Xgq < 0.3, and saturates to 0.5432 nm for Xgq > 0.3.
In addition, the lattice parameters for xc¢ = 0.4 and 0.5 samples were calculated using the
Nelson-Riley plot based on the C-type structure Miller indices (ac-yype). The lattice parameter
for the C-type structure is double of the F-type structure. Hence, the ar.type for xcq = 0.4 and

0.5 is almost similar to half of the values of ac-type (i.€. ar-type = 1/2ac-type).
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The theoretical lattice parameter (avegard) was deduced from Vegard’s law based on a

model of rare-earth (RE) doped CeO> [111], which is given by:

aVegard = 4’/\/§[deer + (1 - de)rCe + (1 - 0-25de)rO +
(5-3)
0.25x6q47v, | X 0.9971,

where the ideal ionic radius of Gd®* (rgq4), Ce*" (rce), O (o), and Vo (rv,,) are assigned to
7Ga= 0.1053 nm, 7¢. = 0.0970 nm, ro = 0.1380 nm, and 7y, = 0.1164 nm, respectively. The
constant 0.9971 is a ratio of the actual lattice parameter of CeO, from the JCPDS card (0.5411
nm) to the calculated lattice parameter derived from the ionic radii of Ce3* and 0% (0.5427 nm).
The ry,, for RE doped CeO; is 0.1164 nm regardless of dopant cation concentration and radius
[111]. The calculated avegard is Shown as a solid line in Figure 5-4, which fairly coincides with
small discrepancies (Aa < 0.0001 nm) for 0 < xgdq < 0.3, and deviates from the data due to the
saturation.

The microstrain can be derived from Braggs’ angle and FWHM of the diffraction peaks
from XRD refinement results [109]. The microstrain is estimated by the y-intercept
extrapolation and the slope of the Williamson-Hall [$ cos & = KA/D + 4¢sin 8] and Halder-
Wagner [(8/tan 8)? = (KA/D) - (B/tan 8 sin 8) + 16&?] plots, where 6 is Braggs’ angle,
is FWHM, K is a shape constant which is taken into 0.94, and A is the wavelength of Cu-Kaoy
radiation (0.15406 nm) [112,113]. The corresponding example plots are shown in Figures. 5-
3(b) and 5-3(c) for a sample of Ceo.8Gdo.2O1.90. The mean values of the microstrain are plotted
against Gd dopant concentrations in Figure 5-4. The values of the microstrain increase with Gd
concentration and show significant relaxation around xeq = 0.2, followed by a constant value
within the experimental errors beyond Xgq > 0.3.

Micro-Raman spectra between 220 and 700 cm™ with fluorescence background

corrections were shown in Figure 5-5. For pure CeO,, a prominent peak at around 465 cm™,
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Figure 5-2. Observed (open circles) and Rietveld refinement calculated (red) XRD patterns of
(a) CeO2 and (b) CeosGdos01.75 with the residuals below (blue). The characteristics (hkl) of
fluorite and cubic plane indices are noticed with Bragg reflection position (green).
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Figure 5-3. Examples of plots of (a) Nelson-Riley, (b) Willamson-Hall, and (c) Halder-Wagner
for CeosGdo2O1.90 and the linear regression fits (red line).
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Figure 5-4. The lattice parameter (black, blue, left) and microstrain (red, right) in virgin Ces-
xGdxO2-x2 samples as a function of Gd atomic concentration. Dashed and dotted lines are guides

to the eyes. A solid line is the theoretical lattice parameter based on Vegard’s law (avegard), OF
Eqg. (5-3).
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five narrow satellites (490 ~ 555 cm™), and broad bands at around 250, 330, 365, 410 and 670
cmt were observed. Those peaks were fitted by Lorentzian function at 467 cm, and Gaussian
function at 251, 334, 365, 410, 493, 513, 523, 537, 555 and 670 cm™. The signal at 467 cm™ is
attributed to the Foq symmetric vibration mode of Ce-O bond in 8-coordination (Ce**QOg) in the
F-type structure [114,115]. The five satellites were discussed to native oxygen deficiency with
8-coordination cubes around Ce*" and Ce®*" ions in CeO,«[116-119]. The bands centered at
251 cm™? are assigned to the folded E¢(X) (in directions of [00]) [117,120,121]. The weak and
broad bands at 334, 365, and 410 cm™ are assigned to the folded Eq4(L), Ey(L) and Aig(L) modes,
respectively, in the [(({] directions [121]. The sharp peak at 670 cm™ could be attributed to the
combination mode of the Fog mode (467 cm®) with the Ay, mode (227 cm™) [121].

As a consequence of Gd>Os3 doping, the F2g mode was broadened, and it merged with the
shifted first satellite (487 cm™) that appeared in the Gd2Oz doped samples. The last four
satellites (513 ~ 555 cm™) were broadened and decayed by Gd>O3 doping, as well as the bands
at 250 ~ 410, and 670 cm™. Meanwhile, new broadband has appeared at 600 cm™ growing with
Gd concentration, which was induced by intrinsic oxygen vacancy formation due to partial
reduction of Ce** ions to Ce®* ions [122].

For samples with high concentration Gd in the range of 0.3 < xeq < 0.5, the latter four
satellites disappeared, while broad bands were newly observed at 265, 375, and 565 cm™, and
they are growing with Gd concentration. The bands at 265 and 565 cm™ were ascribed to the
interaction between the oxygen vacancies and the six next-nearest neighbor O% ions [123]. The
band at 375 cm™ originated from C-type Gd** in 6-coordination [124]. The two bands at 565
and 600 cm™ were merged at Xgq = 0.5.

The microstructure of Ce1xGdxO2x2 Samples was evaluated by conventional TEM.

Figure 5-6 represents SAED patterns from virgin samples of CeO2, CeosGdo.201.90, and
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Figure 5-5. Micro-Raman spectra of virgin Ce1-xGdxO2-x2 samples. Dotted lines are the sum of
Lorentzian or Gaussian fitted curves.
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Ceo5Gdos01.75 taken along the [111] direction. The pure F-type structure reflections (reciprocal
vector: Gg) are seen in the virgin CeO, sample [Figure 5-6(a)]. For the Gd2.0Os doped CeO>
samples, extra spots have appeared at Gr £ {220}*/4 and Gr + {220}*/2, and their intensity
increases with increasing Gd concentration. The extra spots are induced by the formation of
the domain and/or phase of C-type structure in the F-type phase [125], which will be discussed
in section 5.4.1.

In this section, the microstructure in virgin Ce1.xGdxO2-x2 samples was observed against
to Gd>0O3 dopant concentration on a wide range of scales. The XRD patterns showed the C-
type structure creation in a high concentration of dopant. The XRD refinement results showed
the saturation of lattice parameters and the relaxation of the microstrain at dopant
concentrations higher than xgq = 0.3. Furthermore, the C-type characteristic Raman band at
375 cm™ appeared for Xgd > 0.3 with the decay and broadening of F2g mode and satellites.
According to TEM-SAED analysis, extra spots at Gr + {220}*/4 and Gr £ {220}*/2 were
observed for Xgd > 0.2. These comprehensive experimental results provide the information on
nucleation-and-growth of the C-type structure in the F-type matrix and a threshold of

gadolinium dopant concentration in CeO> for the microstructure evaluation.

5.3.2 Irradiated samples with 200 MeV Xe!** ions

The microstructure of Ce1.xGdxO2.x2 samples evaluated after ion irradiation at room
temperature. XRD patterns of thin bulk type virgin and irradiated Ce1-xGdxO2-x2 (Xcd = 0, 0.2,
0.5) samples are shown in Figure 5-7 for the 20 angle range corresponding to (331) and (420)
peaks to ion fluence of 3 x 102 and 1 x 103 cm. The XRD profiles were fitted by the Pseudo-
Voigt function based on the fluorite structure. All samples clearly show the F-type structure

peaks, showing that no amorphization was induced by 200 MeV Xe ion irradiation as observed
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in references [126,127]. For the irradiated samples, the C-type XRD peaks were diminished by
irradiation (see the inset in Figure 5-7). Phase transition to the monoclinic structure was not
observed, as reported in an ion-irradiated C-type structure of sesquioxide [128]. In addition,
new asymmetric peaks appeared at approximately 0.1 deg. lower than the F-type structure
peaks of Kai. The asymmetric peaks were grown and broadened with increasing ion fluence
without any splitting of peaks. A new phase reported in reduced CeO,.x samples (CeO1.71 —
Ce0») [129], which is featured by splitting of F-type structure peaks, was not recognized. The
peaks are, therefore, considered to be induced by lattice distortion of the F-type structure by
ion irradiation, and they were assigned to the peak of Damage-Kay hereafter. The Damage-Koa
decays with increasing Gd concentration, and it almost completely disappeared for xcq > 0.3.
The lattice parameters of irradiated samples were deduced from the Koy and Damage-
Ka: peaks using the Nelson-Riley analysis based on the F-type structure. Results are shown in
Figure 5-8 for ion fluence of 3 x 102 and 1 x 10% cm™, together with the lattice parameter of
virgin samples (ar-ype) and the theoretical one (avegard). Both akq1 and apamage-ka1 are seen to
increase with Xcq to reach saturation for xgg > 0.3, as observed in virgin samples (ar-type).
Further, the values of akq show slight change after irradiation regardless of ion fluence. On
the other hand, the values of apamage-xa1 revealed higher values than ar.ype. The difference
between akqi and apamage-ka1 Was greater for high fluence (1 x 10 cm?) than low fluence (3
X 10'2 cm@). The estimated lattice expansion of Aakai/artype in CeO2 at a fluence of 1 x 10%3
cm? was 0.04%. This is consistent with reported values of 0.06 ~ 0.07% by Ohno et. al. and
Tracy et. al. obtained in CeO with 200 MeV and 167 MeV Xe, and 950 MeV Au irradiation
[130,131]. A slightly smaller value than the previous reports might be due to the lower ion
fluence (1 x 10 cm™) than references (1 x 10** cm?). On the other hand, the change in the

lattice parameter of the new shoulder peak, A@pamage-kai/@r-type Showed rather large values of
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0.12 ~ 0.14 % for CeO- and Ceo.9Gdo.1O1.95. It is also noted that the value of Aapamage-kai/ar-type
was remarkably observed for low Gd concentration, and the lattice expansion became small for
high Gd concentration samples above Xgq = 0.2.

Figure 5-9 shows plane-view BF-TEM images of Ce1.xGdxO2x2 (Xed = 0, 0.2, 0.5)
samples irradiated to a fluence of 1 x 10 cm?, which were taken in a kinematical over-focus
condition with a defocus value of Af =+1.0 um. As examples are noted with arrows in Figures
5-9(a) ~ 5-9(c), black dot contrast is observed as Fresnel contrast. The contrast represents the
cylindrical defects of ion tracks observed at an end-on condition [126]. The ion-track radius
(Ro) was evaluated to be 1.1 nm for CeO> and it gradually decreases to 0.7 and 0.5 nm for
Ceo.8Gdo.201.90 and Ceo5Gdos01.75, respectively. They are reported in Table 5-1 with the cross-
section values (o,) deduced by o, = mRo® These sizes are significantly smaller than the
reported values obtained by XRD and TEM [117,132,133]. Since ion tracks in this study were
observed as Fresnel contrast, the contrast represents the core region of ion tracks including a
high concentration of vacancies [10,134], but not the strained regions around ion tracks. It is
also noted that the size of Fresnel contrast varies with the defocus condition, or Af [116], and
the value of Af = +1 gives a small and sharp contrast of ion tracks. The areal density of ion
tracks for CeO,, Ceo.sGdo.201.90, and Ceo5sGdos01.75 Was evaluated to be 5.9 x 101, 5.9 x 10%,
and 2.8 x 10! cm?, respectively, and the density decreased at the high Gd content sample. It
is reported that the density of ion tracks induced by 200 MeV Xe ions in CeO: increases linearly
with ion fluence and saturates at high fluence higher than around 1 x 10'? cm, which was
discussed due to the balance between the formation and recovery of the core damage region of
ion tracks [126,135]. The ion track density of the CeO> sample, which was obtained at a fluence
of 1 x 10% cm2in this study, seems to be saturated since the ion fluence is sufficiently higher

than the reported fluence. Although there have been no data for the accumulation of ion tracks
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Figure 5-7. XRD patterns of (331) and (420) planes from virgin and irradiated Ce1xGdxO2-x2
samples (Xed = 0, 0.2, 0.5) with 200 MeV Xe!** ions to fluence of 3 x 10> cm? and 1 x 103
cm?. Kas (red) and Damage-Ko (blue) peaks were fitted by the Pseudo-Voigt function. Inset
shows the C-type characteristic peaks (V) for virgin and irradiated CeosGdosO1.75 samples at
fluences ranging from 3 x 10* to 1 x 10% cm™2.
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in Gd203 doped CeOy, the density of ion tracks for high concentration Ce1-xGdxO2-x2 samples
might be depressed under an assumption that a fluence of 1 x 10'® cm? is in the saturation
range as same as CeO». Figures 5-9(d) ~ 5-9(f) show the corresponding SAED patterns taken
along the [111] zone axis. The F-type reflections are clearly visible in all samples, whereas the
extra spots were eliminated for CeosGdo.2O1.90 [Figure 5-9(e)]. The intensity of the G *
{220}*/2 reflections for the CeosGdosO175 sample is reduced significantly due to the ion
irradiation [Figure 5-9(f)], and the SAED pattern of CeosGdo201.90 is similar to the

Ceo.5Gdo.201.90 sample without ion-irradiation [Figure 5-6(b)].

5.4  Discussion
5.4.1 C-type structure formation in Ce1.xGdxO2.x2

The phase transition in the miscibility gap has been discussed in trivalent Ln doped ceria-
based oxides solutions in literature, such as Ce1.xYbxO2x2 [136], Ce1-xYxO2-x2[137], and Ce.
xLaxO2.x2 [138]. The amount of Ln dopant for the phase transition depends especially on its
ionic radii [42]. The phase transition in Ce1xGdxO2-x2 Was observed in a wide range scale by
Raman spectroscopy [123,124], EXAFS [47,139], XRD [137,140-142], and oxidative drop
solution calorimetry [143]. However, the reported value of xgq for the phase transition was
different in literature in the range from Xcq = 0.13 to 0.54. Such a wide range of Xcq4 values is
related to the similarity of the F-type and C-type structures, and different synthesis methods of
materials. The average value of xgq from the above literature is 0.34. In the present study, the
C-type structure was observed by XRD patterns without peak splitting for Xeq > 0.3, which
coincides with the average value deduced from the literature.

As shown in Figure 5-4, the lattice parameter of the virgin sample (ar-ype) increased

following Vegard’s law to saturate at xed > 0.3, where the formation of the C-type structure
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was observed. High resolution TEM observation of Ce1.xGdxO2.x2 samples has found the
formation of nano-scale domains of the C-type structure at Xcqd = 0.2 in the F-type matrix, and
the size of the C-type nanodomain increased with Gd concentration [51]. Ou et al. suggested
from the analysis and simulation of SAED patterns that the ordering of oxygen vacancies was
initiated in the C-type nanodomains [125]. The SAED patterns of the virgin Ceo.sGdo201.90
sample shown in Figure 5-6(b) clearly demonstrated extra spots at Gr + {220}*/4 and Gr *
{220}*/2, despite the XRD pattern revealing single F-type structure (Figure 5-1). This implies
that the ordering of oxygen vacancies occurred in the stable F-type structure at Xeq = 0.2, and
it grows to the C-type precipitates in the F-type matrix at the concentration of xgq > 0.2.

The above interpretation of the formation of the C-type structure at Xcq > 0.2 coincides
with the Raman spectroscopy result. For pure CeO, Raman shifts related to Ce**-O and Ce®'-
O bonds in the F-type structure were observed at the Foqg mode and at the first satellite (493 cm-
1), respectively, due to the reversible redox in CeOz« [118]. For Gd,O3 doped CeO,, the Faq
mode sharply decayed with the increase of Gd concentration especially for higher values of Xgqd
> 0.2 (Figure 5-5), due to the loss of symmetry of Ce**-O. Furthermore, a shift of the first
satellite to 487 cm™ was observed by Gd,O3 doping from Xgq = 0.1. The shifted peak, which is
assigned to Gd**-O bond in the F-type structure with 8-fold coordination [124], was growing
gradually with Gd concentration compared to the change in the Fog mode. On the other hand,
for xes = 0.3, a new broad Raman band appeared at 375 cm™ and grew with Gd concentration,
which was assigned to the 6-coordinated Gd**-O bond in the C-type structure [124]. Those
results and interpretation imply that the growth of the C-type structure with Gd**-O bonds in
the F-type structure started to grow at xed = 0.1 and those in the C-type structure generated at

Xeq = 0.3.
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The formation of the C-type structure is also linked to the microstrain relaxation. The
microstrain was observed to increase with Xcq While it was relaxed at around xc¢ = 0.2 — 0.3
(Figure 5-4). The microstrain was induced by the substitution of Gd** ions with a large ionic
radius into the Ce*" sites and the associated creation of oxygen vacancies [141,144]. Kossoy et
al. observed a sharp decrease in the distance of Ce-O bond at xcd = 0.2 — 0.25 by EXAFS and
XRD analysis. The structural distortion is influenced strongly by the change in the distance of
the first shell (Ce-O and Gd-O) rather than that of the second shell (Ce-Ce and Gd-Ce) [139].
Therefore, the sharp relaxation of the microstrain observed at around Xcd = 0.2 — 0.3 is
attributed to the reduction of the coordination number of Ce ions, together with the
development of oxygen vacancy ordering in the formation of the C-type precipitates in the F-

type matrix.

5.4.2 Disappearance of C-type structure and damage recovery induced by heavy ion
irradiation in Ce1.xGdxO2-x2

The microstructure change of Ce1xGdxO2x2 was evaluated after heavy ion irradiation by
XRD and TEM analysis. The XRD patterns revealed a non-amorphized F-type structure after
200 MeV Xe ion irradiation. Slight changes in the lattice parameters of akq1 (Table 5-1) indicate
the F-type matrix is not largely expanded by irradiation. Xe ion irradiation, however, induced
Damage-Koau peaks at the shoulder of each Ko peak, and those peaks were broadened with the
increase of ion fluence whereas Koy peaks decrease their intensities. The larger value of the
lattice parameter of apamage-ka1 than akqi indicates that the lattice of the damaged region was
expanded by ion irradiation. The peaks of damage-Ka: were, therefore, understood caused by
the lattice distortion of the F-type structure around the core region of ion tracks. The difference

in the akq and apamage-ka1 Values for the samples irradiated to low fluence (3 x 102 cm?) is
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almost constant regardless of xgq4 values [Figure 5-8(a)]. On the other hand, the discrepancy of
the high fluence sample (1 x 10'® cm?) depends on Gd concentration. A larger discrepancy
appeared for xed < 0.2, while the discrepancy showed a low constant value above Xgq = 0.2
within the experimental errors. This indicates that the lattice distortion is remarkable for Xcq <
0.2 where the concentration of oxygen vacancies is relatively low without a fully ordered
condition in the C-type structure.

To analyze the damage cross-section of 200 MeV Xe ions against the Gd concentration,
the XRD peaks shown in Figure 5-1 were fitted by the Pseudo-Voigt function and the intensities
were integrated. For the damage kinetics analysis, using the peak area parameter is much more
accurate than the peak intensity since it contains strain and size information of the crystal
induced by ion irradiation. In the following analysis, the damaged region was assumed to have
no contributions to the original XRD peaks [145]. The area of Kay peaks (A) at the (331) plane
of an ion-irradiated sample was normalized to that of the corresponding virgin sample (4,),
and it was plotted in Figure 5-10 as a function of ion fluence (¢). As expected, the normalized
value of A/A, decreases as a function of fluence to saturation at high fluence. The fraction of
damaged regions (8) can be estimated as

§ = (S/0)[1 - exp(—ag)], (5-4)
where S is the cross-section for recovery induced by ion-track over-lapping, o is the damage
cross-section. Assuming a linear dependence of A on &, A is given by a decay function of

A=Ay + (A — Ap)[1 — exp(—a9)], (5-5)
where A, is the saturated area value. Fitting results are shown in Figure 5-10 as dashed lines
for each sample. The values of A, /A, were found to increase with xgq: those were evaluated
to be 0.26 for CeO2 and 0.71 for Ceo5Gdos0O1.75. The ratio of A,, /A, for CeO, was saturated at

@ = 1 x 10 cm?, which shows a good agreement with the areal density saturation trends
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versus ¢ determined by TEM and STEM observations [126,127]. For Gd>Oz doped CeO>
samples at xecd = 0.4 and 0.5, the values of A, /A, were saturated at a rather higher fluence of
~5 x 10*2¢cm 2. The values of o were deduced by Eq. (5-5), and they showed to decrease with
Xgd. Particularly for xeq > 0.2, the values of ¢ show rapid reduction versus Gd concentration.
The values of o and track radii (R) deduced by R = (/)" are reported in Table 5-1, together
with the cross-section (o) and the track radii (Ro) evaluated by Fresnel contrast of BF-TEM
images.

The track radius deduced from XRD and TEM is plotted in Figure 5-11. The evaluated
value of the ion track radius of the CeO, sample was 8.7 nm and it is significantly larger than
the size obtained by Fresnel contrast of BF-TEM, or 1.1 nm. The evaluated size by XRD
analysis reveals a good agreement with the recovery size (8.4 nm) evaluated based on the
modeling of the accumulation process of ion tracks, where a saturation regime is interpreted
on a balanced condition between the formation of a new ion track and the elimination of
preexisting tracks within the recovery region [126,127]. It suggests that the obtained size by
the present XRD study possesses the same physical meaning of recovery from the thermal spike
regime. Figure 5-11 also shows that the radius of the ion track decreases with the increase of
Gd concentration, showing a saturation at values of xgq > 0.3. This is a clear indication that the
recovery cross-section of the ion track damage is influenced by the concentration of the oxygen
vacancies and their ordering.

At the same time, the C-type XRD peaks (see the inset in Figure 5-7) and the extra spots
in the SAED patterns (Figure 5-9) disappeared with 200 MeV Xe ion irradiation, indicating the
destruction of the ordering structure of oxygen vacancies and the C-type structure. The ordered
structure of oxygen vacancies is considered to be disappeared through the recombination with

interstitial oxygens induced by ion irradiation. Patel et al. [146] also observed the reduction of
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lattice strain by XRD analysis in Ce2Gd>0O7 or CeosGdos01.75 irradiated with 92 MeV Xe?®*
ions, and they suggested the radiation damage recovery occurred through the ordered oxygen
vacancies in the C-type domain walls. The SAED pattern of CeosGdos01.75 irradiated to a
fluence of 1 x 10 cm™ showed a partial elimination of extra spots [Figure 5-9(f)] compared
to the unirradiated condition [Figure 5-6(c)], and the pattern and intensity of extra spots in the
SAED pattern in Figure 5-9(f) resemble that of the virgin CeosGdo.2O1.90 sample [Figure 5-
6(b)]. Since the microstructure of Ceo.sGdo.2O1.90 is considered to contain nano-sized domains
of the C-type structure in the F-type matrix [125], the SAED result suggests that the elimination
of the C-type structure under ion irradiation might be proceeded gradually passing through the
ordering condition of oxygen vacancies with nano-sized domains, but not directly from the C-
type precipitates to the F-type matrix. This is consistent with the remarkable change in the
recovery process observed in Figures 5-10 and 5-11 at Xed = 0.2 ~ 0.3, and this implies an
important role in the ordering of oxygen vacancies for the recovery process during ion

irradiation with 200 MeV Xe ions.

55  Conclusions

We have studied the microstructure evolution of virgin and 200 MeV Xe!** ion irradiated
Ce1xGdxO2x2 samples for a wide range of Gd concentrations (0 < xed < 0.5) at room
temperature through comprehensive structural analysis of XRD, micro-Raman spectroscopy
and TEM. The lattice parameter increased with the increase of Gd concentration and
simultaneous creation of charge-compensation oxygen vacancies. The lattice parameter was
saturated at Xcd > 0.3 due to the formation of the C-type structure in the F-type matrix. The

reduction in the F-type symmetry with the formation of the C-type structure associated with
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ordered oxygen vacancies was observed at Xeg > 0.2 consistently from the experimental
techniques used in the present study.

The XRD and TEM results showed that all the compositions of Ce1-xGdxO2-x2 samples
were resistant to amorphization and sustained the F-type structure with 200 MeV Xe ion
irradiation. In the XRD patterns, asymmetrical peaks (Damage-Kai) were observed on the
shoulders of F-type peaks (Kaz), and the asymmetry was decreased with the increase of Gd
concentration. The asymmetric peaks are caused by the lattice distortion in the F-type structure
due to the formation of damaged regions induced by ion tracks. On the other hand, the C-type
structure has disappeared with ion irradiation because of the loss of the ordered oxygen vacancy
structure in the C-type domain. Analysis of the radiation-induced recovery by XRD patterns
with ion irradiation showed track radii, or recovery radii, decreases with the Gd concentration.
Besides, the XRD analysis showed rapid recovery of radiation damage for values of xgqa= 0.2
~ 0.3, suggesting an important role of oxygen vacancy ordering in the C-type structure for the

recovery process in Gd2Oz doped CeOx.
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Chapter 6
Application of in-situ HVEM - CL

technique to CeO; doped with Gd203

6.1  Introduction

Ceria is an oxygen-deficient material since Ce** reversibly reduces to Ce* ion generating
intrinsic oxygen vacancies for charge neutrality. As mentioned in Chapter 1, ceria has been
used as a surrogate of nuclear fuel and it is doped with Gd»Os for a burnable poison. Doping
of Gd,0s3 also produces oxygen vacancies as described Ce1.xGdxO2-x2 by the substitution of
Gd** into Ce** ion sites due to their similar ionic radii (i.e. rgq= 0.1053 nm, r¢, = 0.0970 nm).
The oxygen deficiency in Ce1.xGdxO2.x2 is mostly controlled with the concentration of Gd
dopant.

Oxygen point defects are also produced by high-energy electron irradiation. Frenkel
defects are created by elastic collisions transferring energies over threshold displacement
energy (Eq) of oxygen atoms. In Chapter 4, it was found that F* centers (1+ charged oxygen
vacancies) were generated in pure CeO> in a short time under high-energy electron irradiation
(400 ~ 1250 keV) by using the HVEM-CL facility. The in-beam charge states of defects and
their electronic configurations were modeled through in-situ CL spectroscopy.

As described in Chapter 5, oxygen vacancies were shown to have an important role for
the radiation recovery in Ce1.xGdxO2-x2. Ordered oxygen vacancies were observed in the C-
type structure in Ce1-xGdxO2.x2 for the composition of xgq > 0.2, and this attributed for the
reduction of the density and size of ion tracks induced by 200 MeV Xe ion irradiation. Those

results suggest that oxygen vacancies act as a sink of irradiation-induced interstitials.

99



APPLICATION OF IN-SITU HVEM - CL TECHNIQUE TO CEQO2
CHAPTER 6 DOPED WITH GD203

The displacement damage of O ions was found to influence the charge states of cation
and F* center, and those strongly depend on the localized position in their lattice site. It is,
therefore, interesting and indispensable to investigate the electronic states of ions and F* centers
under electron irradiation during the production of oxygen vacancies. In this chapter, the
oxygen point defects creation in Ce1.xGdxO2-x2 under high-energy electron irradiation was
evaluated by in-situ CL spectroscopy for a wide range of Gd dopant concentrations in the
samples. Energy levels and energy dependence of F center and impurities were investigated

regarding of dopant concentration.

6.2  Materials and experimental procedure

Sintered thin (~150 um) half disk-shaped polycrystalline Ce1-xGdxO2.x2 samples (0.01 <
Xed < 0.5) were used to obtain in-situ CL spectra using the HVEM-CL facility (Figures 3-4 and
3-7) at electron energies from 400 keV to 1250 keV at the temperature of 300 K. Also, the CL
spectra under low-energy (20 keV) electron irradiation were corrected by using the SEM-CL
facility (Figure 3-6) at the temperature of 300 K. All obtained spectra were fitted by a Gaussian
function and the intensity of CL bands were integrated to interpret CL emission dependence
with electron energy and Gd dopant concentration. The detailed information for sample
preparation, the HVEM-CL facility together with the in-situ measurement conditions were

described in Chapter 3.

6.3  Results
6.3.1 Displacement cross-section calculation
The displacement cross-sections (aq) of oxygen, cerium, and gadolinium atoms in Cex-

xGdxO2-x2 induced by electron-nuclear elastic collisions were calculated by using SMOTT/
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Figure 6-1. Oxygen, cerium, gadolinium atoms displacement cross section in Gd20Os doped
ceria by electron-nucleus collisions calculated by SMOTT/POLY computer code [74]. The
values of Eq for each atom were referred to literature proposed by Yasunaga et al. [9] and
Konobeyev et al. [72]
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POLY computer code [74] based on Eq. (2-12). The threshold displacement energies (Eq) for
each atom were assumed based on the reported values of Ce (Eq,ce: 44 ~ 58 eV), O (Eq,0: < 33
eV) [9], and Gd (Eg.ca: 71 £ 16 eV) [72] sublattices. The calculated total aq is shown in Figure
6-1 as a function of electron energy. The threshold electron energies in ceria where the cross-
sections exceed 1 barn were evaluated in Chapter 4 for oxygen (Eo0: 150 ~ 200 keV) and
cerium (Eoce: 1300 ~ 1600 keV) sublattices. The value of Eocqd Was evaluated in Fig.6-1 to be
1700 ~ 1900 keV. The selective oxygen displacement using HVEM in its energy range (400 ~
1250 keV) was deduced for Ce1.xGdxO2-x2 the total oq calculation results, while 20 keV electron
irradiation hardly induces displacements of lattice atoms as same as the case of ceria described

in Chapter 4.

6.3.2 CL spectra in polycrystalline Gd,O3 doped CeO-

CL spectra in sintered polycrystalline Ce1xGdxO2-x2 (Xea = 0, 0.01, 0.05, 0.1, 0.2, 0.3,
0.4, 0.5) were obtained under high- and low-energy electron irradiation. For high-energy
electron irradiation, one spectrum was taken under electron irradiation for 30 seconds at 300
K, and the spectra were averaged out for 5 recordings for 400 keV ~ 1250 keV electrons. The
spectra were fitted using the Gaussian function. Figure 6-2 shows an example of in-situ CL
spectrum for 1250 keV electron irradiation in ceria and CeosGdos01.75 together with fitted
Gaussian profiles. 4 Gaussian bands were recorded at photon energies of ~1.7 eV, 2.2 ~2.4 eV,
2.4 ~ 2.8 eV, and ~4.3 eV with full-width at half-maximum (FWHM) of 0.6 ~ 0.9 eV, 0.5 ~
0.7 eV, 0.3 ~ 0.6 eV, and 1.6 eV, respectively. A sharp and intense unresolved line was
observed at 1.79 eV (probably R-lines of Cr3* impurities [75]) for all samples, and a small

doublet at 1.73 ~ 1.75 eV and another broader impurity line was observed at 1.85 eV.
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CL spectra were measured at different electron energies of 400, 600, 800, 1000, and 1250 keV
for all Gd,Os doped samples at a constant electron beam-flux of 3.8 x 10 m2s? The CL
spectra were obtained by averaging out the recordings after 0 ~ 150 seconds, and they are
shown in Figure 6-3 with the Gaussian fitted profiles (dashed lines). Further, the average CL
band characteristics, such as the band center (eV), FWHM (eV), and the types of defects in all
samples of Ce1.xGdxO2-x2 (Xed = 0, 0.1, 0.2, 0.3, 0.4, 0.5) were summarized in Table 6-1.

CL spectra were also measured for electrons with 20 keV at a constant beam current of 1.7 nA
at the temperature of 300 K. The measured CL spectra are shown in Figure 6-4 with the
Gaussian fitted profiles (dashed and dotted lines) for xed = 0, 0.2, 0.3, 0.5 samples. The CL
band characteristics for 20 keV electron irradiation are described in Table 6-2. Only one broad
CL band centered at ~2.5 eV was observed in the samples for Xgq < 0.2, and this band was
divided into two bands centered at 2.3 eV and 2.6 ~ 2.7 eV by Gaussian fitting. It is noted here
that the CL band was reduced for the samples with high Gd dopant concentration for Xgq > 0.2,

which is caused by the quenching of CL emission and will be discussed later.

6.4  Discussion
6.4.1 Cation CL emission with point defects production

CL from oxides under high energy electron irradiation is emitted by recombination of
thermalized secondary electrons and holes while most of primary electrons are transmitted [70].
It is shown in Table 6.3 by the values of range and electronic stopping power of ceria and
Gd203 doped ceria (Xed = 0.5) samples simulated by using the ESTAR code [77].

For sufficient CL intensity detection, a large volume of sample was used in the HVEM-
CL measurements to increase the electron and hole carriers. To this end, CL spectra were

obtained from thick (~150 pm) Ce1xGdxO2.x2 samples under 400 keV ~ 1250 keV electron
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Table 6-1. CL band characteristics and defect assignments for Ce1xGdxO2-x2 (xcda =0, 0.1, 0.2,

0.3, 0.4, 0.5) under high-energy (400 keV ~ 1250 keV) electron irradiation.

Xcd Band FWHM Type of XGd Band FWHM Type of
center (eV) defect center (eV) defect
(eV) (eV)
0 4.3 1.6 F* center 0.3 4.3 1.6 F* center
2.8 0.4 ce*| 2.6 0.3 ce*
2.4 0.5 ce*y 2.3 0.7 Ce*
1.8 0.6 Impurity 1.8 0.7 Impurity
0.1 4.3 1.6 F+ center 0.4 4.3 1.6 F+ center
2.8 0.6 Ce3+l 2.6 0.3 Ce3+l
2.4 0.6 Ce3+lI 2.3 0.7 Ce3+ll
1.7 1.0 Impurity 1.7 0.8 Impurity
0.2 4.3 1.6 F+ center 0.5 4.2 1.6 F+ center
2.6 0.3 ce*, 2.4 0.3 ce*
2.4 0.7 ce*y 2.2 0.7 ce*y
1.7 0.8 Impurity 1.7 0.9 Impurity
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Table 6-2. CL band characteristics and defect assignments for Ce1.xGdxO2x2 (Xed =0, 0.1, 0.2)
under low-energy (20 keV) electron irradiation.

XGd Band center (eV) FWHM (eV) Type of defect
0 2.6 0.6 ce®
2.3 0.7 Ce*
0.1 2.8 0.8 Ce®
2.2 0.7 Ce*
0.2 2.7 0.8 Ce®
2.3 0.7 Ce*
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Figure 6-2. In-situ CL spectra for 1250 keV electron irradiation in ceria and Gd.Os doped ceria

at 300 K.
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Figure 6-4. In-situ CL spectra for 20 keV electron irradiation in ceria and Gd.Oz doped ceria
at 300 K. Dashed and dotted lines are fitted spectra and solid lines are Gaussian curves for
least-square fits.
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irradiation as same as pure CeO2 samples, and the CL spectra showed enough intensity (Figure
6-3) as observed in pure polycrystalline ceria samples (Figure 4-5). The spectra were fitted by
the Gaussian function, and the CL bands appeared at 2.2 ~ 2.4 eV, 2.4 ~ 2.8 eV, and 4.3 eV.
These CL band positions are mostly similar to pure ceria results, which were measured at the
temperature of 300 K [Figure 4-5(a) or Figure 6-3(a)].

In Chapter 4, CL bands for pure ceria were interpreted by experimental and theoretical
methods. The CL emission was found to strongly link with oxygen vacancies, which form
localized cation-Vo clusters. Namely, for pure ceria, CL bands centered at 2.1 eV, 2.7 eV, and
4.2 eV were assigned to i) Cer: Ce®, ii) Cen: Ce*-Vo, and iii) F* center, respectively. CL
emission from Ce, (2.7 eV) is induced by Ce®" ions located in a site of cation sublattice far
from Vo, while Cey, is Ce*" ions localized in a caton site near oxygen vacancy (Vo) that emits
low energy (2.1 eV). On the other hand, CL emission from F* center at 4.2 eV was induced by
a (Cede — Vi — Cege)” trimer capturing an electron in ane oxygen vacancy (Ceg, — Vg —
Ceg.)", and immediately shifting the electron to one of the two Ce** (i.e. Ceg,), resulting a
(Cege — Vg — Cege)’ trimer.

In the Gd>Os doped ceria sample, the creation of extrinsic oxygen vacancies (denoted as
Vo .ext hereafter) induced by charge compensation with Gd>Os doping should be discussed
before electronic excitation-induced point defects production. Vg ... is generated in a dimer
equilibrium process associating with the Gd dopant as expressed by [Gdg, + Vg ey < (Gdge —
Voext) 1. Trimer equilibrium equation [2Gd¢e + Vg exe € (Gdge — Vg exe — Gdge)™ ] can be
also proposed. However, the low cation mobility rarely drives this reaction at low temperatures
[43]. This trimer equilibrium equation in Gd2Os doped ceria is similar to the defects creation
in pure ceria induced by electronic excitation. It can be assumed that the Gd** dopants change

not only the Ce®**/Ce*" redox equilibrium but also the excitation-induced defects equilibrium
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by fixing the oxygen deficiency and reducing the number of Ce** ions. Therefore, (Gdg,-Vo)
cluster can be expressed as Cey or Ce3*-Vo instead.

The photon energies of three CL bands (Ce**, Ce**-Vo, and F* center) observed in Gd203
doped ceria are plotted in Figure 6-5 as a function of Gd dopant concentration. Energies of
Ce**-Vo and F* center showed constant regardless of the dopant concentration, while the peak
of Ce3* ion is seen to shift to lower energy (2.8 eV — 2.4 eV) with the increase of the Gd
dopant concentration. The Ce3* ion is localized far from oxygen vacancy, theirby this enegry
shift is attributed to the increase of the direct band gap energy (Ec) between O 2p and Ce 4f
bands. UV-visible absorption spectroscopy showed an increase of Eg in thin film samples from
3.6 eV for CeO2 to 3.72 eV Ceo.7Gdo30185 at 0 K since the lower overlapping capacity of 4f
orbitals in the doped sample makes narrow 4f band [147]. On the other hand, for the low Gd
dopant concentration (X4 < 0.1), no clear changes in Eg were observed [117]. For Gd2O3 doped
ceria, Gd** has half-filed 4f" orbital. Exciting an electron breaks the stabilization, and the
excited electrons are more likely to be accommodated in the empty Ce 4f° orbitals [147].
Therefore, the high Gd,O3 dopant concentration is considered to induce a narrow 4f band and

decrease the value of Eg.

6.4.2 Auto-ionization thermal quenching model for CL emission

The CL bands were integrated versus Gd concentrations and primary electron energies,
and they are shown in Figure 6-6 and Figure 6-8, respectively. The energy dependence will be
discussed later. For the high energy electron irradiation, the CL emission dependence becomes
clearer that shows a minimum for Ce®" ion CL bands at Xcq = 0.05, while F* center shows a
maximum at Xcd = 0.1. Beyond the x value, the CL emissions are observed to increase with the

increase of the Gd dopant concentration for all electron energies. The quenching of CL bands
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Figure 6-5. Photon energy for Ce3* ions and F* center in Gd,Os doped ceria under high-energy
electron irradiation versus Gd dopant atomic concentrations.
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for Ce3* ion at low Gd concentrations can be induced by the auto-ionization theory proposed
by Dorenbos [148]. As an alternate explanation, a cross-over thermal quenching model has
been suggested for 4f-5d system that induces non-radiative decay from the crossing point (X)
between 4f-5f bands when the excited electron of 5d band overcomes the activation energy
barrier (Ex) [149]. The CL emission and quenching model is described schematically in Figure
6-7. Figure 6-7(a) describes the luminescence emission for the case Ex < Er, where Er is an
energy difference between the excited 5d level and the minimum 5d level. For the cross-over
thermal quenching model, Ex should be smaller than 0.2 eV. However, it has been reported
that ceria has a high value of Ex > 1,5 eV for Ce (i.e. Ce**-Vo) CL emission, which cannot
induce CL emission due to the strong thermal quenching [87]. Thereby, auto-ionization theory
has been suggested by Dorenbos for the thermal quenching of 4f-5d CL emission, whose
schematic image is illustrated in Figure 6-7(c). 5d electron is transferred to the conduction band
and becomes delocalized and mobile. Auto-ionization dissipates energy through other non-
radiative mechanisms such as trapping or killer centers such as defects [150]. The increase of
Vo concentration by Gd>Os doping induces the 4f-5d thermal quenching by transferring
electrons from Vo to Cey level, which results in the decrease in the recombination of e-h pairs.

In Figure 6-6, CL integrated intensities were growing versus Gd dopant concentration for
Xed > 0.05. Let us consider the redox equilibrium equation. For electronic charge neutrality,
the total oxygen vacancies concentration ([Vg]) follows the equation below,

V6] = [Vo,ne] + [Vo exe] = 1/4[Cecc] + 1/4[Gde] (6-1)

However, [Vg] is mainly controlled by the Gd concentration for high dopant concentration [43].
The equation of (6-2) can be, therefore, rewritten as

[Vs] = 1/2[Gdg]. (6-2)
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Therefore, 4f-5d thermal quenching is reduced due to the rather low Vg creation comparing to
Gdg, creation for the high Gd20Os concentration.

F* center CL emission in Gd2O3 doped ceria is indued by capturing electrons in a trimer
as same as pure ceria. F* center CL emission is more likely to occur in a neutral cluster of
(Cele — Vg — Cege) that includes no 3+ charged cations. However, for the high Gd2Os
concentration, (Gdg, — Vg — Gdg,)” and (Ceg, — Vg — Gdg,)™ trimers are also growing
together with (Ceg, — Vg — Ceg.)". Despite of the increase of [Vo] by Gd20z doping, F* center

emission could have non-radiative decay or auto-ionization of the excited electron to 4f level.

6.4.3 Energy dependence of CL emission

The energy dependence of CL emission from the defects in pure ceria was discussed in
Chapter 4. Electron energy dependence of I, results in a competitive process between the
displacement cross-section (a,) with positive dependence against energy and the CL emission
cross-section (o, ) with negative dependence [Eq. (4-1)]. For the Gd2Os doped ceria samples,
the I¢,, for Ce®" ions (i.e., I¢y ce-v, @nd I¢; ce) Showed a maximum at ~800 keV. I, for F*
center (i.e., Iy peenter) ShOwed a maximum for Xea < 0.1, however, I, peenter gradually
increased versus the energy for xed > 0.1 (Figure 6-8). The competitive effect appeared strongly
for the low Gd203 concentration samples, while the negative effects on the o, was negligible
for I¢p peenter- The reduction of effect on oy, for low Gd2O3 concentration samples can be
related to the thermal quenching due to the auto-ionization. Moreover, the CL spectra for the
20 keV electron irradiation (Figure 6-4) also showed a strong thermal quenching for the Ce®*
ion band since intrinsic oxygen vacancies are induced by the auto-ionization. However, the

energy dependence in the doped samples is complex due to other parameters, such as strain
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effect, and lattice size contraction, and it needs a more comprehensive theoretical or
computational study to conclude the energy dependence equation.

For the summary, the schematic illustration of the energy band gap in Gd>Os doped ceria
can be suggested in Figure 6-9. The charge states of the defects in Gd>Os doped ceria under
electron irradiation were evaluated by using the in-situ HYEM-CL method compared to pure
ceria. The charge states of cation defects and F* centers are highly close to that of pure ceria
due to the similar point defect production mechanism with doped and non-doped samples.
However, the rare-earth content Gd** was found to induce an energy shift in the CL spectrum
due to the overlapping 4f orbitals in Gd** level. Also, high-dopant concentration samples
showed strong 4f-5d CL thermal quenching by the auto-ionization due to the existence of

0Xygen vacancies.

6.5  Conclusions

In-situ HVEM-CL measurement technique was applied to yield charge state of point
defects in polycrystalline Gd>Os doped ceria (Ce1-xGdxO2-x2) for a wide range of Gd dopant
concentrations (Xed = 0 ~ 0.5). The CL spectra were obtained by 400 keV ~ 1250 keV electron
irradiation in the HVEM, and 20 keV irradiation in the SEM. The CL bands appeared at 2.2 ~
2.4eV, 2.4 ~28¢eV, and 4.3 eV were assigned to Ce3*-Vo, Ce®*, and F* center, respectively,
which were qualitatively the same with pure ceria. The photon energy shift of Ce®** ion band
was induced by narrow 4f* orbitals in the Gd®*" doped samples. Also, the high natural oxygen
vacancy concentration in the doped samples derived thermal quenching of 4f-5d CL emission.
The CL integrated intensities as function of primary electron energy is interpreted by the

competitive interplay of displacement and CL emission cross-sections, but the energy
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dependence for Ce®** ions CL emission is much more affected by CL quenching effect than that

of F* center.
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Figure 6-7. (a) The 4f-5d luminescence emission process for Ex > Er and comparison of thermal
guenching models; (b) cross-over model (Ex < Er) [149], (c) Dorenbos auto-ionization model
[148].
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Figure 6-9. Sketch of electronic levels in the band gap of Gd2>O3 doped ceria possessing oxygen
vacancies.
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Chapter 7

Concluding Remarks

7.1  General conclusions

CeO: or ceria is a considerable ceramic oxide as a surrogate and transmutation target for
a nuclear reactor that has a radiation-resistant fluorite structure. Nuclear fuels, such as UO, are
used to dope with Gd»O3, which is a burnable poison with a high thermal neutron absorption
cross-section. Ceramic oxides have radiation damage by exposure to not only heavy ions but
also electrons in the reactors. Therefore, understanding radiation response and damage
production by ion/electron irradiation in the fuel materials is important for the safe use of the
nuclear reactor. Information on the in-beam damage production is of importance since the
defects are mobile during irradiation and the charge states of the defects are remarkable for the
damage recovery kinetics. Moreover, the structural stability of the oxides as fuel materials is
influenced by rare-earth doping and irradiation.

In this dissertation, the radiation-induced point defects and structural evaluation were
investigated in ceria and Gd»O3z doped ceria. Point defects were produced by electronic
excitation using the HVEM, and their charge state was interpreted by using in-situ CL
spectroscopy. CL spectroscopy is a powerful technique to detect point scale defects, and the
HVEM can produce oxygen point defects by accelerating voltages over the threshold
displacement energy of oxygen atoms. In Chapter 4, the total displacement cross-section in
ceria was calculated by using the SMOTT/POLY computer code [74] and CSDA range, and
total inelastic stopping power ((—dE/dx)ine) Was computed with the ESTAR code [77] for
different primary electron energies (E). CL spectra were obtained from pure ceria by electrons

irradiation energy ranging from 400 keV to 1250 keV at the temperatures of 100 K, 200 K, and
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300 K. Complementary CL spectra were measured as well as for 20 keV electrons at 300 K in
the SEM. This chapter gave information on the charge state and electronic configurations of
ceria under high-energy electron irradiation, and the CL emission from defects was evaluated
depending on energy and temperatures.

In Chapter 5, ceria and Gd2Os doped ceria (Ce1xGdxO2.x2) samples were studied to
evaluate the microstructure evolution by Gd»>Osz doping and heavy ion irradiation. The
microstructure of virgin Ce1.xGdxO2-x2 samples was investigated for a wide range of Gd
concentrations (0 < xgd < 0.5) through comprehensive structural analysis of XRD, micro-
Raman spectroscopy, and TEM. Thereafter, the samples were irradiated by 200 MeV Xe** ion
at room temperature. The radiation damage and response, such as lattice parameter and phase
changes in the samples were examined regarding the dopant concentration and irradiation
conditions.

Finally, the in-situ HVEM-CL measurement technique was applied to yield information
from point defects in Ce1xGdxO2x2 under electron irradiation for a wide range of Gd dopant
concentrations (Xed = 0 ~ 0.5). The CL spectra were obtained by 400 keV ~ 1250 keV electron
irradiation in the HVEM, and 20 keV irradiation in the SEM. The CL spectra and charge states
of point defects in Ce1xGdxO2-x2 were compared with pure ceria as interpreted in Chapter 4.

Based on the in-situ HVEM-CL analysis and microstructure evaluation experiment in
virgin and swift heavy-ion (200 MeV Xe) irradiated Gd>O3 doped ceria, the contributions of

this dissertation are summarized below the followings:

® The prominent CL emission centered at 4.2 eV was assigned to F* centers which were
induced by elastic electron-nucleus collisions over a threshold electron energy (> 200 keV)

equivalent to the oxygen displacement energy.

® CL bands centered at 2.3 ~2.6 eV and 2.8 ~ 3.0 eV were measured for all electron energies
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(> 20 keV) which were induced by the charge compensation of oxygen vacancies for the
high-energy (400 keV ~ 1250 keV) electrons and ionization effects for the low-energy (20
keV) electron excitation with a larger inelastic stopping power are attributed to the lower

energy CL bands, respectively.

® At low temperatures (100 K and 200 K), similar CL spectra were obtained, but with larger
and slightly shifted emission bands. Regardless of temperature, the effects of grain
boundaries cause the F* center CL signal for the polycrystalline sample to be weaker than

the single crystal under identical circumstances.

® The interaction between the oxygen displacement cross-section and the luminescence
cross-section is used to explain the dependency of CL integrated intensities as a function

of primary electron energy for both types of targets.

® The lattice parameter increased with the increase of Gd concentration and the simultaneous
creation of charge-compensation oxygen vacancies. The lattice parameter was saturated at

Xed > 0.3 due to the formation of the C-type structure in the F-type matrix.

® The reduction in the F-type symmetry with the formation of the C-type structure associated
with ordered oxygen vacancies was observed at Xed > 0.2 consistently from the

experimental techniques used in the present study.

® The XRD and TEM results showed that all the compositions of Ce1.xGdxO2-x2 samples
were resistant to amorphization and sustained the F-type structure with 200 MeV Xe ion
irradiation. In the XRD patterns, asymmetrical peaks (Damage-Kaz) were observed on the
shoulders of F-type peaks (Kaz), and the asymmetry was decreased with the increase of
Gd concentration. The asymmetric peaks are caused by the lattice distortion in the F-type

structure due to the formation of damaged regions induced by ion tracks.
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7.2

The C-type structure has disappeared with ion irradiation because of the loss of the ordered

oxygen vacancy structure in the C-type domain.

Analysis of the radiation-induced recovery by XRD patterns with ion irradiation showed
track radii, or recovery radii decreases with the Gd concentration. Besides, the XRD
analysis showed rapid recovery of radiation damage for values of xcq = 0.2 ~ 0.3,
suggesting an important role of oxygen vacancy ordering in the C-type structure for the

recovery process in Gd2Oz doped CeO:..

The CL bands appeared at 2.2 ~2.4 eV, 2.4 ~ 2.8 eV, and 4.3 eV, and they were assigned

to Ce®*-Vo, Ce®*, and F* center, respectively, as well as pure ceria.

The photon energy shift of the Ce®* ion was induced by narrow 4f! orbitals in the Gd®*
doped samples. Also, the high natural oxygen vacancy concentration in the doped samples

derived thermal quenching of 4f-5d CL emission.

The CL integrated intensities as function of primary electron energy were interpreted by
the competitive interplay of displacement and CL emission cross-sections, but the energy
dependence for Ce®* ions CL emission is much more affected by CL quenching effect than

that of F* center.

Directions for future research

Fluorite structure ceramics such as ceria and YSZ is remarkable materials for radiation-

resistant materials, and study on their stability under irradiation is of importance for the long-

term use of nuclear reactor. According to this dissertation, the in-situ HYEM-CL methods were

developed to investigate the charge state of point defects. However, the reactor condition is not

only exposure to electrons but also heavy ions at the same time. Recently, a synergetic effect

of electron (Se) and nuclear (Sn) stopping power is attracted for radiation recovery system in
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the fluorite oxides. To understand the kinetics of the recovery system, the in-situ HVEM-CL
technique was conducted with the ion irradiated oxides.

The CL emission obtained from the specimen is strongly dependent on parameters such
as energy, temperature, beam flux, and quenching effects. Understanding the relationship
between the CL intensity and these parameters, computational investigation and the other
optical experimental system, such as photoluminescence should be followed together. In
particular, the quenching effect on luminescence is much more complex due to a lot of ways to
lose energy through transferring carriers, luminescence killer centers, or non-radiative decays.
Thereby, more systematic experimental and theoretical calculations should be followed to
understand CL emission from the defects.

Also, the RE-doped oxides showed structure evolution by RE doping and radiation.
However, there are several methods to synthesize the RE-dopes oxides and characterization
techniques of microstructure, which show different results despite of same composition
samples. Therefore, more wide characterization techniques and dopant concentrations should
be conducted for the structure evaluation experimental.

Moreover, radiation damage recoveries were confirmed at the high concentration of RE-
doped oxides with the changes in phase and structure. The nano-domains and ordered oxygen
vacancies induced by RE doping act as key properties for the recovery. These properties are on
the nanoscale and their production and annihilation should be followed by high-resolution
TEM methods such as STEM analysis to understand accurate radiation recovery phenomena.
The strain/stress changes by RE-doping or irradiation in the domain boundaries are also

noticeable properties to understand radiation response.
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Abstract

Ceramic oxide with fluorite structure, such as ceria (CeQO.), has been proposed as a
surrogate of nuclear fuels (e.g. UO2, PuO.) and transmutation targets because of the excellent
radiation resistance. Ceria has a redox effect between two charge states of cerium ions with
localized f electrons, which induces oxygen vacancies (Vo) to compensate for charge neutrality.
Gadolinia (Gd203) exhibits a bixbyite structure, and it has been doped in UO- fuel as a burnable
poison due to the large absorption cross-section of thermal neutrons. Gd>Oz-doped CeO; as
expressed by Cei1.xGdxOz-2 also produces Vo since the Gd** substitutes into the Ce** site. The
oxygen deficiency in Ce1.xGdxO2.x2 is mainly controlled by the dopant concentration.

Moreover, Vo can be generated by elastic collisions with high-energy electrons by
receiving energy above the threshold displacement energy of oxygen atoms. The Vo is a key
factor to determine radiation tolerance since it enhances the recombination of interstitials and
vacancies. The kinetic behavior of point defects in ceramics is known to depend on their charge
states. However, there was only limited research on it since the in-situ techniques are needed
to gain the production and charge state of point defects in ceramics during irradiation.

In this dissertation, radiation damage in Ce1xGdxO2.x2 was investigated for a wide range
of Gd dopant concentrations (0 < x < 0.5). For this purpose, a unique facility of a high voltage
electron microscope (HVEM) interfaced with cathodoluminescence (CL) facility at The
Ultramicroscopy Research Center of Kyushu University was utilized to examine the production
and charge state of point defects in-situ under high-energy electron irradiation. Further,
microstructure change induced by heavy ion irradiation was studied comprehensively against
dopant concentration by x-ray diffraction (XRD) analysis, micro-Raman spectroscopy, and
transmission electron microscopy (TEM) to understand the role of oxygen vacancy on the
microstructure stability. This dissertation consists of seven chapters.

Chapter 1 described the introduction and research goal of this study. At the end of this
chapter, the structure of the dissertation was outlined.

Chapter 2 reviewed the theoretical and experimental background on structure in CeO
and Ce1xGdxO2.x2. Displacement damage, energy loss, diffraction analysis for structure
evaluation, and CL emission mechanism were described in this chapter.

Chapter 3 explained the experimental methodology for the sample preparation, and the

techniques of XRD, Raman spectroscopy, and TEM. Details for the synthesis of Ce1xGdxOx-



x2 samples and ion irradiation conditions were described. In-situ CL measurement conditions
were also described together with the data acquisition procedures.

Chapter 4 described point defect production under in-beam conditions in pure single
crystal and polycrystalline ceria using the in-situ HVEM-CL technique. The CL spectra were
obtained with 400 ~ 1250 keV electrons, and they were fitted into three CL bands. One band
was assigned to be the F* center which is induced by electron-nuclear elastic collisions, and
the other two bands were originated from charge-compensative Ce®* ions caused by Vo
formation. Localized atomic configurations between Ce3* ions and charged Vo were suggested
according to the CL spectra. The dependence of CL spectra against electron energy and
irradiation temperature were also explained by taking the cross-sections of defect production
and electronic excitation.

Chapter 5 discussed microstructure and radiation response in Ce1.xGdxO2.x2 for a wide
range of Gd,Os concentrations (0 < x < 0.5). Microstructure characterization was carried out
comprehensively by XRD, micro-Raman spectroscopy, and TEM. The formation of bixbyite
structure with Vo ordering was observed for x > 0.2, associated with the saturation of lattice
parameter and micro-strain relaxation. Those microstructure changes with values of x were
found to influence the microstructure change induced by 200 MeV Xe ions. lon track density
and size were found to be depressed for samples with x > 0.2, and this was discussed with the
ordering of Vo which attributes to the recovery process of radiation-induced defects.

Chapter 6 described the application of the in-situ HVEM-CL technique to Ce1.xGdxO2-x2
samples. The CL bands for Ce3*-Vo, Ce®**, and F* center were observed from Ce1xGdxO2-x2 as
same as pure ceria. The electronic configurations and energy dependence of CL spectra in Ce-
xGdxO2-x2 were compared with those of pure ceria. Photon energy shifts and quenching of CL
emission were observed in Ce1xGdxO2.x2, and the change was discussed with the generation
of Vo induced by Gd,Os doping, and the change of electrical configuration around Ce3* ions
and Vo. The band gap energy level of defects in Ce1.xGdxO2-x2 Was suggested in this chapter.

In chapter 7, all the experimental and simulation works done in the wake of this study

are summarized as conclusions together with possible directions for future research.
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Chapter 1

Introduction

A sufficient energy supply is as importance as a fast growing of world population in
modern life society demanding safety, mobility and daily comfort life. For this reason, the
energy industry has discussed and studied the energy generation and storage systems. To lead
these technologies, it is necessary to develop superior materials for energy source applications,
such as generation facilities for chemical and photo-physical energy, nuclear reaction energy,
and thermomechanical energy. All of those industries need excellent materials, which generate
high efficient energy for each environmental condition.

Ceramic oxide is one of the remarkable and fascinated materials, which have high
strength, high insulation ability, low thermal expansion, and chemical stability. For those
reasons, ceramic oxide has been used safely in many industrial fields, such as energy-

supplement devices, auto motives, medical technology, and aerospace. Especially for nuclear

applications, magnesia (MgO), sapphire (a-Al2Oz), and yttria-stabilized cubic zirconia (ZrOx:

Y) are promising ceramic materials to be used for the host of inert matrix fuels in nuclear
fission reactors, transmutation targets, and functional materials in fusion devices under high-
energy particle radiations. They can endure the exposure to extreme environments, for instance,
high or low temperatures, and intense radiation. Therefore, it is necessary to understand their
physical and chemical characteristics under harsh environment to prevent degradation of
physical and chemical properties.

In particular, ceramics are used for nuclear fuel, and they are widely investigated for
their safety and reliability. Typically, plutonium oxide (PuQ) is actively developed for use in

mixed oxide (MOX) fuel such as (U, Pu)O- for thermal reactors or fast reactor fuel. For the
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safe use of MOX fuel, it is necessary to understand the drawbacks caused by the pile-up of
damage for a long time. However, it might be hard to handle and study the radiative materials
caused by irradiation. Therefore, cerium dioxide or ceria (CeOz) with a fluorite structure can
be considered as a surrogate of PuO: to avoid radioactive problems caused by its direct use of
it.

Moreover, for the high performance of nuclear reactors to use in long-life power plants,
the burnable poison has been used to control the initial reactivity. Fuel utilization has been
introduced with additional neutron absorbers in fissile materials. Gadolinium (Gd) is one of the
fission products forming solid solutions with uranium dioxide. Gd>Oz3 has been, therefore, used
as a dopant for UO- fuel in boiling water reactors because Gd isotopes have a large absorption
cross-section of 49,000 barns for thermal neutrons with taking the natural abundance of Gd
isotopes into consideration [1]. The UO2-Gd20s3 fuel has been used in the boiling water reactor
(BWR) type since 1967, and the maximum concentration of Gd2Os is around 4 wt% (i.e. ~6
at% Gd). Recently, the UO,-Gd»0s fuel is introduced in the pressurized water reactor (PWR)
type up to high concentration of Gd>O3 around 10 wt% (i.e. ~14 at% Gd).

Nuclear fuel materials are exposed to various radiations such as high-energy fission
fragments, high-energy neutrons, a-, -, and y-rays generated by nuclear fission reactions in
nuclear reactors. Radiation with those high-energy particles has been known to induce the
amorphization in ceramics and cause degradation of mechanical properties, and void swelling
due to the atomic displacement damage [2]. Irradiation defects resulting from these various
radiations form and accumulate in the heating-resisting materials. Also, accumulation of fission
products and high-density electron excitation damage are also of importance for the stability
of fuels. Detailed knowledge of the point defect production and kinetics are often required for
the further understandings of radiation damage in ceramics. For example, electronic excitation

is known to affect damage processes, such as the formation and migration of point defects, and
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stability of point defect aggregates in ionic and covalently bonded ceramic materials [3-5].
Fission fragments arising from fuels and transmutation targets have high energies of 70 - 100
MeV and induce a high density of electronic excitation in materials. It has been reported that
when such high-density electronic excitation is induced during crystallization, columnar
irradiation defects called ‘ion tracks’ form along ion trails [6]. In nuclear fuel, such high-
density electronic excitation damage is induced repeatedly to reach 10* to 10° times for the
burn-up of 1% FIMA (% fissioned per initial metal atom). Therefore, evaluation of the ion
track formation in the fluorite-structure oxide and the microstructure change due to its overlap
is important for understanding the stability of the structure of nuclear reactor fuels and for the
development of next-generation fuels.

To understand the basic process of irradiation damage, the threshold displacement
energy (Eq) is indispensable physical quantity. Costantini et al. used an electron accelerator to
irradiate electrons with a wide range of energies to yttria-stabilized cubic zirconia (YSZ), and
anion electron trapping centers (F* centers) were investigated by electron spin resonance (EPR)
method [7]. From the analysis of the electron-energy dependence of the point defect
accumulation process, the value of Eq4 can be derived by in-situ observation in transmission
electron microscopy (TEM). Yasunaga et al. irradiated electrons to CeO> for various energies
by using TEM and observed the formation and growth process of the irradiation defect in-beam
state [8,9]. They confirmed that the properties of the dislocation loop depended on the electron
energy, and according to the results, they estimated the Eq of Ce and O ions as 44 ~ 58 eV and
<33 eV, respectively [9]. Values of Eq4 in various ceramic materials, such as UO, (U: ~40 eV,
O: ~20 eV), ThO, (Th: 48.5 ~61.5 eV, O: 17.5 ~ 100 eV), ZrO, (Zr: 54 ~ 68.5 eV, O: 14 ~
100 eV), were summarized in references [10-12], although the reported values of Eq are not

sufficient at the present moment.
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Mostly, ceramics includes multielement and their crystal structures content multi-
sublattices themselves. The atomic bonds also have ion-covalent bonding which depends on
crystal. The electronic valence of point defects can be changed by electronic excitation that
influences the migration dynamics and aggregation of point defects [13]. Under radiation
irradiation conditions, it is, therefore, necessary to have a general idea of in-beam physical
characteristics of defect behaviors.

Electron microscopy is one of the useful techniques to measure radiation damage in
materials. High energy electrons generated in an electron microscope, such as a TEM, can be
irradiated with a high-flux electron beam to a specimen and produce point defects in a short
time. Namely, an in-situ TEM experiment has an advantage that one can observe the nucleation
and accumulation of defects dynamically. The use of electron irradiation has an additional
advantage since the target does not need to be cooled down unlike neutron or high-energy ion
irradiation. Unfortunately, the defects recombination occurs during the cooling period, and it
is hard to observe its effects in-situ right after neutrons/ions irradiation. Therefore, the in-situ
TEM method has the characteristics of being able to conduct a systematic and precise study on
the effects of fission product accumulation in-beam environment and high-density electron
excitation.

Optical absorption spectroscopy technique has an advantage to identify the defects in

ceramics. Photoluminescence (PL) spectroscopy and UV-visible optical absorption
spectroscopy were used to examine the defects in ceramics [14,15]. A photo-induced electron-
hole pair indicates the localized defect level at photoexcitation energies within the bandgap
energy. In particular, naturally present defects, such as F centers (electron centers) and V
centers (hole centers), were demonstrated by PL spectroscopy in alkali halides and oxides [15].

In addition, thermo-stimulated luminescence (TSL) [16], optically stimulated luminescence
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(OSL) [17], and radio-luminescence (RL) [18] were also used to identify nature or radiation-
induced defects in ceramics.

Cathodoluminescence (CL) spectroscopy is one of the optical absorption techniques,
and it has been used for the impurity analysis by using SEM under low-energy electron
irradiation (<40 keV). The first observation of discoloration was investigated by Goldstein [19]
in alkali halides induced by electron irradiation. For several decades, F centers from oxygen
vacancies were examined in various ceramic oxides, such as MgO, Al>Os, ZnO, and TiO> [20—
23].

CL spectroscopy has also been utilized to study the radiation-induced defects.
Recently, a study on point defect formation by elastic and inelastic collisions under high-energy
electron irradiation was performed in ceramics by using in-situ CL spectroscopy under high-
energy electron irradiation [24,25]. CL spectra emitted from impurities and F centers in
sapphire (a-Al203), YSZ (ZrO2:Y), spinel (MgAl>O4) were detected and revealed its electrical
characteristics and formation of defects in-beam condition. It was revealed the point defects
formation and aggregation with their charge states under electron irradiation [25].

Radiation response due to multi-particles collisions of electronic and nuclear stopping
is also attracted for ceramics leading the annealing of radiation damage due to a synergetic
effect. The synergetic effect of elastic (or nuclear) (Sn) and inelastic (or electronic) (Se) energy
loss is a key factor of nanostructure evolution and defect kinetics of ceramics [26,27]. The
recovering and expansion delay of the defects due to ionization-induced diffusion and
recombination of point defects lead the synergetic effect. These point defects in ceramic
influence physical properties, such as thermal conductivity and diffusivity [28]. The kinetic
behaviors of point defects are depending on their charge states. Therefore, it is important to

understand the charge states of the defects under irradiation conditions, and thereby in-situ high
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voltage electron microscopy (HVEM)-CL method can be a powerful technique for the radiation
damage study in ceramics.

Based on the explanation above, the purpose of this dissertation is to gain insights into
the radiation damage in the rare-earth (RE)-doped fluorite structure oxides. In particular, this
dissertation has two objectives to elucidate the followings: i) understanding the on-site point
defect production and its charge state during electron irradiation, and ii) examination of
microstructure evaluation by RE doping and ion irradiation.

The dissertation consists of seven chapters.

Chapter 1 describes the introduction and research goal of this dissertation. At the end
of this chapter, the orientation of each chapter is proposed.

Chapter 2 reviews the theoretical and experimental background of physical and
chemical characteristics of the main material of Gd.O3 doped ceria, and diffraction analysis.
Furthermore, fundamental knowledge of displacement damage, energy loss, and
cathodoluminescence spectroscopy are described.

Chapter 3 explains experimental methodologies for the sample preparation,
measurement, and analysis techniques. The sample preparation complies synthesis procedure,
thinning for TEM observation, and ion irradiation. Experimental facility performances and
conditions for x-ray diffraction (XRD), Raman spectroscopy, TEM, and in-situ HVEM-CL
measurement are described with the explanation of data acquisition procedures.

Chapter 4 describes in-situ HVEM-CL measurement in pure ceria under electron
irradiation by using the HVEM. This technique yields information on the instant Frenkel point
defect formation under out-of-equilibrium conditions upon high-energy electron irradiation.
CL spectra were obtained from single crystal and polycrystalline samples. Charge states of
defects were interpreted by CL profiles and they related to oxygen vacancy localization.

Moreover, energy and temperature dependence of CL emission was investigated.

6
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Chapter 5 discusses the microstructure evaluation in Gd>Os doped ceria upon the
creation of oxygen vacancies in a wide range of dopant concentrations. Comprehensive
microstructure characterization, such as phase, lattice parameter, and microstrain of the
samples was carried out by XRD, micro-Raman spectroscopy, and TEM in virgin samples.
Moreover, heavy ion radiation-induced microstructure evolution was followed in the same
samples by comprehensive microstructure characterization techniques to understand the
radiation resistance effect by Gd>Os doping and intrinsic oxygen vacancy creation.

Chapter 6 presents the application of the in-situ HVEM-CL technique to the Gd.O3
doped ceria samples. Information on charge state and electronic configurations of in-situ
defects generated during high-energy electron irradiation were investigated in the doped
samples. The Gd>O3 concentration effect with the creation of oxygen vacancies by doping for
CL emission from the defects varying accelerate energies of the HVEM was investigated. At
the end of this chapter, the energy levels of defects in the bad gap of the Gd>O3 doped ceria
were summarized by comparing the pure ceria.

In chapter 7, all the experimental and simulation works done in the wake of this study are
summarized as conclusions. Possible directions of research for further understanding of the

radiation recovery effect in electron/ion irradiated Ce1-xGdxO2-2 are also highlighted.
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Chapter 2

Theoretical and Experimental background

2.1 Introduction

Ceramics are compounds of ionic and covalent bonds of cations and anions, and they are
arranged regularly with the periodicity in crystalline solids. To understand the degradation of
ceramics under ions and/or electrons irradiation, it often requires the analysis of physical
properties under in-beam condition. Also, the background of the reference materials, ceria and
Gd»03 doped ceria which are used in this dissertation, need to be introduced especially for the
structure and oxygen deficiency by trivalent cation doping. Fundamental knowledge of
analytical methods in short and long ranges is important to understand physical and chemical
property changes. Moreover, background of radiation dynamics should be introduced with an
emphasis on complex displacement mechanism of ceramics with multi sublattices. In this
chapter, the background of experimental techniques and fundamental displacement process

relevant to this dissertation are described.

2.2 Crystals and ceramics

Crystals have a long-range order in periodic and they can be categorized into six crystal
families and seven crystal systems according to the direction and magnitude (Table 2-1) [29,30].
The labels of a, b, ¢, and «, S, y in Figure 2-1 are crystallographic axes and angles, respectively.
Generally, ceramics are more complex than metals, which are usually contain two or more
crystallographic sublattices with a combination of ionic and/or covalent bonds. These bonds
give a high elastic modulus and hardness, high melting point, low thermal expansion, and
excellent chemical resistance of ceramic materials [31,32]. The crystal structure of ceria (CeO3),

8
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Table 2-1. Crystal families and systems

Crystal family Crystal system AXis system
Isomeric Cubic a=b=c a=p=y=90°
Tetragonal Tetragonal a=b#c a=p=y=90°
Hexagonal a=b#c a=p=90°y=120°
Hexagonal Trigonal or
Rhombohedral a=b=c a=p=y#90
Orthorhombic Orthorhombic azb#c a=p=y=90°
Monoclinic Monoclinic azb#c a=p=90°y+#90°
Anorthic Triclinic azb#c a*p#y+90°
+b
\a a
g >

Figure 2-1. Crystallographic axes a, b, ¢ and the angles «, f, y in positive values.




CHAPTER 2 THEORETICAL AND EXPERIMENTAL BACKGROUND

which is the main compounds investigated in this dissertation, is shown in Figure 2-2 (a). As
shown in Figure 2-2 (b), it forms the fluorite structure: the structure and stability of ceria will

be discussed in the following section 2.2.1.

2.2.1 Cerium dioxide (CeOy)

Cerium dioxide or ceria (CeO) is one of the prominent materials for a surrogate of PuO-
and for an inert matrix fuel, such as rock-like oxide fuel [33]. It is noted that most oxide-based
nuclear fuels have a fluorite structure. Ceria also possesses a stable cubic fluorite structure
under ambient pressure from room temperature to the melting point (2477 °C) [Figure 2-2 (b)].

Ceria produces nature oxygen vacancies due to its non-stoichiometry occurring
through the reduction and oxidization of cerium. Under the reducing condition, Ce (1V) is
converted into Ce (l11), and the reduced ceria is charge-balanced by forming oxygen vacancies.
The composition of ceria can be expressed as CeO2.x, where x in CeO».x represents the oxygen
vacancy concentration. The reversible redox reaction in ceria is written in Krdger-Vink
notation as below,

Ce(IV) & Ce(11D), (2-1)

2Ceg, + 05 © 2Cec. + 1/20,(g) + V5, (2-2)
where the Ceg, and 0 are neutrally possessed Ce and O ions in their lattice sites (i.e., Ce**
and O%), respectively. Ceg, represents a Ce ion at a Ce ion lattice site with a localized mobile
electron (i.e., Ce*"), and V;; is positively charged oxygen vacancy (no electron localization).
Ceria has a wide band gap energy (~ 6 eV) between 2p oxygen valence band and 5d, 6s cerium
conduction band [34,35]. Between these two bands, there is an empty cerium 4f band, called
4f state, which is a narrow localized level in stoichiometric ceria [36]. As the oxygen atom is

reduced, an electron is transferred to the empty 4f band and it is partially filled, leading the

10
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Figure 2-2. (a) Cubic fluorite-type crystal structure and (b) phase diagram of ceria [37].
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band splitting into 4f full (4f*) and 4f empty (4°) due to spin-orbit coupling of cerium ion [38].

2.2.2 Gd>03 doped CeO:

Gd203 doped CeO», as expressed by Cei1-xGdxO2x2, IS expected to create oxygen
vacancies by the substitution of Gd®* into Ce*" site since cations have similar Shannon ionic
radius (i.e. Gd®*: 1.053 A, Ce**: 0.970 A). However, due to the different valence states of Gd®*
into Ce** ions [39], a vacancy is created at an oxygen ion site as described by Kréger—Vink
notation below,

2Cede + 05 + Gd,05 — 2Gd, + Vg + 2Ce0,, (2-3)
where Ceg, and Og represent the neutral charge state of Ce** on a cerium lattice site and O
on an oxygen lattice site, respectively. Gd¢, is a Gd** ion located at a cerium lattice site with -
1 charge, and V{; is a vacancy at an oxygen lattice site with +2 charge [40]. In the Ce1.xGdxO2-
x/2 System, the oxygen deficiency is mainly determined by the Gd.Os content [41-43]. Besides,
the Gd»0O3 has a cubic bixbyite (C-type, 1a-3) structure as shown in Figure 2-3 (a) which is
close to the fluorite (F-type, Fm-3m) structure. A unit cell of the C-type structure is built from
eight-unit cells of the F-type structure, but the C-type structure includes 25% of ordered oxygen
vacancies unless the F-type structure [44]. As a consequence of Gd.O3 doping, the crystal
structure transforms from F-type to the double lattice parameter of C-type ordering oxygen
vacancies. Figure 2-3 (b) is a phase diagram of Gd.Oz doped ceria examined by different
authors. The temperature of ordering (Tord), phase separation (Tsep), freezing transition (Te),
cation quenching (Tg), and ordering transition (T9%:4) were evaluated by Monte Carlo (MC)
modeling and density function theory (DFT) in 4 x 4 x 4 supercells with 768 lattice sites by
Zguns et al [45]. Also, the phase transition from fluorite (F) to C-type (C) was observed by

experimental analysis such as XRD [46-48], XAFS [47], and gas analysis [49] at various
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Figure 2-3. (a) Bixbyite (C-type) structure of Gd>O3 and (b) phase diagram of Gd203—CeO:.
Symbols represent the DFT calculation results conducted by Zguns et al. [45]. In the
thermodynamic equilibrium, Torg (black) and Tsep (red) are temperatures of ordering and phase
separation, respectively. The ordering transition was hardly observed for xcq < 0.3, while the
vacancy ordering occurred with phase transition for xeq = 0.3. Cations were quenched at 1500
K (Tq) and ordering transition (T%:q) was observed for 0.27 < xca < 0.4. Oxygen freezing (Tr),
which is the rearrangements of vacancies upon cooling are mostly stopped, was observed for
Xed S 0.27 and = 0.75. The red, blue, magenta and green horizontal bars represented
experimental data of phase transition between fluorite (F) to C-type (C) suggested by Bevan et

al. [49], Nakagawa et al. [47], Brauer et al. [46], and Ikuma et al.[48]. F+C is a biphasic region.
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quenching temperatures. The fluorite structure started to transform around Xgq = 0.2 ~ 0.5 to
the C-type structure but it strongly depends on T4 and analysis methods.

The oxygen vacancy ordering was observed in nano-sized domains formed by the
aggregation of dopant Gd** ions and oxygen vacancies, as observed by electron energy loss
spectroscopy (EELS) analysis [50], high-resolution transmission electron microscopy
(HRTEM) and the selected area electron diffraction (SAED) patterns [51]. As a consequence
of the oxygen vacancy ordering, the disordering is produced by the influence of electrostatic
repulsion with oxygen vacancies in the C-type structure, while cations in fluorite keep their
perfect cube with 8 coordinated oxygen ions [42]. In particular, it affects the distribution of the
interatomic distance between cation-cation pairs rather than cation-oxygen pairs. In addition,
the clustering of the dopants with associated oxygen vacancies is increasing with dopant
concentration increasing. The clusters reduce the concentration of freely mobile oxygen

vacancies that rather decreases conductivity at high concentrations of dopants [51-54].

2.3  X-ray diffraction (XRD) analysis and the Rietveld refinement

X-ray diffraction (XRD) technique helps the understanding of the physical properties of
metals, ceramics, polymers, and other solids allowing one to understand the arrangement and
distance of lattice planes in a form of crystals. W.H. Bragg and W. L. Bragg interpreted the
crystal diffraction by using the wavelength of x-ray, and they expressed it as Bragg’s law [Eq.
(2-4)].

nA = 2dsin 6. (2-4)

When the phase difference between two or more waves is half of the wavelength, the
wave is offset and disappears, but when the phase difference is an integer (n) multiple of the
wavelength (1), the amplitude is amplified, and the intensity becomes greater. In Figure 2-4,

the distance from A to B is d sin 6, where d is lattice distance, 6 for Bragg’s angle, which is
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Incident x-rays Diffracted x-rays

Figure 2-4. Braggs’ law reflection
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equal to the distance from B to C. Therefore, if AB = BC = d sin 8 and the following Eq. (2-4)
is satisfied, x-rays are strongly diffracted.

In the microcrystalline powder sample, a number of crystalline are combined in
random directions. Furthermore, one powder sample consists of more than one phase. In this
multi-phase sample, the single Braggs’ reflection is hard to examine the crystal structure with
high symmetry refinement, since diffracted XRD intensities are overlapped in the XRD
patterns. For the multi-phase sample XRD analysis, the Rietveld refinement can be used by
fitting Gaussian, Lorentzian, or Pseudo-Voigt profiles using the least-square method, and this
method can use for quantitative analysis [55]. The Rietveld refinement is conducted by a
computer algorithm and free software programs are typically used for instance Fullprof [56],
GSAS [57], and RIETAN [58]. For the operation of Rietveld refinement, it is important to
determine crystal structure if the initial structure is known, unless it should be operated by ab-
initio calculation. Reliable crystal structure models can obtain from the database such as
‘Inorganic Crystal Structure Database’ [59], ‘American Mineralogist Crystal Structure
Database’ [60], and Crystallography Open Database [61].

The quality of Rietveld refinement is measured by parameters of goodness factor (x2),
weighted profile factor (Rwe) and R expected (Rexp). For the interpretation, values of observed
and computed XRD peak intensity at the position of 26; are assigned to y;o and y;c,

respectively. The Rietveld algorithm targets to minimize the weighted sum of squared

differences between the observed and computed intensity values [i.e., ZWi(yi,o — yilc)z],
where w; is 1/0%[y; o]. 0[y; 0] is uncertainty estimate for y; 5. Rwe is the most meaningful of
the weighted profile R-factors because of the minimized residuals. It can be expressed by,

Ro? = 2wi(Vio — Vic)?
WP 2w (¥io)?

(2-5)
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The best possible value of Rwp expected for the number of data points (N) can be

represented as the expected R-factor, Rexp [62]. Rexp is described below,

2 N
Rexp” = SEEEEY)
2 w;(¥i0)

(2-6)
The statistical quality of the refinement is explained by Chi-squared (x?). They are
calculated through equations as written below,
X* = Rwe/ RExp (2-7)
A goodness of fit can be defined by x?, and its value of 1.3 or less is usually considered
reasonable [62]. Too small x? value means that the counting statistical errors are greater than

the model errors either because of poor counting statistics or because of high background by

slowly varied angle [62].

2.4  Displacement damage and Energy loss

A displacement cascade is induced by an elastic collision between a high-energy particle
and a target atom. The initially displaced atom directly from an incident radiation particle is
called as a primary knock-on atom (PKA). If the PKA has sufficient energy, the knocked lattice
atom results to rest in an interstice of lattice, which generates an interstitial atom.
Complementary, the original lattice site remains vacant to form a vacancy. This simple pair of
interstitial and vacancy remaining stable is called as a Frenkel pair.

To initiate displacement from the lattice site, the transferred kinetic energy to the lattice
atom should be higher than the threshold displacement energy (Eq). Eq is a material dependent
physical quantity. In general, experimental measurement of Eq is difficult for ceramics due to
their complex structure [11,63]. The values of Eq are also dependent on the crystallographic

direction [64], and temperature.
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In a collision between a charged particle and a target atom nucleus, the mean free path
between these two-body collisions should be greater than the interatomic spacing. We can
apply the law of conservation of energy and momentum in the elastic collision satisfied with

nonrelativistic mechanics.

_ 4AM M, .2 Q
- (M1+M2)2 ESln (2)’ (2-8)

where T is the transferred energy to the PKA, E is the incident particle energy, 6 is the angle
of deflection of the incident particle as a result of the collision, M, is incident particle mass and
M, is struck atomic mass. When the 68 = 0, the T shows the maximum value, T,,,, which is
written as,

.MM,
™ (Mg + M,)?

(2-9)
For the case of high-energy electrons, relativistic quantum mechanics should be used for
the calculation. As assuming that M, is an electron (m,), the rest energy is written by Eq. (2-
10) with an approximation of M, < M, as follows,
M;c? = m,c? = 0.511 (MeV), (2-10)

where c is the light velocity (2.998 x 10® m/s). By adding the relativistic correction, T, given

by the incident electron to the target atom is expressed as,

T, = (211;16) (E+2mec2) E, (2-11)

mec?

where E is incident electron energy (MeV), M is mass of PKA (u).

To understand displacement damage generation by electron irradiation, E; should be
higher than T,,,. The relationship between T and E,; can be explained by,

i) T,,, < E4: No displacement occurs,

ii) T,, = E4: Displacement occurs displaced atoms remain as the Frenkel pairs producing

defects such as displacement loop or voids.
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i) T,, »E; (ie., T > ~1 keV): PKA produce displacement chain reaction to
surrounding atoms, which is called as cascade collision.

The displacement cross-section (a,) for electron-nuclear collision can be measured for
the range of angle between 6,, and m for the quantity of greatest interest in the interpretation

of radiation damage. a,; was evaluated by McKinley-Feshbach formula [65],

_T ,Z{T_m_ _ 2y Im Tnyia oy Tm ]} ]
Oy 4(b) E, 1 ﬁlnEd+na,8 Z(Ed) lnEd 2 |t (2-12)

2Ze?
2

where b’ = — (1 - Y2, a = Ze?/hc, B = v/c, v is velocity of the electron incident on

a nucleus of charge Ze. The g, calculation for O and Ce sublattice in ceria as a function of
incident electron energy will be shown in Chapter 4.

When a charged particle incident to a target material, it loses the kinetic energy through
interaction with the nuclei or electrons in the target matter. The energy loss in a targeted matter
determines the final distribution of defects. The energy loss which is referred to as stopping

power is noted as

S(E)=—%= (- d—E)n +(- d—E)e, (2-13)

dx dx dx

where the total stopping power S(E) is defined as the differential of its energy (E) by the
penetration depth, or —Z—i. The total stopping power is the sum of nuclear (n) and electronic

(e) stopping power. The electronic and nuclear stopping power calculation results for oxygen
ions in CeO; are shown in Figure 2-5. The threshold displacement energy of oxygen ion (Eqd,0)
value was used as 14 eV for this calculation. The left y-axis is electronic stopping power (Se)
and the right one is nuclear stopping power (Sn). The Se showed higher values than the values
of Sy, and the energy loss mostly occurred by Se with the increase of the primary electron energy.
For the thin TEM samples (thickness: ~100 nm), S is negligible for the E ranging of 200 keV

< E <1500 keV as 5 ~ 6 eV, while the think samples for CL measurement (thickness: ~150
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Figure 2-5. Oxygen ion electronic and nuclear stopping power in CeO: as a function of primary
electron energy. The threshold displacement energy of oxygen ion (Ed.0) was 14 eV for this
calculation.

20



CHAPTER 2 THEORETICAL AND EXPERIMENTAL BACKGROUND

um) showed high Se as 8 ~ 9 keV. Despite high Se values for thick samples, the reduction of Se
is dominant only for E <200 keV. Therefore, displacement is mainly depending on the increase

of S versus primary electron energy.

2.5  F center and CL spectroscopy

Defect charge state and electronic structure is important properties of an ionic crystal.
The defects located within band gap cause absorptions and emissions of visible light. This
defect is called F center (Farbe center or color center). F centers are generated in laser-active
metallic oxides. It is formed by as the anion is excited; one or more unpaired electrons are
trapped by the anion vacancy site. F centers are designated according to its charge state, such
as F°, F* or F™* centers by the number of captured electrons of two, one, or zero, respectively.

Figure 2-6 illustrates F centers and Ce ions (Ce®*, Ce*") in ceria. The distribution of
oxidation number of Ce ion around the F center was involved in the charge state of the F center
according to the number of electrons left behind at a vacancy or 4f level [66,67]. The conversion
of F and F* centers is related to the excitation and ionization cross-section, the intensity of
incident electrons, and the number of excited F* centers (F*™) [68]. The energy level of F centers
is ceria was interpreted by photoluminescence spectroscopy, electron paramagnetic resonance
(EPR), and density functional theory (DFT) calculation [69].

Cathodoluminescence (CL) is an optical and electromagnetic phenomenon using pulses
from high-energy electrons (cathode rays) as the means of excitation. The CL emission is
generally collected for imaging or spectroscopy. CL image gives an important information on
different phases, point defects or impurities localization. On the other hand, CL spectroscopy
provides a specific wavelength emitted from impurities and defects in band gap materials

giving its charge number.
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The electron beam for CL measurement is generally produced from an electron
microscope [e.g., SEM, scanning transmission electron microscope (STEM)], electron-prove
microanalysis (EPMA), or cathodoluminescence microscope. These primary electron energies
are generally too high to directly excite electrons. Therefore, the inelastic scattering of the
primary electrons in the target leads to the emission of secondary electrons, and the secondary
electrons excite the electrons with a kinetic energy higher than band gap of the target.

CL emission process can be explained by the electron and hole trapping and de-trapping
in phosphor interaction. At first, the secondary electrons are produced by elastic and inelastic
scattering process. They produce electron and hole pairs and give rise electron and hole
trapping at defects or impurities levels in the band gap. The trapped electrons and holes are
excited by primary and secondary electrons. Then, light emitted by radiative decay from
excited states. Finally, the electrons and holes are recombined together, and CL light is emitted.
The CL cross-section (o) can be shown schematically in Figure 2-7 and written as,

Ocr = 0{0¢0,0r, (2-14)
where g; is the ionization cross-section generating free electron hole pairs by elastic and
inelastic collision, o, is the trapping cross-section for thermalized electrons or holes on
electronic levels of defects or impurities, o, is the excitation cross-section of these levels by
primary and secondary electrons, and o, is the radiative-decay cross-section from excites state

[25]. Non-radiative recombination takes place from ground state to the valence band states [70].
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F* center

Figure 2-6. Scheme of F centers, cerium (Ce3*, Ce**) and O% ions in ceria (100) plane.
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CHAPTER 3 EXPERIMENTAL DETAIL

Chapter 3

Experimental detalil

3.1 Introduction

In this dissertation, atomistic and electronic characteristics of radiation-induced
displacements in ceramics and their crystal microstructure evaluation with heavy ion irradiation
were elucidated in a wide range of scale analysis methods to understand the synergetic effect
and Kkinetics of point defects under irradiation. In this chapter, the structural properties of virgin
ceramics before the irradiation, and electron/ion irradiation experimental conditions were
described in detail. Moreover, experimental techniques, for instance, XRD, Raman
spectroscopy, TEM methods, in-situ CL spectroscopy under high-energy electron irradiation,

and experiment conditions operated in this dissertation were described.

3.2  Specimens

Single crystal ceria, polycrystalline ceria and Gd.Oz doped ceria were used in this
dissertation. The single crystal ceria was supplied from Dr. W. J. Weber in Oak Ridge National
Laboratory in USA. The thickness of the specimen is around 1 mm. It was attached to half-disk
shape of tungsten washer in diameter of 3 mm to adjust the specimen. The sample image is

shown in Figure 3-1.

3.2.1 Synthesis
Polycrystalline ceria and Gd2Os doped ceira (Ce1xGdxOz-x2) (0.01 < xgd < 0.5), were
synthesized by solid state method. Ceria and Gd>Os powders were supplied by Rare Metallic

Co., Ltd., with 99.9% of purity. The impurities in ceria were shown in Table 3-1. Ceria and
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Single crystal ceria Polycrystalline ceria

¥ Specimen

N

Figure 3-1. Single crystal and polycrystalline ceria specimen images.
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Table 3-1. Impurities in ceria powder.

Element Concentration (ppm)
Y203 <5
La,0O3 10
PreO11 <5
Nd203 6
Smz03 <5
Euz203 <5
Gd203 <5
ThsO7 <5
Dy,03 <5
Ho203 <5
Er.03 <5
Tmz03 <5
Yb203 <5
Lu2O3 <5

CaOo <5
Fe203 <5
SiO2 <20
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Gd203 powders were ball milled homogeneously with ethyl alcohol for 24 hours. The mixtures
were compacted into a pellet by uniaxial pressure at 30 MPa for 15 minutes to make a
condensed pellet type sample (¢ = 10 mm, t = 2 mm). They were compressed again sealed
in a plastic bag by hydraulic pressure at 150 MPa for 30 minutes. The compacted pellets were
put in an alumina crucible within ceria powder and sintered in the air-atmosphere at a
temperature of 1500 °C for 12 h followed by an additional annealing at 1000 °C for 3 h in the
air. The sintered compact samples have ~95% of relative densities. The sintered samples were
prepared as a disk type for ion irradiation in a diameter of 3 mm and a thickness of 150 pm.
They were polished by diamond slurries in particles size of 9 pm, 3 um and 0.5 um (Masashino
Denshi, inc., MP-1000(W)), and then removed distortion, deterioration layers and fine scratch

marks using colloidal silica (Masashino Denshi, inc.).

3.2.2 Heavy ion irradiation

The thin disk-type samples in thickness of 150 um were irradiated at ambient temperature
with 200 MeV 31Xe'** jons using the Tandem accelerator at Tokai Research and Development
Center, Japan Atomic Energy Agency (JAEA-Tokai) to fluence ranging from 3 x 10! to 1 x
103 cm™. The electronic (Se) and nuclear (Sy) stopping power of the 200 MeV Xe!** ion for
CeO2 and Ceo5Gdos01.75 were calculated with the Stopping and Range of lons in Matter (SRIM)
code [71] with assumptions of displacement energies of 60 eV for Ce, 70 eV for Gd and 30 eV
for O atoms, respectively [9,72]. Initial values of Se at the surface were evaluated to be 27.3
and 26.5 keV nm? for CeO, and CeosGdosO17s, respectively, whereas values of S, at the
surface region were negligible, 0.07 and 0.05 keV nm? for CeO, and CeosGdos01.7s,
respectively, compared to Se. The maximum of S, for CeO> and Ceo5Gdos01.75 is 0.96 and 0.89

keV nm? at a depth of 11.3 and 12.2 um, respectively.
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3.2.3 lon thinning

For the thin-foil sample preparation suitable for TEM observation, the thin disk-type
samples with a diameter of 3 mm were attached to a single-hole molybdenum TEM grid (® =
1.2 um) to keep them from destruction during the dimpling process. The center of the sample
was dimpled using diamond slurries from the opposite side of the irradiated surface, followed
by an ion thinning using an ion-milling system (PIPSII M-695, Gatan Inc.) with 5 keV Ar ion
beams at 8 deg. until a small hole was formed. A dual-beam mode for both side milling was
followed to enlarge the hole size up to ~200 um. Contamination and Ar-ion damaged layers
were finally removed using 0.5 keV Ar ions for 30 min. A thin carbon film was coated on the

irradiated samples to weaken the charge-up effect during TEM observations.

3.3 XRD measurement

XRD experiments were performed at room temperature by an XRD Rigaku. SmartLab®
diffractometer with Cu-Ka (Kaz = 0.15406 nm, Kaz = 0.15444 nm) radiation x-ray source (30
mA, 40 kV) of monochromatic 0-20 scans. The XRD facility is shown in Figure 3-2. XRD
patterns were recorded under continuous rotation from 20 to 90 26 deg. at a step size of 0.01
deg. A part of sintered virgin samples was ground to a powder and was mounted in a glass
holder with a volume of 200 mm?3, and the pattern was obtained with a scan speed of 10 deg.
min.

On the other hand, XRD patterns of ion-irradiated samples were measured with a bulk
type of samples. The Cu-Ka X-ray penetration depth in Ce1-xGdxO2.x2 is 2.26 pum for 90 deg.
[73], while the projected range of 200 MeV Xe!** ions is 11 ~ 12 pm. Therefore, signals from
ion-irradiated samples were generated from the irradiated surface region, including ion tracks
caused by electronic stopping power [71], and the unirradiated layer beneath the ion-irradiated

surface does not influence the XRD patterns. A non-reflective holder, made with single crystal
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Figure 3-2. XRD measurement facility (SmartLab, Rigaku Co.) at the Center for Advanced
Instrumental Analysis in Kyushu University
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silicon in an orientation that does not satisfy the diffraction conditions, was used for holding
ion-irradiated samples of a relatively small size of 3 mm in diameter with a scan speed of 3
deg. min! to enhance the intensity. The XRD patterns from thin disk-shaped samples were also
obtained by the virgin samples in the same measurement conditions to compare the intensity
with those of irradiated samples. The crystal structure of each sample was refined by the
Rietveld method using FullProf suite software [56] based on the split Pseudo-Voigt function,

and the XRD patterns from Cu-Kau radiation were only used for the analysis.

34 Raman spectroscopy

Micro-Raman spectra were recorded at room temperature with 532 nm Nd-YAG laser
excitation in the backscattering geometry using an Invia Reflex® Renishaw spectrometer
coupled with an Olympus microscope containinga x — y — z stage. The TO/LO peak of silicon
wafer was used as a reference spectrum. Spectra were collected between 100 and 1100 cm™ for
virgin Ce1-«GdxO2-x2 samples with a focal spot of 1 x 1 pm? inside a single grain and collected
through a 100 times objective. The laser power was kept below 1-mW to avoid in-beam sample
annealing. Raman spectra were obtained from virgin samples in CEA, France by Dr. Jean-Marc

Costantini.

3.5 Transmission electron microscopy (TEM)

The SAED patterns and bright-field (BF) TEM images were taken by using a
conventional TEM (JEM-2100HC, JEOL Ltd.) in the Ultramicroscopy Research Center (URC)
of Kyushu University at an accelerating voltage of 200 kV. A photo of JEM-2100HC is shown
in Figure 3-3. For the imaging, a parallel beam was used with the opened condenser lens
aperture and spot size 2. A biaxial holder (JEOL EM-31630) was used to tilt the sample up to

+ 38° and £ 30° to x and y-axis, respectively. JEM-2100HC performance is written below.
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Figure 3-3. A conventional TEM (JEM-2100HC, JEOL Ltd.) in Kyushu University.
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® Acceleration voltage: 100, 120, 200 kV
® Resolution: 0.31 nm for point, 0.14 nm for lattice
® Magnification: 1 k ~ 800 k

® Minimum probe diameter: 1~5 um

3.6 High voltage electron microscope (HVEM)

The HVEM (JEM 1300NEF, JEOL Ltd.) of the URC was operated to detect in-situ CL
under high-energy electron irradiation. A photo of JEM-1300NEF is shown in Figure 3-4. A
scheme of it below the acceleration tube system is shown in Figure 3-5. The electrons are
emitted from LaBs filament and accelerated by using the acceleration tube with certain energies.
The intensity of the electron beam and parallel illumination is adjusted by the condenser lens
and irradiated to the specimen. It is possible to observe and record a magnified image of the
specimen on the fluorescent screen if the specimen is very thin where electrons transmit the
specimen. High-resolution imaging by using an Omega-type energy filter, elemental mapping
with SDD XEDS detector, or EELS system are available with the HVEM. The performance of

the HVEM is written below.

® Acceleration voltage: 400 ~ 1250 kV
® Resolution: 0.12 nm for point, 0.10 nm for lattice
® Magnification: 0.2 k ~ 1200 k

® Minimum probe diameter: 1.6 nm
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Figure 3-4. HVEM (JEM 1300NEF, JEOL Ltd.) — CL facility in Kyushu University.
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Figure 3-5. Scheme of JEM-1300NEF below projector lens.
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3.7 Scanning electron microscope (SEM)

SEM produces images of a specimen by scanning a focused electron beam in a vacuum
on a specimen. Secondary electrons, backscattered electrons, x-ray, lights, etc. are emitted from
the specimen during the scanning of the electron beam. The SEM consists of an electron gun
to emit electrons, the condenser lens and scanning coil to scan electrons, the specimen stage to
put and arrange the specimen, detector to detect emitted from the specimen surface. The SEM
(SU6600, Hitachi Ltd.) of the Center of Advanced Instrumental Analysis at Kyushu University
was operated, and it is shown in Figure 3-6. The focused beams of electrons (0.5 ~ 30 keV)
were used from the Schottky emission electron source. The SEM is interfaced with a CL system

(Gatan Inc.) to collect CL spectra. The performance of the SEM is written below.

® Secondary electron resolution: 3.0 nm (1 kV), 1.2 nm (30 kV)

® Reflected electron resolution: 3.0 nm (30 kV)

® Vacuum level: 10 ~ 300 Pa (for low vacuum), ~10** Pa (for high vacuum)
® Magnification: 10 ~ 600 k

® Probe current: 1 ~ 200 nA

3.8 In-situ CL spectroscopy system and measurement conditions
3.8.1 High-energy electron irradiation

The CL emission was collected through an optical fiber probe system, which is installed
near the specimen port in the HVEM as shown in Figure 3-7. An optical fiber probe was used
to correct CL signals, which consist of an optical fiber probe with a 600 pm core diameter and

copper coating, which is designed for high throughput in the 180 ~ 1200 nm wavelength range

36



CHAPTER 3 EXPERIMENTAL DETAIL

Electron E

MonoCl-4 'T <

N\

Detector | i

f~~§~~~ v

Iligle Specimei .

Specimen
port

Figure 3-6. SEM-CL facility view of specimen port with CL detection guide lines and a
detector.
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(ref. 151-AC-AC-UV600, Chiyoda Electronics Co., Ltd). The fiber was inserted through a
small hole in diameter of 2 mm and it was aligned at 44° from the electron beam direction
without any disturbance for TEM observation. CL signals can be collected with the cooperation
of various sample holders and other analyzing tools. CL spectra in the 200 ~ 950 nm
wavelength were recorded with a Czerny-Tuner HAMAMATSU MCA spectrometer (PMA-
12 C10027-1) equipped with a cooled CCD linear image sensor (1024 channels). The
wavelength resolution of the spectrometer was 2 nm. Each spectrum can be taken under the
electron beam.

The electron energy was changed during the CL measurement for 400, 600, 800, 1000,
and 1250 keV. The electron beam-current density was also changed by changing the intensity
of the condenser lens. The electron beam flux (¢) was adjusted in the range from 2.6 x 10% to
7.7 x 10 m?s with a beam diameter of 30 um at the specimen position. The thickness of
specimens is ~150 um for CL measurement for the high number of counts from the electron
irradiation. Therefore, the observation of microstructure using HVEM during CL measurement
is not available. The half disk-shaped sample was used to adjust the shape, size, and current of
the transmission electron beam at the hole in the specimen. The CL spectra were obtained in
the magnification x 10k. The specimen holder was used for a biaxial cooling holder
(GATANG36). The holder was equipped with a liquid-nitrogen cooling stage for temperature
down to about 100 K and up to room temperature (300 K), preventing excessive in-beam
heating of samples and temperature control and regulation. The CL spectra were detected for
30 seconds under electron beam in wavelength raging between 195 and 950 nm. The spectra

were averaged out for 5 recordings and repeated 5 times for high reproducibility.
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Figure 3-7. HVEM-CL facility view of specimen port, CL (optical fiber) probe and detector
and its schematic image [24].
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3.8.2  Evaluation of electron irradiation fluence

A Faraday cup, inserted between the specimen and fluorescent screen was used for
HVEM to adjust electron irradiation fluence. Accurate electron beam current can be measured
with correcting the loss of backscattered electrons and secondary electrons, with a cylindrical
shape of a Faraday cup as shown in Figure 3-8. Figure 3-5 is a scheme of HVEM-CL (JEM-
1300NEF) below projector lens. Rs was obtained by conversion of the diameter of the Faraday

cup and factors below,

1
M

Rs = RFi—Z , (3-1)
where Rg, l,, l,, and M represent diameter of entrance aperture of Faraday up, distance
between cross-over of projector lens and Faraday cup, distance between cross-over of projector
lens and film plane, and magnification of image plane, respectively.

The total number of electrons incident on Faraday cup is equal to the number of
electrons in the electron beam at specimen penetration position. The number of measured
electrons per unit time was determined by dividing the current measured from Faraday cup by
the elementary charge. The irradiation electron beam intensity (¢) can be calculated by

dividing the number of electrons by the area of entrance aperture of Faraday cup as written

below,

I
en(Rs/2)%'

= (3-2)

where I is current value measured by Faraday cup (A), e is elementary charge (1.602 x 10
C). For JEM-1300NEF, Rp=1.00 x 103 m, I,=0.3375m, [,,= 0.8422 m as shown in Figure 3-

5.
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3.8.3 Lowe-energy electron irradiation (MonoCL4 System)

The MonoCL4 system (Gatan Inc.) was used to lead and detect CL emission from the
sample under 20 keV electron irradiation in the SEM. The MonoCL4 system consists of a
parabolic mirror, light guide to use the emitted CL light, detector, and photomultiplier tube to
count photons as shown in Figure 3-9. The parabolic mirror is located to cover the specimen
stage. The CL photons are emitted from the specimen, which is generated by the electron beam
illumination to the specimen after passing through an aperture with 1 mm in diameter. The CL
photons were reflected by the mirror and collected at a detector. The CL photons are collected
through light guide toward to the detector in every wavelength. Particular wavelength of CL
light could be measured locating diffraction grating since dispersion of the light depends on an
angle and variety of the grating.

Electrons with an energy of 20 keV were used in this dissertation. Electron beam current
of I =~1.67 nA was obtained in the magnification x10k. In-situ CL spectra were measured at
monochromatic mode in wavelength ranging from 200 nm to 950 nm in a step size 2 nm and

dwell time 2 seconds.
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Figure 3-8. Faraday cup for measurement of electron irradiation dose installed in HVEM.
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Chapter 4
Development of in-situ CL technique In

ceria under electron irradiation

4.1 Introduction

Ceria is a surrogate of fuels and transmutation targets for a nuclear reactor. Therefore,
understanding the production and growth of radiation-induced defects during irradiation is of
importance for the safe use of nuclear reactors. In this chapter, the point defects production and
its charge states were investigated to understand the kinetics of displacement in-beam state.
For this purpose, the in-situ CL spectroscopy technique was operated during high-energy
electron irradiation using the HVEM. Complementary CL spectra were also obtained for low-
energy electron irradiation by using the SEM. The electrical configurations of ceria under high-
energy electron irradiation and CL emission from the point defects were evaluated depending

on electron energy temperature.

4.2  Materials and Experimental Procedure

In-situ CL spectra were measured from pure single crystal and polycrystalline ceria
samples under high- and low-energy electron irradiation. A single crystal ceria supplied by Dr.
W. J. Weber of Oak Ridge National Laboratory and the polycrystalline sintered ceria samples
were used in this study. The detail of sample information is described in Chapter 3.

For high-energy electron irradiation, the HVEM-CL facility (Figure 3-7) operated

electron energies from 400 keV to 1250 keV at temperatures of 100, 200, and 300 K.
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Meanwhile, the CL spectra under low-energy electron irradiation were obtained from the
SEM-CL facility (Figure 3-6) at 300 K. The energy was 20 keV which is out of Eqo bound.
All the obtained spectra were fitted with a Gaussian function and the intensity of bands were
integrated to interpret energy and temperature dependence of CL emission. The details of

equipment and experimental conditions are described in Chapter 3.

4.3  Results
4.3.1 Displacement cross-section calculation

The displacement cross-section (aq) in ceria induced by energetic electrons through
elastic collisions was calculated by using SMOTT/POLY computer code [74] based on Eq. (2-
12). The threshold displacement energies (Eq) were assumed based on the reported values of
Eq for Ce (Ed,ce: 44 ~ 58 eV) and O (Eq,0: < 33 eV) sublattices [9].

The calculated total o4 is shown in Figure 4-1. The threshold electron energy to induce
elastic displacement was evaluated where the cross-section exceed 1 barn: those were 150 ~
200 keV for oxygen sublattice (Eo,0) and 1300 ~ 1600 keV for Ce sublattice (Eo,ce), respectively.
These results indicate that the electron irradiation by using a HVEM in the energies range of
400 ~ 1250 keV generates displacement damage only for oxygen sublattice. Therefore, the CL
spectra obtained by using HVEM would include an additional band induced by F centers. On
the other hand, atomic displacement will not be induced with 20 keV electrons. Therefore, one
can hypothesize that the CL spectra obtained using SEM are induced by ionization or natural

defects by energy transfer to electrons at Ce 4f level.
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Figure 4-1. Oxygen and cerium atoms displacement cross section in ceria by electron-nucleus
collisions calculated by SMOTT/POLY computer code [74].
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4.3.2 CL spectra in single crystal ceria

CL spectra under high- and low-energy electron irradiation in single crystal ceria were
obtained. For high-energy electron irradiation, one spectrum was taken under electron
irradiation for 30 seconds at 300 K ~ 100 K, and the spectra were averaged out for 5 recordings
for 400 keV ~ 1250 keV electrons. The spectra were fit with Gaussian profiles. Figure 4-2
shows an example of in-situ CL spectrum for 600 keV electron irradiation together with fitted
curves by Gaussian function. 4 Gaussian bands were appeared at photon energies of 1.6 eV,
2.4 eV, 2.9 eV, and 4.2 eV with full-width at half-maximum (FWHM) of 0.4 eV, 0.8 eV, 0.5
eV, and 1.1 eV, respectively. A sharp and intense unresolved line was seen at 1.79 eV (probably
R-lines of Cr®* impurities). Cr3* exhibits narrow-band emission at around 700 nm because of
spin-forbidden 2E—*A, transition or broadband emission ranging from 650 nm to 1600 nm
because of the spin-allowed *T>—*A; transition [75] and a small doublet at 1.73 ~ 1.75 eV, and
another broader impurity line at 1.85 eV were observed.

CL spectra were also measured for electrons with 20 keV at a constant beam current of
1.7 nA at room temperature, and they are shown in Figure 4-3. The CL band characteristics for
20 keV electrons are described in Table 4-1. Only one broad CL band at 2.4 eV was observed
and this band was divided into two bands at 2.37 eV and 2.84 eV by Gaussian fitting.

For high-energy electron irradiation, CL spectra were measured at different electron
energies of 400, 600, 800, 1000, and 1250 keV at constant beam-flux of 3.8 x 10?! m2s, The
CL spectra were obtained by averaging out the recordings after 0 ~ 150 seconds at 300, 200,
and 100 K as shown in Figure 4-4. Further, the average CL band characteristics in single crystal
ceria were summarized in Table 4-1 for electron irradiation with 400 keV ~ 1250 keV. The CL
intensity for F* center band is dependent on electron energy, and it showed a maximum at 600

keV electrons.
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4.3.3 CL spectra in polycrystalline ceria

CL spectra under high- and low-energy electron irradiation in polycrystalline ceria were
obtained. For high-energy electron irradiation, one spectrum was taken under electron
irradiation for 30 seconds at 300 ~ 100 K and the spectra were averaged out for 5 recordings
for 400 keV ~ 1250 keV electrons. The spectra were fit with Gaussian profiles. Similar to the
spectrum with 600 keV electrons [Figure (4-2)], spectra with 400 keV ~ 1250 keV electrons
were fitted with 4 Gaussian bands, which were recorded at photon energies of 1.6 eV, 2.1 eV,
2.7 eV, and 4.2 eV with full-width at half-maximum (FWHM) of 0.4 eV, 0.8 eV, 0.6 eV, and
1.2 eV, respectively. A sharp and intense unresolved line was seen at 1.79 eV (probably R-
lines of Cr®* impurities [75]) and a small doublet at 1.73 ~ 1.75 eV and another broader impurity
line was observed at 1.85 eV.

CL spectra were also measured for electrons with 20 keV at a constant beam current of
1.7 nA at room temperature, and they are shown in Figure 4-3. The CL bands characteristics
for 20 keV electrons are described in Table 4-2. Only one broad CL band at 2.5 eV was
observed and this band was divided into two bands at 2.35 eV and 2.80 eV by Gaussian fitting.

For high-energy electron irradiation, CL spectra were measured at different electron
energies of 400, 600, 800, 1000, and 1250 keV at constant electron beam-flux of 3.8 x 102 m-
25, The CL spectra were obtained by averaging out the recordings after 0 ~ 150 seconds as
shown in Figure 4-5. Further, the average CL band characteristics in polycrystalline ceria were
summarized in Table 4-2 for electron irradiation with 400 keV ~ 1250 keV. The CL intensity
for F* center band is dependent on electron energy, and it showed a faint maximum for 600

keV electrons.
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Table 4-1. CL band characteristics and defect assignments for the ceria single crystal samples.

Band center (eV) FWHM (eV) Defect
HVEM (300 K) 4.2 1.1 F* center

2.9 0.5 Ce™"|

2.4 0.8 Ce*

1.7 0.4 Impurity
HVEM (200 K) 4.2 1.2 F* center

2.9 0.5 Ce™"

2.5 0.9 ce*

1.6 0.4 Impurity
HVEM (100 K) 4.2 1.1 F* center

3.0 0.4 Ce*|

2.6 0.9 ce*

1.6 0.5 Impurity
SEM (300 K) 2.7 0.7 Ce

2.3 0.6 ce*
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Table 4-2. CL band characteristics and defect assignments for the ceria polycrystalline samples.

Band center (eV) FWHM (eV) Defect
HVEM (300 K) 4.2 1.2 F* center

2.7 0.6 Ce®

2.1 0.8 Ce*

1.5 0.4 Impurity
HVEM (200 K) 4.3 1.3 F* center

2.9 0.5 Ce™"

2.2 0.9 ce*

1.7 0.6 Impurity
HVEM (100 K) 4.3 1.4 F* center

2.8 0.7 Ce*|

2.1 0.7 ce*

1.6 0.6 Impurity
SEM (300 K) 2.8 0.7 Ce

2.4 0.6 Ce*y
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Figure 4-2. Assignment of CL bands at 300 K of the ceria single crystal for 600 keV electron
excitation. Dotted, dashed, and dotted-dashed lines are fitted spectra and solid line is the
Gaussian curve used for fits of spectrum.
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Figure 4-3. CL spectra at 300 K of the ceria single crystal and polycrystalline sample for 20
keV electron excitation. Dashed and dotted lines are the fitted spectra and solid lines are the
Gaussian curves used for least-square fits.
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Figure 4-4. CL spectra at (a) 300 K, (b) 200 K, and (c) 100 K of the ceria single crystal sample
for electrons of variable energy at fluences of 5.74 x 102 m. Dashed lines are the fitted spectra
and solid lines are the Gaussian curves used for least-square fits.
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Figure 4-5. CL spectra at (a) 300 K, (b) 200 K, and (c) 100 K of the ceria polycrystalline sample
for electrons of variable energy at fluences of 5.74 x 102 m. Dashed lines are the fitted spectra
and solid lines are the Gaussian curves used for least-square fits.
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4.4  Discussion

CL in oxides is emitted by thermalized secondary electrons (SEs) and holes generated by
elastic and inelastic collisions with energetic electrons [70]. The CL signal is usually
proportional to the volume density of the carriers, and it is produced during the trapping of
these thermalized SEs by defect and impurity levels in the band gap [68,76]. It indicates that
CL emission in thin samples is not proportional to the energy of primary electrons since they
are mostly transmitted through the targets as indicated by simulations by the ESTAR code [77]
(Table 4-3).

The extrinsic CL is assumed that it results from electronic excitation and radiative decay
from the defect and impurity levels by thermalized SEs [70]. At 300 K, most shallow levels
created by impurities and defects are fully ionized while deep levels created by charged point
defects are partially filled. The CL cross-section consists of four independent steps as described
in Eq. (2-14) i.e. (o¢, = 0;0:0.0,) [70]. Trapping of thermalized carriers may also occur
directly on excited states rather than on the ground state of the defect levels. In that case, the
CL process is reduced to three steps only. Thermal quenching by phonon-assisted non-radiative
channels reduces the CL yield at a high temperature [78,79]. For the temperature effect in CL
intensity, o, increases with temperature, whereas o, decreases with temperature [70]. However,
the quenching effect by other non-radiative decay to the defect and impurity levels is still
puzzling and difficult to explain in detail [79]. The radiative decay of exciton across the band
gap is quenched at a high temperature (< 55 K) which can be assumed as intrinsic CL emission
[78]. The CL spectra at 5.5 ~ 6 eV were not observed in ceria which was deduced by EELS

[80,81].
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4.4.1 Analysis of CL spectra

The CL spectra observed in this study showed three broad bands. These bands were
centered at photon energies of around 1.6 eV, 2.1 ~ 25 eV, 2.8 ~ 3.0 eV, and 4.2 eV.
Interpretation of the CL bands was referred to the literature of PL data in ceria, although they
suggested various energy levels for each defect. For example, Askrabi¢ et al. assigned the PL
band centered at 1.7 eV results from the charge transfer transitions from F* centers (V) to the
oxygen 2p states, and the band at 2 ~ 2.5 eV is F%/F* centers [69]. Alternatively, the same bands
at 2 ~ 2.5 eV were associated to 5d* — 4f* transitions of Ce3* ions in non-stoichiometric nano-
crystalline ceria (nc-CeO.) by Maksimchuk et al. [82]. Generally, PL bands at ~2 eV are
considered to attribute to Ce** luminescence, for example in the case of YAG: Ce*" [83] and
ZrO,: Ce3* [84]. Finally, the bands at 3.1 ~ 3.15 eV were ascribed by Morshed et al. to 4f —
2p charge transfer transitions for CeO> films on a silicon substrate [85] and nc-CeO> [82]. Also,
the band at 2.9-3.0 eV was also assigned by Askrabi¢ et al. to charge transfer transitions from
the F** center (V) level to Ce3* (4f') for nc-CeO, [69]. The emission band at 3.18 eV in
Lu,SiOs:Ce* (LSO: Ce®*") was attributed to Ce3* in Lu site by Suzuki et al. [86]. However, Jia
et al. suggested two PL bands for each Ce®* level for LSO: Ce®* by ab initio calculations; Ce3*
in a crystallographic site occurs at higher photon energy (~ 3.2 eV) than that of a Ce®* adjacent
to an oxygen vacancy (~ 2.6 eV) [87].

It seems confusing with the variety of interpretations, but it was overlooked that two Ce**
ions are connected with two O% ions as shown in Figure 4-6. Let us consider a cluster of neutral
oxygen vacancy (V&) at one oxygen site connecting the two Ce** ions (Ce**-VZ-Ce**) where
the other connecting O ion is not shown in the cluster for clarity. According to first principle
calculations, the two electrons of V& are primarily localized on the two Ce** ions that are next

to each other, generating a Ce3*-V;-Ce®* cluster with more than 0.9 electrons localized on each
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Ce and just around 0.1 electron remaining on the vacancy site [88]. The high electron density
at cerium sites promotes the interpretation of CL data in terms of Ce3* optical transitions rather
than Vo-type (or F-type in spectroscopic notation) transitions, notwithstanding the partial
electron delocalization. As a result, it can be taken into consideration that the various electronic
configurations of the neutral oxygen vacancy V{5, described in terms of a Ce**-VZ-Ce** cluster
rather of adopting the description of oxygen vacancies in terms of F, F* and F?* centers.
Thereby, three different electronic configurations for this cluster can be assumed
considering the electro-neutrality, leading to two or three types of Ce®* ions (Figure 4-6): (i)
Neutral configuration (Ce3*-V;-Ce®") with two neighboring Ce®*" ions, (ii) One positive
configuration (Ce3*-V;-Ce**) with the other electron trapped in the form of a Ce®* at undistorted
substitution location further from the vacancy, and (iii) Two positive configuration (Ce**-V;-
Ce*") with the two electrons trapped at two undistorted Ce®* sites farther away from the vacancy.
Configurations (i), (ii) and (iii) correspond to the F center (V), F* center (V) and F?* center
(Vg), respectively. In configurations (i) and (ii), CL detects only the Ce®** ions where the
compensating electrons are trapped. Only the Ce3* ions in configurations (i) and (ii) where the
compensating electrons are confined are detected by CL. As will be explained later, in the case
of configuration (iii), CL comprises both the emission of Ce3* and of a traditional F* center.
In the present results, two broad CL bands were fitted regardless of primary electron
energies centered at 2.1-2.5 eV and 2.7-3.0 eV with FWHM of ~0.5 eV at 300 K (Figures 4-3
~ 4-5). For the polycrystalline sample, they have more intense emission for Ce3* ions in than
in the single crystal. Those two CL bands arise from spin and parity-allowed 5d* — 4f electric-
dipole transitions with large oscillator strengths. The 4f* (°F) level of Ce3* is split into 2Fs/, and
2F71, sub-levels by the spin-orbit coupling interaction, with an energy difference of ~0.25 eV
(~2,000 cm™) [89-93]. The spin-orbit coupling is shown in Figure 4-5 (c) with the red arrows.
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It might be tempting to attribute the two prominent CL bands to the two 5d* — 4! (?Fzs2, 2Fsp2)
transitions. However, there are several arguments against this interpretation. In the case of the
polycrystalline sample: a) the splitting of 0.5 eV at 300 K to 0.9 eV at 100 K between these
bands is larger than the theoretical value 0.25 eV for the spin-orbit splitting of Ce®"; b) the
observed splitting increases from 0.5 to 0.9 eV, whereas the spin-orbit coupling should be
independent of temperature; c) the low energy CL band shifts to lower temperature (2.3 to 2.0
eV) upon decreasing the temperature from 300 K to 100 K; d) the intensities of the two
transitions differ by a factor ~5 (~1.5 for the single crystal).

Cei (2.8 -3.0eV) and Cey (2.1 — 2.5 eV) are assigned to the two types of CL bands from
Ce3* emitting centers compared to the empirical and theoretical analysis in LSO: Ce®" [87].
The CL band Ce can be attributed to a Ce®" at an unperturbed crystallographic site of CeO,
and the CL band Cey to a Ce®* adjacent to an oxygen vacancy. These CL bands have two
characteristics that support this interpretation: a) the low energy CL band (~2 eV) exhibits a
temperature quenching effect as it is weaker at 300 K than at 100 K (Figure 4-5 (c), marked
with arrows in red color), suggesting that the band ~3 eV may be composed of two components
separated by about 0.25 eV, corresponding to the spin-orbit splitting of Ce®". These two
characteristics were also seen in LSO:Ce3" [87] for Ce®*" at an undistorted crystallographic
position and for a Ce®* next to an oxygen vacancy, respectively. Assuming a 5.5 ~ 6 eV energy
gap between the conduction band (Ce-5d) and the valence band (O-2p), the schematic energy
levels of Ce; and Ce; centers are shown in Figure 4-8 [80,81,93,94]. In Figure 4-6,
configurations (ii) and (iii) of the oxygen vacancy correspond to the Ce, center (2.8 ~ 3.0 eV),
attributed to a Ce®* at an undistorted crystallographic site, while configurations (i) and (ii) of
the oxygen vacancy correspond to the Cey center (2.1 ~ 2.5 eV), attributed to a Ce®* adjacent

to an oxygen vacancy.

60



DEVELOPMENT OF IN-SITU CL TECHNIQUE IN CERIA UNDER
CHAPTER 4 ELECTRON IRRADIATION

The broad CL emission band around ~4 eV was observed for 400 keV ~ 1250 keV
electron irradiation (Figures 4-4 and 4-5) unlike 20 keV (Figure 4-3). The broad 4.2 eV band
is more intense in the single crystal (Figures 4-4) than in the polycrystalline sample (Figures
4-5). It is also represented in Figure 4-2 for the CL spectrum of the single crystal irradiated at
the electron energy of 600 keV. Previously, the F* center for sapphire (a-Al.O3) and YSZ were
assigned to similar CL bands with centers at 3.8 eV and 4.1 eV, respectively [25,70]. The
schematic model of oxygen vacancy (Figure 4-6) suggests that the 4.2 eV band could be related
to configuration (iii), in which the vacancy is represented by an F?* center (V) and two nearby
Ce** ions. As a result, this center loses the Ce** feature. The 4.2 eV band may be the result of
an electron being captured by the vacancy (the Ce**-V;-Ce** cluster) and emitting from the F*
center. The caught electron is concentrated just before emission on the oxygen vacancy site,
which corresponds to an excited F* core, at the center of this symmetric cluster. The Frank-
Condon principle states that during the emission, the electron is still localized at the Vo site.
This final state corresponds to an unrelaxed (transient) state of the F* ground state. Immediately
after the emission, the electron is then shifted to one of the two Ce**, giving a Ce3*-V;-Ce**
cluster. This center corresponds to the relaxed state of the F* center. The F* center CL emission
is described in a schematic configuration as shown in Figure 4-7. Almost all of CL bands have
a FWHM of about 0.5 eV, except for the 4.2-eV band having a width of ~1 eV as the other F*
centers in sapphire and YSZ [25,36,70,95]. The assignment of the CL bands is summarized in
Figure 4-8 and Tables 4-1 ~ 4-2.

For the previous EPR results, information only for the Ce3* were observed after electron
irradiation without detection of F* center [96]. However, CL showed F* center emission at 4.2
eV during irradiation which indicates relaxed state of F* center has a short lifetime and the

electron is immediately transferred to ground state of Cey forming the Ce®**-V;-Ce** cluster.
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Moreover, it suggests that relaxed state of F* center located a higher energy level from the
valence band (~1.8 eV) than that of Cey, which is corresponding to the first principle
calculations results suggested by Han et al., that Ce 4f sate is located at ~1.4 eV from the
valence band [88]. A schematic diagram of energy level in ceria is proposed in Figure 4-8.

In addition, the CL band at 4.2 eV was not observed in both single and poly crystal
samples for 20 keV electron irradiation (Figure 4-3). The oxygen atom displacement cross-
section [97] was calculated by using SMOTT/POLY code [74,98] devised for polyatomic
targets (Figure 4-1). These calculations take into account the primary electron-nucleus
collisions and small atomic displacement cascade contribution, and the admitted value of
threshold displacement energy of Eqo = 35 eV based on the upper boundary value (33 eV)
deduced from experiments at the HVEM [74]. Note that molecular dynamics simulations gave
smaller values of 27 eV [9], and 20 to 35 eV [99]. A larger value of Eq.ce = 58 eV is admitted
for cerium [74]. Our data show that oxygen displacement by elastic electron-nucleus collisions
can only occur for electron energies higher than ~200 keV [97]. This explains the lack of 4.2
eV CL band in CeO: irradiated by 20 keV electrons (Figure 4-3). However, it must be noticed
that the Ces (~2.7 eV) and Cey (~2.3 eV) CL bands are present even after 20 keV electron
irradiation and may originate from two possible processes: (a) excitation of Ce®" at lattice
position (Ce) and Ce** adjacent to preexisting oxygen vacancies (Cen), and (b) the production
of oxygen vacancies in configurations (i) and (ii) by electronic excitations. Hypothesis (b) is
not totally unlikely as the inelastic stopping power (—dE/dX)inel is 4 to 6 times larger for 20 keV
electrons than for 400 keV to 1250 keV, where it is nearly constant (Table 4-3).

The 4.2 eV band is substantially smaller in the sintered sample than in the single crystal
(Figures 4-4 ~ 4-5) when their CL spectra are compared, regardless of temperature, whereas

the Ce®*" ion signal is stronger even though the sintered sample is thinner. Due to the short
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lifetime of the excited state and low temperatures, this effect cannot result from defect diffusion
to the grain boundaries of the sintered sample, as could be expected. The contaminants [79,100]
separated at grain boundaries may be more closely related to athermal non-radiative channels.
Because of thermal quenching at temperatures of 100 K and above, the emission lines of these
contaminants could not be seen. Such a reduction could potentially be caused by the prompt
recombination/annihilation of oxygen Frenkel pairs at grain boundaries.

Finally, a 3d-transition element impurity, such as Ti** in sapphire [68,76], is likely the
cause for the rather broad CL band at 1.7 eV (FWHM = 0.4 eV) observed for high energy
electron irradiation (Figures 4-4 ~ 4-5). This band has previously been observed for oxide
systems with different band gap energies [25,70]. The extremely narrow peaks in this 1.7 eV
band are caused by Cr3* impurities in oxide hosts and their 2E - *A, emission bands (R1. lines)

[63].

4.4.2 Effect of electron energy

Diffusion and recombination processes at the surface of excess free minority carriers
were taken into account to model the electron-energy dependence of the CL signal in the case
of semiconductors, where the effect of electron energy was previously addressed for low-
energy electron excitations (E < 40 keV) of n-doped GaAs in a SEM [101,102]. The depth
dependence of the light emission yield brought on by self-absorption results in a maximum. In
the presence of a dominant surface recombination, the maximum changes to a higher voltage
[102]. The primary electrons are shot through the targets in the current work on CeO2, however,
and the secondary electron distribution can be thought of as homogeneous across the sample
thickness regardless of the source electron energy [70]. Unlike to low-energy electron

irradiation of semiconductors [101], the maximum in CL intensity (Figure 4-9) cannot result
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Figure 4-7. Schematic configuration coordinate representation of the F* center emission. The
site of the unpaired electron is represented in red.
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Figure 4-8. Sketch of electronic levels in the band gap of ceria possessing oxygen vacancies.
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from inhomogeneity of the depth profile of secondary electrons and drift of excess carriers to
the insulator surface.

For the various primary electron energies, little variation in cross-sections was seen at
low cut-off energies (Es = Ecut) values [70]. This translates into minor variations in (dE/dX)inel
(Table 4-3), which are mostly driven by the input of low-energy secondary electrons [103].
Noting that (dE/dx)iner has its minimal value in this energy range (400 keV ~ 1250 keV), the
highest CL intensity as a function of primary electron energy (Figure 4-9) cannot be explained
by the minor fluctuations in (dE/dX)inel by just 10 % (Table 4-3). As a result, between 400 keV
and 1250 keV, the sample produces almost the same amount of electron-hole pairs [104].

Ecut, which is the energy corresponding to an electron range equal to the sample thickness
as calculated by the ESTAR computer code [77], was utilized as previously to choose the range
of efficient secondary electrons yielding the maximum light emission yield. This number is
obviously higher for the single crystal that is 0.5 mm thick (Ecut = 600 keV) than it is for the
sintered sample that is 150 um thick (Ecut = 250 keV). According to calculations of the survival
probability of secondary electrons inside a 150 um thick YSZ target vs Es for E = 400 keV and
E = 1250 keV, secondary electrons' spatial distributions were used to support this rough
approximation [70].

However, we anticipate that the excitation cross-section (a,) will decline more quickly
than the main electron energy. Upon electron irradiation up to 1 GeV above a maximum at low
energy (< 100 eV), this type of decline was in fact seen for the apparent cross section for
fluorescence of molecular levels of nitrogen N2 [105]. Such phenomenon is also possible when

a secondary electron is trapped on an excited state rather than the defect level's ground state.
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Moreover, the displacement cross-section (g;) should increase with the CL integrated
intensity (I, ) for point defects caused by elastic collisions. We therefore suppose that /., can
written as follows

Iy = Kocp0o4, (4-1)
where K is a constant that includes all elements of the experimental setup and conditions.
According to the presumption, the cross-section for electron/hole trapping can be roughly
calculated as (E — Eo)P, for E > Eo, where Eg is the electron energy threshold for atomic
displacement. However, it is possible to believe that o, just depends on temperature and not
directly on E as a characteristic of the defective electronic levels [70]. On the other hand, the
radiative decay cross-section (a,) decreases with E, since the luminescence can be quenched
by increasing the point defect concentration [79,100]. Therefore, a dependence of E~%stands
for the product of g, and o,.. Thus, the primary electron energy dependence of I, can be
surmised as

I, = KE™*(E — Ey)P, (4-2)
where K’ is another constant. A strong decay of I, versus E due to a large o exponent is
required to counteract the steep increase of the total displacement per atom (dpa) induced inside
a 150 um thick sample by the primary electrons and the secondary electron cascade versus E.
Due to the lesser Eq4 value of oxygen atoms (35 eV) compared to cerium atoms (58 eV), those
dpa values solely result from oxygen displacement [74].

Such kind of function yields a maximum of I, versus E for both samples at 300 K
(Figure 4-9) whereas I, is expected to increase steadily if a; is only considered. A limiting
factor must be included to account for this maximum. Least-square fits with Eq. (4-2) give
values of Eo and a and 3 exponents for the various bands (Table 4-4). The value of Eq ~400
keV for the F* center 4.2 eV band of the single crystal and polycrystalline sample at 300 K is
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rather consistent with the data of oxygen displacement by elastic electron-nucleus collisions.
The threshold Eo value is comprised of between 200 keV and 400 keV in agreement with the
CL data. The o exponent (~2) agrees with previous results for F* center bands in sapphire and
YSZ single crystals with values of ~3 [70]. A smaller exponent (~0.6) is deduced for the 4.2
eV band of the polycrystalline sample at 300 K (Table 4-4). The behavior of CL bands assigned
to the luminescence of Ce3* at 300 K is quite similar for both kinds of samples with o exponents
of ~1.5 (Table 4-4). Fitted parameters for the polycrystalline sample at 100 K and 200 K show
similar consistent data versus electron energy. The behavior of CL bands related to Ce®*
luminescence at 300 K show that these ions are definitely produced with a similar threshold
electron energy as the F* centers by charge compensation of the 2+ oxygen vacancies for the
high-energy electrons. In contrast, the same CL bands for the 20 keV electron excitation likely
derive from ionization effects [106].

Such an analysis, however, is not applicable to the F* center data of the single crystal at
100 K and 200 K, which indicate a constant increase against electron energy above the Eo 400
keV threshold energy rather than a maximum [Figures 4-9 (b-c)]. The 100 K values are
extrapolated linearly to get an Eo value of about 100 keV [Figure 4-9(c)]. It appears that Eq.
(4-2) is solely left with the (E — Eo)? a term for o,;. According to Draeger et al., the increase in
I, is roughly in line with the rise in d from 400 keV to 1250 keV [97]. Table 4-4 contains the
three bands' fitted values.

The relationship between an increase in electron energy and a drop in temperature
depends on the corresponding evolutions of o, and a,: reducing the sample temperature can
result in either a maximum or an ongoing increase in I, . This is comparable to the temperature
effect, which produces either a maximum or a continuous increase for a given electron energy
[70]. Remember that o, decays with temperature owing to thermal quenching, as was
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Table 4-4. Fitting parameters for the electron-energy dependence of CL bands of ceria

Temp. Crystal Band Eo(MeV) | « b
42 eV F~ center 399 2.20 0.37
Single 29eV Ce’; 396 1.39 0.39
24 eV Ce’ g 306 1.11 0.39
300 K
42 eV F~ center 388 0.61 0.37
Poly 2.7eV Ce’™, 308 141 0.25
2.1eV Ce’ g 398 1.57 0.25
42 eV F~ center 287 0 0.36
Single 29eV Ce’, 250 0 0.34
25eV Ce’ 7y 250 0 0.34
200 K
43 eV F~ center 385 0.67 0.38
Poly 29eV Ce’ 375 0.96 0.27
22eV Ce’ g 375 1.23 0.27
42 eV F~ center 355 0 0.36
Single 3.0eV Ce’™, 371 0 0.45
2.6eV Ce’ 7y 340 0.03 0.43
100 K
43 eV F~ center 396 1.22 0.32
Poly 28eV Ce’; 397 1.10 0.28
2.1eV Ce’ g 387 041 0.28
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Figure 4-9. CL integrated intensities of the CL bands at (a) 300 K, (b), 200 K, and (c) 100 K
versus electron energy for the ceria single crystal (full symbols) and polycrystalline sample
(open symbols). Each set of data was recorded for a similar flux and fluence. Solid and dashed
lines are least-square fits with Eq. (4-2) for the single crystal and polycrystalline sample,

respectively.
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previously mentioned [70,78,79,100]. According to the fits, this implies that the exponent
should be temperature dependent (Table 4-4). This could explain why a maximum is observed
in the sintered sample for a distinct thermal quenching behavior of the luminescence, whereas
an almost linear increase of I, for F* centers is observed in the single crystal at 100 K and 200

K.

45  Conclusions

In an HVEM, the CL of cerium dioxide was investigated for electron energies ranging
from 400 keV to 1250 keV at 100 K, 200 K, and 300 K, as well as for 20 keV electrons at 300
K in a SEM. Only the high-energy electrons (> 200 keV) show a broad, noticeable CL band
that is centered at photon energy of 4.2 eV, whereas all electron energies show smaller bands
at 2.3 ~ 2.6 eV and 2.8 ~ 3.0 eV. The emission of F* centers due to elastic electron-nucleus
collisions over a threshold electron energy equivalent to the oxygen displacement energy is
attributed to the 4.2 eV band. The charge compensation of oxygen vacancies for the high-
energy (400 ~ 1250 keV) electrons and ionization effects for the low-energy (20 keV) electron
excitation with a larger inelastic stopping power are attributed to the lower energy CL bands,
respectively. At 100 K and 200 K, similar spectra are obtained, but with larger and slightly
shifted emission bands. Regardless of temperature, the effects of grain boundaries cause the F*
center CL signal for the polycrystalline sample to be weaker than the single crystal under the
identical circumstances. The interaction between the oxygen displacement cross-section and
the luminescence cross-section is used to explain the dependency of CL integrated intensities

as a function of primary electron energy for both types of targets.
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Chapter 5
Microstructure and radiation response of

ceria and Gd>O3 doped ceria

51 Introduction

The point defects are important for lattice stability and subsequent damage
accumulation/annihilation [107]. The trivalent doped ceria, such as Gd.Oz doped ceria,
generates oxygen vacancies for the compensation of charge neutrality, and the oxygen
deficiency of Gd.Oz doped ceria is generally higher than pure ceria. In the nuclear reactor,
Gd>03 dopant concentration in Gd203-UO: fuel is not high (i.e., < 6 Gd at% for BWR and <
14 Gd at% for PWR). However, the concentration of natural oxygen vacancies is mainly
controlled by dopant concentration, and knowledge of the radiation response in high- and wide-
concentration of Gd.0Os doped ceria is rather limited. In this chapter, the microstructure of
virgin and heavy-ion irradiated Gd.O3 doped ceria (Ce1xGdxO2-x2) was evaluated in a wide
range of Gd dopant concentrations (0 < Xed < 0.5) to gain insight into the fundamental
understanding of radiation response in oxygen-deficient ceramics. For this purpose, a variety
of analytical techniques with a wide-scale range was operated, such as XRD, micro-Raman

spectroscopy, and TEM.

5.2  Materials and Experimental procedure
Sintered CeO and Ce1.xGdxO2-x2 (0.01 < xgd < 0.5) were used in this chapter and the
details of sample preparation methods were described in Chapter 3. The virgin samples were

analyzed by XRD measurements in powder type and thin bulk samples prepared from the same

73



MICROSTRUCTURE AND RADIATION RESPONSE OF CERIA AND
CHAPTER 5 GD203 DOPED CERIA

bulk sinters. Raman spectroscopy and TEM observation were also utilized with bulk samples.
The thin bulk samples were irradiated at ambient temperature with 200 MeV 1Xe** jons from
the JAEA-Tokai to fluence ranging from 3 x 10! to 1 x 10 cm™. They were also analyzed by
XRD and TEM observation. The details of experimental conditions are also described in

Chapter 3.

53  Results
5.3.1 Virgin samples

Figure 5-1 shows the powder XRD patterns of sintered virgin Ce1.xGdxO2-x2 (Xed = 0,
0.01, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5) samples and unsintered as-received Gd.Os powder. For
low Gd concentrations (Xed < 0.3), the samples exhibit a single F-type structure, as same as
CeO:. As the Gd»0O3 doping concentration increases, the C-type characteristic peaks start to be
detected from xcq = 0.4, and the intensity of the C-type peaks is increased at X4 = 0.5, as shown
in the inset magnified figure in Figure 5-1.

Examples of Rietveld refinement results are shown in Figures 5-2(a) and 5-2(b) for CeO>
and Ceos5Gdos01.75, respectively. The analysis revealed that a sintered CeO, sample has the F-
type structure and Ceos5Gdos01.75 has both the F-type and C-type structures by Gd»Os doping.
The Rietveld refinement’s goodness of fit (x?) was defined as the ratio of the expected (Rexe)
to weighted (Rwe) R-factors as ¥? = (Rwe/Rexp)?. The Rwe, Rexe, and %2 results for all virgin
powder samples are summarized in Table 5-1. CeO; and Ce1.xGdxO2-x2 samples with values of
Xad in the range of 0.01 < xgg < 0.3 were refined only using the Fm-3m phase since the C-type
characteristics peaks did not appear in the patterns, while CeosGdo4O1.80 and CeosGdos01.75
samples were refined using two phases of fluorite (Fm-3m) and bixbyite (la-3) structure. The

phase fractions obtained by Rietveld refinement was 71% (fluorite) and 29% (bixbyite) for
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Ceo.6Gdo.401.80 sample, 59% (fluorite) and 41% (bixbyite) for CeosGdos01.75 sample. The value
of ¥? is usually considered reasonable if the value of %2 is less than 1.3 [62]. In the present
analyses, y° is close to 1.3 for samples of 0.1 < xgq < 0.5. However, the values of y? for 0 < xaqg
< 0.05 show slightly higher values than the criterion. This is due to the large number of XRD
counts that may attribute to the increase in the differences between Rexp and Rwe, even with
minor imperfections of fitting in the peak shapes and positions [108].

The lattice parameter (a) and microstrain (&) were evaluated using the Braggs' angles and
full-width half-maximum (FWHM) results derived from the Rietveld refinement [109]. The
lattice parameter for each sample was determined by the Nelson-Riley plot [110]. The lattice
parameter for each Bragg reflection plane of a cubic cell is given by the equation:

Apg = AVhZ + k2 + 12, (5-1)
where d is the d-spacing obtained from the Braggs’ equation, hkl the Miller indices of the
crystal. The Nelson-Riley function £ (8) is given by:

f£(6) = (cos?6/sinf) + (cos?8/0), (5-2)
where 6 is the Braggs’ angle. The lattice parameter for each sample was calculated from the y-
intercept of linear regression on a plot of anw versus f(6), as an example shown in Figure 5-
3(a). The evaluated lattice parameter is plotted in Figure 5-4 as a function of Gd concentration
with error bars representing the standard deviation of the linear regression fitting results. The
results show that the lattice parameter based on the F-type structure Miller indices (ar-type)
increases from 0.5411 to 0.5430 nm for 0 < Xgq < 0.3, and saturates to 0.5432 nm for Xgq > 0.3.
In addition, the lattice parameters for xc¢ = 0.4 and 0.5 samples were calculated using the
Nelson-Riley plot based on the C-type structure Miller indices (ac-yype). The lattice parameter
for the C-type structure is double of the F-type structure. Hence, the ar.type for xcq = 0.4 and

0.5 is almost similar to half of the values of ac-type (i.€. ar-type = 1/2ac-type).
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The theoretical lattice parameter (avegard) Was deduced from Vegard’s law based on a

model of rare-earth (RE) doped CeO> [111], which is given by:

aVegard = 4’/\/§[deer + (1 - de)rCe + (1 - 0-25de)rO +
(5-3)
0.25x6q47v, | X 0.9971,

where the ideal ionic radius of Gd®* (rgq), Ce*" (rce), O (o), and Vo (rv,,) are assigned to
7Ga= 0.1053 nm, 7¢. = 0.0970 nm, ro = 0.1380 nm, and ry, = 0.1164 nm, respectively. The
constant 0.9971 is a ratio of the actual lattice parameter of CeO, from the JCPDS card (0.5411
nm) to the calculated lattice parameter derived from the ionic radii of Ce3* and 0% (0.5427 nm).
The ry,, for RE doped CeO; is 0.1164 nm regardless of dopant cation concentration and radius
[111]. The calculated avegard is Shown as a solid line in Figure 5-4, which fairly coincides with
small discrepancies (Aa < 0.0001 nm) for 0 < xgd < 0.3, and deviates from the data due to the
saturation.

The microstrain can be derived from Braggs’ angle and FWHM of the diffraction peaks
from XRD refinement results [109]. The microstrain is estimated by the y-intercept
extrapolation and the slope of the Williamson-Hall [$ cos & = KA/D + 4¢sin 8] and Halder-
Wagner [(8/tan8)? = (KA/D) - (B/ tan 8 sin 8) + 16&?] plots, where 8 is Braggs’ angle,
is FWHM, K is a shape constant which is taken into 0.94, and A is the wavelength of Cu-Kaoy
radiation (0.15406 nm) [112,113]. The corresponding example plots are shown in Figures. 5-
3(b) and 5-3(c) for a sample of Ceo.8Gdo.2O1.90. The mean values of the microstrain are plotted
against Gd dopant concentrations in Figure 5-4. The values of the microstrain increase with Gd
concentration and show significant relaxation around xcq = 0.2, followed by a constant value
within the experimental errors beyond Xgq > 0.3.

Micro-Raman spectra between 220 and 700 cm™ with fluorescence background

corrections were shown in Figure 5-5. For pure CeO,, a prominent peak at around 465 cm™,
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Figure 5-2. Observed (open circles) and Rietveld refinement calculated (red) XRD patterns of
(a) CeO2 and (b) CeosGdos01.75 with the residuals below (blue). The characteristics (hkl) of
fluorite and cubic plane indices are noticed with Bragg reflection position (green).

79



MICROSTRUCTURE AND RADIATION RESPONSE OF CERIA AND
GD203 DOPED CERIA

CHAPTER 5

0.54295 T T T T T T T
m  Nelson-Riley

0.54290 - Linear fit =
£054285 |- (&) Ce Gy 01 g0
£
ip 0.54280 -
£
@ 0.54275 |
©
Qo
© 054270 i
L
S 054265 4

0.54260 i

054255 1 1 n 1 n 1 " 1 " 1 n 1 1 n

00 05 1.0 15 20 25 30 35 40
cos20/sind + cos6/0
0.0024 T T T T T T
= Williamson-Hall
. n
0.0022 1 Linear fit

(b) Ceg 5Gdg 204 gg

0.0020

BcosB

0.0018

0.0016

0.0014

0.0

45%10° T T T T T

m  Halder-Wagner

5|
4.0x10 Linear fit

3.5x10°

| (c) Ceg5Gdy 204 o0
3.0x10°°

25x10°

B/tang)?

2.0x10°
1.5%x10°
1.0x10°

5.0x10° [ B

0.005 0010 0015 0020  0.025
B/(tan® sing)

0.0
0.000 0.030

Figure 5-3. Examples of plots of (a) Nelson-Riley, (b) Willamson-Hall, and (c) Halder-Wagner
for CeosGdo2O1.90 and the linear regression fits (red line).

80



MICROSTRUCTURE AND RADIATION RESPONSE OF CERIA AND

CHAPTER 5 GD203 DOPED CERIA
0.5440 T T T r T T T T I T I 0.06
L | 8vegard
a,:_type = 0.05
05435 | o 1/2*(8c,1yp¢)
Q { £ 004
£ 05430 F =
o L
Q9 -~ 0.03 —
Q c
£ ©
@ 0.5425 | ..3
o - 0.02 8
: 1B
O 05420 | 1001 2
©
|
- 0.00
0.5415 |
- -0.01
0.5410 . . . . . L
0 10 20 30 40 50
Gd (at%)

Figure 5-4. The lattice parameter (black, blue, left) and microstrain (red, right) in virgin Ces-
xGdxO2-x2 samples as a function of Gd atomic concentration. Dashed and dotted lines are guides

to the eyes. A solid line is the theoretical lattice parameter based on Vegard’s law (@vegard), OF
Eqg. (5-3).
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five narrow satellites (490 ~ 555 cm™), and broad bands at around 250, 330, 365, 410 and 670
cm! were observed. Those peaks were fitted by Lorentzian function at 467 cm, and Gaussian
function at 251, 334, 365, 410, 493, 513, 523, 537, 555 and 670 cm™. The signal at 467 cm™ is
attributed to the Fog symmetric vibration mode of Ce-O bond in 8-coordination (Ce**QOg) in the
F-type structure [114,115]. The five satellites were discussed to native oxygen deficiency with
8-coordination cubes around Ce*" and Ce®*" ions in CeO,«[116-119]. The bands centered at
251 cm™? are assigned to the folded E¢(X) (in directions of [00]) [117,120,121]. The weak and
broad bands at 334, 365, and 410 cm™ are assigned to the folded Eq4(L), Ey(L) and Aig(L) modes,
respectively, in the [(({] directions [121]. The sharp peak at 670 cm™ could be attributed to the
combination mode of the Fog mode (467 cm®) with the Ay, mode (227 cm™) [121].

As a consequence of Gd>Os doping, the F2g mode was broadened, and it merged with the
shifted first satellite (487 cm™) that appeared in the Gd2Oz doped samples. The last four
satellites (513 ~ 555 cm™) were broadened and decayed by Gd>O3 doping, as well as the bands
at 250 ~ 410, and 670 cm™. Meanwhile, new broadband has appeared at 600 cm™ growing with
Gd concentration, which was induced by intrinsic oxygen vacancy formation due to partial
reduction of Ce** ions to Ce®* ions [122].

For samples with high concentration Gd in the range of 0.3 < xgd < 0.5, the latter four
satellites disappeared, while broad bands were newly observed at 265, 375, and 565 cm™, and
they are growing with Gd concentration. The bands at 265 and 565 cm™ were ascribed to the
interaction between the oxygen vacancies and the six next-nearest neighbor O? ions [123]. The
band at 375 cm™ originated from C-type Gd** in 6-coordination [124]. The two bands at 565
and 600 cm™ were merged at Xgq = 0.5.

The microstructure of Ce1xGdxO2x2 Samples was evaluated by conventional TEM.

Figure 5-6 represents SAED patterns from virgin samples of CeO2, CeosGdo.201.90, and
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Figure 5-5. Micro-Raman spectra of virgin Ce1-xGdxO2-x2 samples. Dotted lines are the sum of
Lorentzian or Gaussian fitted curves.
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Ceo5Gdos01.75 taken along the [111] direction. The pure F-type structure reflections (reciprocal
vector: Gg) are seen in the virgin CeO, sample [Figure 5-6(a)]. For the Gd2.0Os doped CeO>
samples, extra spots have appeared at Gr £ {220}*/4 and Gr + {220}*/2, and their intensity
increases with increasing Gd concentration. The extra spots are induced by the formation of
the domain and/or phase of C-type structure in the F-type phase [125], which will be discussed
in section 5.4.1.

In this section, the microstructure in virgin Ce1.xGdxO2-x2 samples was observed against
to Gd>O3 dopant concentration on a wide range of scales. The XRD patterns showed the C-
type structure creation in a high concentration of dopant. The XRD refinement results showed
the saturation of lattice parameters and the relaxation of the microstrain at dopant
concentrations higher than xeq = 0.3. Furthermore, the C-type characteristic Raman band at
375 cm™ appeared for Xgd > 0.3 with the decay and broadening of F2g mode and satellites.
According to TEM-SAED analysis, extra spots at Gr + {220}*/4 and Gr £ {220}*/2 were
observed for Xgd > 0.2. These comprehensive experimental results provide the information on
nucleation-and-growth of the C-type structure in the F-type matrix and a threshold of

gadolinium dopant concentration in CeO> for the microstructure evaluation.

5.3.2 Irradiated samples with 200 MeV Xe!** ions

The microstructure of Ce1.xGdxO2.x2 samples evaluated after ion irradiation at room
temperature. XRD patterns of thin bulk type virgin and irradiated Ce1-xGdxO2-x2 (Xcd = 0, 0.2,
0.5) samples are shown in Figure 5-7 for the 20 angle range corresponding to (331) and (420)
peaks to ion fluence of 3 x 102 and 1 x 103 cm. The XRD profiles were fitted by the Pseudo-
Voigt function based on the fluorite structure. All samples clearly show the F-type structure

peaks, showing that no amorphization was induced by 200 MeV Xe ion irradiation as observed
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in references [126,127]. For the irradiated samples, the C-type XRD peaks were diminished by
irradiation (see the inset in Figure 5-7). Phase transition to the monoclinic structure was not
observed, as reported in an ion-irradiated C-type structure of sesquioxide [128]. In addition,
new asymmetric peaks appeared at approximately 0.1 deg. lower than the F-type structure
peaks of Kai. The asymmetric peaks were grown and broadened with increasing ion fluence
without any splitting of peaks. A new phase reported in reduced CeO,.x samples (CeO1.71 —
Ce0») [129], which is featured by splitting of F-type structure peaks, was not recognized. The
peaks are, therefore, considered to be induced by lattice distortion of the F-type structure by
ion irradiation, and they were assigned to the peak of Damage-Kay hereafter. The Damage-Kou
decays with increasing Gd concentration, and it almost completely disappeared for xcq > 0.3.
The lattice parameters of irradiated samples were deduced from the Koy and Damage-
Ka: peaks using the Nelson-Riley analysis based on the F-type structure. Results are shown in
Figure 5-8 for ion fluence of 3 x 102 and 1 x 10% cm™, together with the lattice parameter of
virgin samples (ar-ype) and the theoretical one (avegard). Both akq1 and apamage-ka1 are seen to
increase with Xcq to reach saturation for xgg > 0.3, as observed in virgin samples (ar-type).
Further, the values of akq show slight change after irradiation regardless of ion fluence. On
the other hand, the values of apamage-xa1 revealed higher values than ar.ype. The difference
between akqi and apamage-ka1 Was greater for high fluence (1 x 10 cm?) than low fluence (3
X 10'2 cm@). The estimated lattice expansion of Aakai/artype in CeO2 at a fluence of 1 x 10%3
cm? was 0.04%. This is consistent with reported values of 0.06 ~ 0.07% by Ohno et. al. and
Tracy et. al. obtained in CeO with 200 MeV and 167 MeV Xe, and 950 MeV Au irradiation
[130,131]. A slightly smaller value than the previous reports might be due to the lower ion
fluence (1 x 10 cm™) than references (1 x 10** cm?). On the other hand, the change in the

lattice parameter of the new shoulder peak, A@pamage-kai/@r-type Showed rather large values of
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0.12 ~ 0.14 % for CeO- and Ceo.9Gdo.1O1.95. It is also noted that the value of Aapamage-kai/ar-type
was remarkably observed for low Gd concentration, and the lattice expansion became small for
high Gd concentration samples above Xgq = 0.2.

Figure 5-9 shows plane-view BF-TEM images of Ce1.xGdxO2x2 (Xed = 0, 0.2, 0.5)
samples irradiated to a fluence of 1 x 10 cm?, which were taken in a kinematical over-focus
condition with a defocus value of Af =+1.0 um. As examples are noted with arrows in Figures
5-9(a) ~ 5-9(c), black dot contrast is observed as Fresnel contrast. The contrast represents the
cylindrical defects of ion tracks observed at an end-on condition [126]. The ion-track radius
(Ro) was evaluated to be 1.1 nm for CeO> and it gradually decreases to 0.7 and 0.5 nm for
Ceo.8Gdo.201.90 and Ceo5Gdos01.75, respectively. They are reported in Table 5-1 with the cross-
section values (o,) deduced by o, = mRo® These sizes are significantly smaller than the
reported values obtained by XRD and TEM [117,132,133]. Since ion tracks in this study were
observed as Fresnel contrast, the contrast represents the core region of ion tracks including a
high concentration of vacancies [10,134], but not the strained regions around ion tracks. It is
also noted that the size of Fresnel contrast varies with the defocus condition, or Af [116], and
the value of Af = +1 gives a small and sharp contrast of ion tracks. The areal density of ion
tracks for CeO,, Ceo.sGdo.201.90, and Ceo5sGdos01.75 Was evaluated to be 5.9 x 101, 5.9 x 10%,
and 2.8 x 10! cm?, respectively, and the density decreased at the high Gd content sample. It
is reported that the density of ion tracks induced by 200 MeV Xe ions in CeO increases linearly
with ion fluence and saturates at high fluence higher than around 1 x 10'? cm, which was
discussed due to the balance between the formation and recovery of the core damage region of
ion tracks [126,135]. The ion track density of the CeO> sample, which was obtained at a fluence
of 1 x 10% cm2in this study, seems to be saturated since the ion fluence is sufficiently higher

than the reported fluence. Although there have been no data for the accumulation of ion tracks
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Figure 5-7. XRD patterns of (331) and (420) planes from virgin and irradiated Ce1xGdxO2-x2
samples (Xed = 0, 0.2, 0.5) with 200 MeV Xe!** ions to fluence of 3 x 10> cm? and 1 x 103
cm?. Kas (red) and Damage-Koa (blue) peaks were fitted by the Pseudo-Voigt function. Inset
shows the C-type characteristic peaks (V) for virgin and irradiated CeosGdosO1.75 samples at
fluences ranging from 3 x 10* to 1 x 10% cm™2.
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in Gd203 doped CeOy, the density of ion tracks for high concentration Ce1-xGdxO2-x2 samples
might be depressed under an assumption that a fluence of 1 x 10'® cm? is in the saturation
range as same as CeO». Figures 5-9(d) ~ 5-9(f) show the corresponding SAED patterns taken
along the [111] zone axis. The F-type reflections are clearly visible in all samples, whereas the
extra spots were eliminated for CeosGdo.2O1.90 [Figure 5-9(e)]. The intensity of the G *
{220}*/2 reflections for the CeosGdosO175 sample is reduced significantly due to the ion
irradiation [Figure 5-9(f)], and the SAED pattern of CeosGdo201.90 is similar to the

Ceo.5Gdo.201.90 sample without ion-irradiation [Figure 5-6(b)].

5.4  Discussion
5.4.1 C-type structure formation in Ce1.xGdxO2.x2

The phase transition in the miscibility gap has been discussed in trivalent Ln doped ceria-
based oxides solutions in literature, such as Ce1.xYbxO2x2 [136], Ce1-xYxO2-x2[137], and Ce.
xLaxO2x2 [138]. The amount of Ln dopant for the phase transition depends especially on its
ionic radii [42]. The phase transition in Ce1xGdxO2-x2 Was observed in a wide range scale by
Raman spectroscopy [123,124], EXAFS [47,139], XRD [137,140-142], and oxidative drop
solution calorimetry [143]. However, the reported value of xgq for the phase transition was
different in literature in the range from Xcq = 0.13 to 0.54. Such a wide range of Xcq4 values is
related to the similarity of the F-type and C-type structures, and different synthesis methods of
materials. The average value of xgq from the above literature is 0.34. In the present study, the
C-type structure was observed by XRD patterns without peak splitting for Xeq > 0.3, which
coincides with the average value deduced from the literature.

As shown in Figure 5-4, the lattice parameter of the virgin sample (ar-ype) increased

following Vegard’s law to saturate at xed > 0.3, where the formation of the C-type structure
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was observed. High resolution TEM observation of Ce1.xGdxO2.x2 Samples has found the
formation of nano-scale domains of the C-type structure at Xcqd = 0.2 in the F-type matrix, and
the size of the C-type nanodomain increased with Gd concentration [51]. Ou et al. suggested
from the analysis and simulation of SAED patterns that the ordering of oxygen vacancies was
initiated in the C-type nanodomains [125]. The SAED patterns of the virgin Ceo.sGdo201.90
sample shown in Figure 5-6(b) clearly demonstrated extra spots at Gr + {220}*/4 and Gr *
{220}*/2, despite the XRD pattern revealing single F-type structure (Figure 5-1). This implies
that the ordering of oxygen vacancies occurred in the stable F-type structure at Xeq = 0.2, and
it grows to the C-type precipitates in the F-type matrix at the concentration of xgq > 0.2.

The above interpretation of the formation of the C-type structure at Xgq > 0.2 coincides
with the Raman spectroscopy result. For pure CeO2, Raman shifts related to Ce**-O and Ce®'-
O bonds in the F-type structure were observed at the Foqg mode and at the first satellite (493 cm-
1), respectively, due to the reversible redox in CeO,« [118]. For Gd,O3 doped CeO,, the Faq
mode sharply decayed with the increase of Gd concentration especially for higher values of Xgqd
> 0.2 (Figure 5-5), due to the loss of symmetry of Ce**-O. Furthermore, a shift of the first
satellite to 487 cm™ was observed by Gd,O3 doping from Xgq = 0.1. The shifted peak, which is
assigned to Gd**-O bond in the F-type structure with 8-fold coordination [124], was growing
gradually with Gd concentration compared to the change in the Fog mode. On the other hand,
for xes = 0.3, a new broad Raman band appeared at 375 cm™ and grew with Gd concentration,
which was assigned to the 6-coordinated Gd**-O bond in the C-type structure [124]. Those
results and interpretation imply that the growth of the C-type structure with Gd**-O bonds in
the F-type structure started to grow at xed = 0.1 and those in the C-type structure generated at

Xeq = 0.3.
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The formation of the C-type structure is also linked to the microstrain relaxation. The
microstrain was observed to increase with Xcq while it was relaxed at around xc¢ = 0.2 — 0.3
(Figure 5-4). The microstrain was induced by the substitution of Gd** ions with a large ionic
radius into the Ce*" sites and the associated creation of oxygen vacancies [141,144]. Kossoy et
al. observed a sharp decrease in the distance of Ce-O bond at xc¢ = 0.2 — 0.25 by EXAFS and
XRD analysis. The structural distortion is influenced strongly by the change in the distance of
the first shell (Ce-O and Gd-O) rather than that of the second shell (Ce-Ce and Gd-Ce) [139].
Therefore, the sharp relaxation of the microstrain observed at around Xcd = 0.2 — 0.3 is
attributed to the reduction of the coordination number of Ce ions, together with the
development of oxygen vacancy ordering in the formation of the C-type precipitates in the F-

type matrix.

5.4.2 Disappearance of C-type structure and damage recovery induced by heavy ion
irradiation in Ce1.xGdxO2-x2

The microstructure change of Ce1xGdxO2x2 was evaluated after heavy ion irradiation by
XRD and TEM analysis. The XRD patterns revealed a non-amorphized F-type structure after
200 MeV Xe ion irradiation. Slight changes in the lattice parameters of akq1 (Table 5-1) indicate
the F-type matrix is not largely expanded by irradiation. Xe ion irradiation, however, induced
Damage-Koau peaks at the shoulder of each Ko peak, and those peaks were broadened with the
increase of ion fluence whereas Koy peaks decrease their intensities. The larger value of the
lattice parameter of apamage-ka1 than akqi indicates that the lattice of the damaged region was
expanded by ion irradiation. The peaks of damage-Ka: were, therefore, understood caused by
the lattice distortion of the F-type structure around the core region of ion tracks. The difference

in the akq and apamage-ka1 Values for the samples irradiated to low fluence (3 x 102 cm?) is

93



MICROSTRUCTURE AND RADIATION RESPONSE OF CERIA AND
CHAPTER 5 GD203 DOPED CERIA

almost constant regardless of xgq4 values [Figure 5-8(a)]. On the other hand, the discrepancy of
the high fluence sample (1 x 10*® cm?) depends on Gd concentration. A larger discrepancy
appeared for xed < 0.2, while the discrepancy showed a low constant value above Xgq = 0.2
within the experimental errors. This indicates that the lattice distortion is remarkable for Xcq <
0.2 where the concentration of oxygen vacancies is relatively low without a fully ordered
condition in the C-type structure.

To analyze the damage cross-section of 200 MeV Xe ions against the Gd concentration,
the XRD peaks shown in Figure 5-1 were fitted by the Pseudo-Voigt function and the intensities
were integrated. For the damage kinetics analysis, using the peak area parameter is much more
accurate than the peak intensity since it contains strain and size information of the crystal
induced by ion irradiation. In the following analysis, the damaged region was assumed to have
no contributions to the original XRD peaks [145]. The area of Kay peaks (A) at the (331) plane
of an ion-irradiated sample was normalized to that of the corresponding virgin sample (4,),
and it was plotted in Figure 5-10 as a function of ion fluence (¢). As expected, the normalized
value of A/A, decreases as a function of fluence to saturation at high fluence. The fraction of
damaged regions (8) can be estimated as

§ = (S/0)[1 - exp(—ag)], (5-4)
where S is the cross-section for recovery induced by ion-track over-lapping, o is the damage
cross-section. Assuming a linear dependence of A on &, A is given by a decay function of

A=Ay + (A — Ap)[1 — exp(—a9)], (5-5)
where A, is the saturated area value. Fitting results are shown in Figure 5-10 as dashed lines
for each sample. The values of A, /A, were found to increase with xgq: those were evaluated
to be 0.26 for CeO2 and 0.71 for Ceo5Gdos0O1.75. The ratio of A,, /A, for CeO, was saturated at

@ = 1 x 10 cm?, which shows a good agreement with the areal density saturation trends
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versus ¢ determined by TEM and STEM observations [126,127]. For Gd>Oz doped CeO>
samples at xecd = 0.4 and 0.5, the values of A, /A, were saturated at a rather higher fluence of
~5 x 10*2¢cm 2. The values of o were deduced by Eq. (5-5), and they showed to decrease with
Xgd. Particularly for xeq > 0.2, the values of ¢ show rapid reduction versus Gd concentration.
The values of o and track radii (R) deduced by R = (/)" are reported in Table 5-1, together
with the cross-section (o) and the track radii (Ro) evaluated by Fresnel contrast of BF-TEM
images.

The track radius deduced from XRD and TEM is plotted in Figure 5-11. The evaluated
value of the ion track radius of the CeO, sample was 8.7 nm and it is significantly larger than
the size obtained by Fresnel contrast of BF-TEM, or 1.1 nm. The evaluated size by XRD
analysis reveals a good agreement with the recovery size (8.4 nm) evaluated based on the
modeling of the accumulation process of ion tracks, where a saturation regime is interpreted
on a balanced condition between the formation of a new ion track and the elimination of
preexisting tracks within the recovery region [126,127]. It suggests that the obtained size by
the present XRD study possesses the same physical meaning of recovery from the thermal spike
regime. Figure 5-11 also shows that the radius of the ion track decreases with the increase of
Gd concentration, showing a saturation at values of xgq > 0.3. This is a clear indication that the
recovery cross-section of the ion track damage is influenced by the concentration of the oxygen
vacancies and their ordering.

At the same time, the C-type XRD peaks (see the inset in Figure 5-7) and the extra spots
in the SAED patterns (Figure 5-9) disappeared with 200 MeV Xe ion irradiation, indicating the
destruction of the ordering structure of oxygen vacancies and the C-type structure. The ordered
structure of oxygen vacancies is considered to be disappeared through the recombination with

interstitial oxygens induced by ion irradiation. Patel et al. [146] also observed the reduction of
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lattice strain by XRD analysis in Ce2Gd>0O7 or CeosGdos01.75 irradiated with 92 MeV Xe?®*
ions, and they suggested the radiation damage recovery occurred through the ordered oxygen
vacancies in the C-type domain walls. The SAED pattern of CeosGdos01.75 irradiated to a
fluence of 1 x 10 cm™ showed a partial elimination of extra spots [Figure 5-9(f)] compared
to the unirradiated condition [Figure 5-6(c)], and the pattern and intensity of extra spots in the
SAED pattern in Figure 5-9(f) resemble that of the virgin CeosGdo.2O1.90 sample [Figure 5-
6(b)]. Since the microstructure of Ceo.sGdo.2O1.90 is considered to contain nano-sized domains
of the C-type structure in the F-type matrix [125], the SAED result suggests that the elimination
of the C-type structure under ion irradiation might be proceeded gradually passing through the
ordering condition of oxygen vacancies with nano-sized domains, but not directly from the C-
type precipitates to the F-type matrix. This is consistent with the remarkable change in the
recovery process observed in Figures 5-10 and 5-11 at Xed = 0.2 ~ 0.3, and this implies an
important role in the ordering of oxygen vacancies for the recovery process during ion

irradiation with 200 MeV Xe ions.

55  Conclusions

We have studied the microstructure evolution of virgin and 200 MeV Xe!** ion irradiated
Ce1xGdxO2x2 samples for a wide range of Gd concentrations (0 < xed < 0.5) at room
temperature through comprehensive structural analysis of XRD, micro-Raman spectroscopy
and TEM. The lattice parameter increased with the increase of Gd concentration and
simultaneous creation of charge-compensation oxygen vacancies. The lattice parameter was
saturated at Xcd > 0.3 due to the formation of the C-type structure in the F-type matrix. The

reduction in the F-type symmetry with the formation of the C-type structure associated with
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ordered oxygen vacancies was observed at Xeds > 0.2 consistently from the experimental
techniques used in the present study.

The XRD and TEM results showed that all the compositions of Ce1-xGdxO2-x2 samples
were resistant to amorphization and sustained the F-type structure with 200 MeV Xe ion
irradiation. In the XRD patterns, asymmetrical peaks (Damage-Kai) were observed on the
shoulders of F-type peaks (Kaz), and the asymmetry was decreased with the increase of Gd
concentration. The asymmetric peaks are caused by the lattice distortion in the F-type structure
due to the formation of damaged regions induced by ion tracks. On the other hand, the C-type
structure has disappeared with ion irradiation because of the loss of the ordered oxygen vacancy
structure in the C-type domain. Analysis of the radiation-induced recovery by XRD patterns
with ion irradiation showed track radii, or recovery radii, decreases with the Gd concentration.
Besides, the XRD analysis showed rapid recovery of radiation damage for values of xgqa= 0.2
~ 0.3, suggesting an important role of oxygen vacancy ordering in the C-type structure for the

recovery process in Gd2Oz doped CeOx.
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Chapter 6
Application of in-situ HVEM - CL

technique to CeO; doped with Gd203

6.1  Introduction

Ceria is an oxygen-deficient material since Ce** reversibly reduces to Ce* ion generating
intrinsic oxygen vacancies for charge neutrality. As mentioned in Chapter 1, ceria has been
used as a surrogate of nuclear fuel and it is doped with Gd»Os for a burnable poison. Doping
of Gd,0s3 also produces oxygen vacancies as described Ce1.xGdxO2-x2 by the substitution of
Gd** into Ce** ion sites due to their similar ionic radii (i.e. rgq= 0.1053 nm, r¢, = 0.0970 nm).
The oxygen deficiency in Ce1.xGdxO2.x2 is mostly controlled with the concentration of Gd
dopant.

Oxygen point defects are also produced by high-energy electron irradiation. Frenkel
defects are created by elastic collisions transferring energies over threshold displacement
energy (Eq) of oxygen atoms. In Chapter 4, it was found that F* centers (1+ charged oxygen
vacancies) were generated in pure CeO> in a short time under high-energy electron irradiation
(400 ~ 1250 keV) by using the HVEM-CL facility. The in-beam charge states of defects and
their electronic configurations were modeled through in-situ CL spectroscopy.

As described in Chapter 5, oxygen vacancies were shown to have an important role for
the radiation recovery in Ce1.xGdxO2-x2. Ordered oxygen vacancies were observed in the C-
type structure in Ce1-xGdxO2.x2 for the composition of xgq > 0.2, and this attributed for the
reduction of the density and size of ion tracks induced by 200 MeV Xe ion irradiation. Those

results suggest that oxygen vacancies act as a sink of irradiation-induced interstitials.

99



APPLICATION OF IN-SITU HVEM - CL TECHNIQUE TO CEQO2
CHAPTER 6 DOPED WITH GD203

The displacement damage of O ions was found to influence the charge states of cation
and F* center, and those strongly depend on the localized position in their lattice site. It is,
therefore, interesting and indispensable to investigate the electronic states of ions and F* centers
under electron irradiation during the production of oxygen vacancies. In this chapter, the
oxygen point defects creation in Ce1.xGdxO2-x2 under high-energy electron irradiation was
evaluated by in-situ CL spectroscopy for a wide range of Gd dopant concentrations in the
samples. Energy levels and energy dependence of F center and impurities were investigated

regarding of dopant concentration.

6.2  Materials and experimental procedure

Sintered thin (~150 um) half disk-shaped polycrystalline Ce1-xGdxO2.x2 samples (0.01 <
Xed < 0.5) were used to obtain in-situ CL spectra using the HVEM-CL facility (Figures 3-4 and
3-7) at electron energies from 400 keV to 1250 keV at the temperature of 300 K. Also, the CL
spectra under low-energy (20 keV) electron irradiation were corrected by using the SEM-CL
facility (Figure 3-6) at the temperature of 300 K. All obtained spectra were fitted by a Gaussian
function and the intensity of CL bands were integrated to interpret CL emission dependence
with electron energy and Gd dopant concentration. The detailed information for sample
preparation, the HVEM-CL facility together with the in-situ measurement conditions were

described in Chapter 3.

6.3  Results
6.3.1 Displacement cross-section calculation
The displacement cross-sections (aq) of oxygen, cerium, and gadolinium atoms in Cex-

xGdxO2-x2 induced by electron-nuclear elastic collisions were calculated by using SMOTT/
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Figure 6-1. Oxygen, cerium, gadolinium atoms displacement cross section in Gd20Os doped
ceria by electron-nucleus collisions calculated by SMOTT/POLY computer code [74]. The
values of Eq for each atom were referred to literature proposed by Yasunaga et al. [9] and
Konobeyev et al. [72]

101



APPLICATION OF IN-SITU HVEM - CL TECHNIQUE TO CEQO2
CHAPTER 6 DOPED WITH GD203

POLY computer code [74] based on Eq. (2-12). The threshold displacement energies (Eq) for
each atom were assumed based on the reported values of Ce (Eq,ce: 44 ~ 58 eV), O (Eq,0: < 33
eV) [9], and Gd (Eg.ca: 71 £ 16 eV) [72] sublattices. The calculated total aq is shown in Figure
6-1 as a function of electron energy. The threshold electron energies in ceria where the cross-
sections exceed 1 barn were evaluated in Chapter 4 for oxygen (Eo0: 150 ~ 200 keV) and
cerium (Eoce: 1300 ~ 1600 keV) sublattices. The value of Eocqd Was evaluated in Fig.6-1 to be
1700 ~ 1900 keV. The selective oxygen displacement using HVEM in its energy range (400 ~
1250 keV) was deduced for Ce1.xGdxO2-x2 the total oq calculation results, while 20 keV electron
irradiation hardly induces displacements of lattice atoms as same as the case of ceria described

in Chapter 4.

6.3.2 CL spectra in polycrystalline Gd,O3 doped CeO-

CL spectra in sintered polycrystalline Ce1xGdxO2-x2 (Xea = 0, 0.01, 0.05, 0.1, 0.2, 0.3,
0.4, 0.5) were obtained under high- and low-energy electron irradiation. For high-energy
electron irradiation, one spectrum was taken under electron irradiation for 30 seconds at 300
K, and the spectra were averaged out for 5 recordings for 400 keV ~ 1250 keV electrons. The
spectra were fitted using the Gaussian function. Figure 6-2 shows an example of in-situ CL
spectrum for 1250 keV electron irradiation in ceria and CeosGdos01.75 together with fitted
Gaussian profiles. 4 Gaussian bands were recorded at photon energies of ~1.7 eV, 2.2 ~2.4 eV,
2.4 ~ 2.8 eV, and ~4.3 eV with full-width at half-maximum (FWHM) of 0.6 ~ 0.9 eV, 0.5 ~
0.7 eV, 0.3 ~ 0.6 eV, and 1.6 eV, respectively. A sharp and intense unresolved line was
observed at 1.79 eV (probably R-lines of Cr3* impurities [75]) for all samples, and a small

doublet at 1.73 ~ 1.75 eV and another broader impurity line was observed at 1.85 eV.
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CL spectra were measured at different electron energies of 400, 600, 800, 1000, and 1250 keV
for all Gd,Os doped samples at a constant electron beam-flux of 3.8 x 10 m2s? The CL
spectra were obtained by averaging out the recordings after 0 ~ 150 seconds, and they are
shown in Figure 6-3 with the Gaussian fitted profiles (dashed lines). Further, the average CL
band characteristics, such as the band center (eV), FWHM (eV), and the types of defects in all
samples of Ce1.xGdxO2-x2 (Xed = 0, 0.1, 0.2, 0.3, 0.4, 0.5) were summarized in Table 6-1.

CL spectra were also measured for electrons with 20 keV at a constant beam current of 1.7 nA
at the temperature of 300 K. The measured CL spectra are shown in Figure 6-4 with the
Gaussian fitted profiles (dashed and dotted lines) for xed = 0, 0.2, 0.3, 0.5 samples. The CL
band characteristics for 20 keV electron irradiation are described in Table 6-2. Only one broad
CL band centered at ~2.5 eV was observed in the samples for Xgq < 0.2, and this band was
divided into two bands centered at 2.3 eV and 2.6 ~ 2.7 eV by Gaussian fitting. It is noted here
that the CL band was reduced for the samples with high Gd dopant concentration for Xgq > 0.2,

which is caused by the quenching of CL emission and will be discussed later.

6.4  Discussion
6.4.1 Cation CL emission with point defects production

CL from oxides under high energy electron irradiation is emitted by recombination of
thermalized secondary electrons and holes while most of primary electrons are transmitted [70].
It is shown in Table 6.3 by the values of range and electronic stopping power of ceria and
Gd203 doped ceria (Xed = 0.5) samples simulated by using the ESTAR code [77].

For sufficient CL intensity detection, a large volume of sample was used in the HVEM-
CL measurements to increase the electron and hole carriers. To this end, CL spectra were

obtained from thick (~150 pm) Ce1xGdxO2.x2 samples under 400 keV ~ 1250 keV electron
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Table 6-1. CL band characteristics and defect assignments for Ce1xGdxO2-x2 (xeda = 0, 0.1, 0.2,

0.3, 0.4, 0.5) under high-energy (400 keV ~ 1250 keV) electron irradiation.

Xcd Band FWHM Type of XGd Band FWHM Type of
center (eV) defect center (eV) defect
(eV) (eV)
0 4.3 1.6 F* center 0.3 4.3 1.6 F* center
2.8 0.4 ce*| 2.6 0.3 ce*
2.4 0.5 ce*y 2.3 0.7 Ce*
1.8 0.6 Impurity 1.8 0.7 Impurity
0.1 4.3 1.6 F+ center 0.4 4.3 1.6 F+ center
2.8 0.6 Ce3+l 2.6 0.3 Ce3+l
2.4 0.6 Ce3+lI 2.3 0.7 Ce3+ll
1.7 1.0 Impurity 1.7 0.8 Impurity
0.2 4.3 1.6 F+ center 0.5 4.2 1.6 F+ center
2.6 0.3 ce*, 2.4 0.3 ce*
2.4 0.7 ce*y 2.2 0.7 ce*y
1.7 0.8 Impurity 1.7 0.9 Impurity
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Table 6-2. CL band characteristics and defect assignments for Ce1.xGdxO2x2 (Xed =0, 0.1, 0.2)
under low-energy (20 keV) electron irradiation.

XGd Band center (eV) FWHM (eV) Type of defect
0 2.6 0.6 ce®
2.3 0.7 Ce*
0.1 2.8 0.8 Ce®
2.2 0.7 Ce*
0.2 2.7 0.8 Ce®
2.3 0.7 Ce*
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Figure 6-2. In-situ CL spectra for 1250 keV electron irradiation in ceria and Gd.Os doped ceria

at 300 K.
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Figure 6-4. In-situ CL spectra for 20 keV electron irradiation in ceria and Gd.Oz doped ceria
at 300 K. Dashed and dotted lines are fitted spectra and solid lines are Gaussian curves for
least-square fits.
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irradiation as same as pure CeO2 samples, and the CL spectra showed enough intensity (Figure
6-3) as observed in pure polycrystalline ceria samples (Figure 4-5). The spectra were fitted by
the Gaussian function, and the CL bands appeared at 2.2 ~ 2.4 eV, 2.4 ~ 2.8 eV, and 4.3 eV.
These CL band positions are mostly similar to pure ceria results, which were measured at the
temperature of 300 K [Figure 4-5(a) or Figure 6-3(a)].

In Chapter 4, CL bands for pure ceria were interpreted by experimental and theoretical
methods. The CL emission was found to strongly link with oxygen vacancies, which form
localized cation-Vo clusters. Namely, for pure ceria, CL bands centered at 2.1 eV, 2.7 eV, and
4.2 eV were assigned to i) Cer: Ce®, ii) Cen: Ce*-Vo, and iii) F* center, respectively. CL
emission from Ce, (2.7 eV) is induced by Ce®" ions located in a site of cation sublattice far
from Vo, while Cey, is Ce*" ions localized in a caton site near oxygen vacancy (Vo) that emits
low energy (2.1 eV). On the other hand, CL emission from F* center at 4.2 eV was induced by
a (Cede — Vi — Cege)” trimer capturing an electron in ane oxygen vacancy (Ceg, — Vg —
Ceg.)", and immediately shifting the electron to one of the two Ce** (i.e. Ceg,), resulting a
(Cege — Vg — Cege)’ trimer.

In the Gd>Os doped ceria sample, the creation of extrinsic oxygen vacancies (denoted as
Vo .ext hereafter) induced by charge compensation with Gd>Os doping should be discussed
before electronic excitation-induced point defects production. Vg ... is generated in a dimer
equilibrium process associating with the Gd dopant as expressed by [Gdg, + Vg ey < (Gdge —
Voext) 1. Trimer equilibrium equation [2Gd¢e + Vg exe € (Gdge — Vg exe — Gdge)™ ] can be
also proposed. However, the low cation mobility rarely drives this reaction at low temperatures
[43]. This trimer equilibrium equation in Gd2Os doped ceria is similar to the defects creation
in pure ceria induced by electronic excitation. It can be assumed that the Gd** dopants change

not only the Ce®**/Ce*" redox equilibrium but also the excitation-induced defects equilibrium
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by fixing the oxygen deficiency and reducing the number of Ce** ions. Therefore, (Gdg,-Vo)
cluster can be expressed as Cey or Ce3*-Vo instead.

The photon energies of three CL bands (Ce**, Ce**-Vo, and F* center) observed in Gd203
doped ceria are plotted in Figure 6-5 as a function of Gd dopant concentration. Energies of
Ce**-Vo and F* center showed constant regardless of the dopant concentration, while the peak
of Ce3* ion is seen to shift to lower energy (2.8 eV — 2.4 eV) with the increase of the Gd
dopant concentration. The Ce3* ion is localized far from oxygen vacancy, theirby this enegry
shift is attributed to the increase of the direct band gap energy (Ec) between O 2p and Ce 4f
bands. UV-visible absorption spectroscopy showed an increase of Eg in thin film samples from
3.6 eV for CeO2 to 3.72 eV Ceo.7Gdo30185 at 0 K since the lower overlapping capacity of 4f
orbitals in the doped sample makes narrow 4f band [147]. On the other hand, for the low Gd
dopant concentration (X4 < 0.1), no clear changes in Eg were observed [117]. For Gd2O3 doped
ceria, Gd** has half-filed 4f" orbital. Exciting an electron breaks the stabilization, and the
excited electrons are more likely to be accommodated in the empty Ce 4f° orbitals [147].
Therefore, the high Gd,O3 dopant concentration is considered to induce a narrow 4f band and

decrease the value of Eg.

6.4.2 Auto-ionization thermal quenching model for CL emission

The CL bands were integrated versus Gd concentrations and primary electron energies,
and they are shown in Figure 6-6 and Figure 6-8, respectively. The energy dependence will be
discussed later. For the high energy electron irradiation, the CL emission dependence becomes
clearer that shows a minimum for Ce®" ion CL bands at Xcq = 0.05, while F* center shows a
maximum at Xcd = 0.1. Beyond the x value, the CL emissions are observed to increase with the

increase of the Gd dopant concentration for all electron energies. The quenching of CL bands
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Figure 6-5. Photon energy for Ce3* ions and F* center in Gd,Os doped ceria under high-energy
electron irradiation versus Gd dopant atomic concentrations.
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for Ce3* ion at low Gd concentrations can be induced by the auto-ionization theory proposed
by Dorenbos [148]. As an alternate explanation, a cross-over thermal quenching model has
been suggested for 4f-5d system that induces non-radiative decay from the crossing point (X)
between 4f-5f bands when the excited electron of 5d band overcomes the activation energy
barrier (Ex) [149]. The CL emission and quenching model is described schematically in Figure
6-7. Figure 6-7(a) describes the luminescence emission for the case Ex < Er, where Er is an
energy difference between the excited 5d level and the minimum 5d level. For the cross-over
thermal quenching model, Ex should be smaller than 0.2 eV. However, it has been reported
that ceria has a high value of Ex > 1,5 eV for Ce (i.e. Ce**-Vo) CL emission, which cannot
induce CL emission due to the strong thermal quenching [87]. Thereby, auto-ionization theory
has been suggested by Dorenbos for the thermal quenching of 4f-5d CL emission, whose
schematic image is illustrated in Figure 6-7(c). 5d electron is transferred to the conduction band
and becomes delocalized and mobile. Auto-ionization dissipates energy through other non-
radiative mechanisms such as trapping or killer centers such as defects [150]. The increase of
Vo concentration by Gd>Os doping induces the 4f-5d thermal quenching by transferring
electrons from Vo to Cey level, which results in the decrease in the recombination of e-h pairs.

In Figure 6-6, CL integrated intensities were growing versus Gd dopant concentration for
Xed > 0.05. Let us consider the redox equilibrium equation. For electronic charge neutrality,
the total oxygen vacancies concentration ([Vg]) follows the equation below,

V6] = [Vo,ne] + [Vo exe] = 1/4[Cecc] + 1/4[Gde] (6-1)

However, [Vg] is mainly controlled by the Gd concentration for high dopant concentration [43].
The equation of (6-2) can be, therefore, rewritten as

[Vs] = 1/2[Gdg]. (6-2)
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Therefore, 4f-5d thermal quenching is reduced due to the rather low Vg creation comparing to
Gdg, creation for the high Gd20Os concentration.

F* center CL emission in Gd,O3 doped ceria is indued by capturing electrons in a trimer
as same as pure ceria. F* center CL emission is more likely to occur in a neutral cluster of
(Cele — Vg — Cege) that includes no 3+ charged cations. However, for the high Gd2Os
concentration, (Gdg, — Vg — Gdg,)” and (Ceg, — Vg — Gdg,)™ trimers are also growing
together with (Ceg, — Vg — Ceg.)". Despite of the increase of [Vo] by Gd20z doping, F* center

emission could have non-radiative decay or auto-ionization of the excited electron to 4f level.

6.4.3 Energy dependence of CL emission

The energy dependence of CL emission from the defects in pure ceria was discussed in
Chapter 4. Electron energy dependence of I, results in a competitive process between the
displacement cross-section (a,) with positive dependence against energy and the CL emission
cross-section (o, ) with negative dependence [Eq. (4-1)]. For the Gd2Os doped ceria samples,
the I¢,, for Ce®" ions (i.e., I¢y ce-v, @nd I¢; ce) Showed a maximum at ~800 keV. I, for F*
center (i.e., Iy peenter) ShOwed a maximum for Xea < 0.1, however, I, peenter gradually
increased versus the energy for xed > 0.1 (Figure 6-8). The competitive effect appeared strongly
for the low Gd203 concentration samples, while the negative effects on the o, was negligible
for I¢p peenter- The reduction of effect on oy, for low Gd2O3 concentration samples can be
related to the thermal quenching due to the auto-ionization. Moreover, the CL spectra for the
20 keV electron irradiation (Figure 6-4) also showed a strong thermal quenching for the Ce®*
ion band since intrinsic oxygen vacancies are induced by the auto-ionization. However, the

energy dependence in the doped samples is complex due to other parameters, such as strain
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effect, and lattice size contraction, and it needs a more comprehensive theoretical or
computational study to conclude the energy dependence equation.

For the summary, the schematic illustration of the energy band gap in Gd>Os doped ceria
can be suggested in Figure 6-9. The charge states of the defects in Gd>Os doped ceria under
electron irradiation were evaluated by using the in-situ HYEM-CL method compared to pure
ceria. The charge states of cation defects and F* centers are highly close to that of pure ceria
due to the similar point defect production mechanism with doped and non-doped samples.
However, the rare-earth content Gd** was found to induce an energy shift in the CL spectrum
due to the overlapping 4f orbitals in Gd** level. Also, high-dopant concentration samples
showed strong 4f-5d CL thermal quenching by the auto-ionization due to the existence of

0Xygen vacancies.

6.5  Conclusions

In-situ HVEM-CL measurement technique was applied to yield charge state of point
defects in polycrystalline Gd>Os doped ceria (Ce1-xGdxO2-x2) for a wide range of Gd dopant
concentrations (Xed = 0 ~ 0.5). The CL spectra were obtained by 400 keV ~ 1250 keV electron
irradiation in the HVEM, and 20 keV irradiation in the SEM. The CL bands appeared at 2.2 ~
2.4eV, 2.4 ~28¢eV, and 4.3 eV were assigned to Ce3*-Vo, Ce®*, and F* center, respectively,
which were qualitatively the same with pure ceria. The photon energy shift of Ce®** ion band
was induced by narrow 4f* orbitals in the Gd®*" doped samples. Also, the high natural oxygen
vacancy concentration in the doped samples derived thermal quenching of 4f-5d CL emission.
The CL integrated intensities as function of primary electron energy is interpreted by the

competitive interplay of displacement and CL emission cross-sections, but the energy
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dependence for Ce®** ions CL emission is much more affected by CL quenching effect than that

of F* center.
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Figure 6-7. (a) The 4f-5d luminescence emission process for Ex > Er and comparison of thermal
guenching models; (b) cross-over model (Ex < Er) [149], (c) Dorenbos auto-ionization model
[148].
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APPLICATION OF IN-SITU HVEM - CL TECHNIQUE TO CEQO2
CHAPTER 6 DOPED WITH GD203
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Figure 6-9. Sketch of electronic levels in the band gap of Gd2.O3 doped ceria possessing oxygen
vacancies.
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Chapter 7

Concluding Remarks

7.1  General conclusions

CeO: or ceria is a considerable ceramic oxide as a surrogate and transmutation target for
a nuclear reactor that has a radiation-resistant fluorite structure. Nuclear fuels, such as UO, are
used to dope with Gd»Oz, which is a burnable poison with a high thermal neutron absorption
cross-section. Ceramic oxides have radiation damage by exposure to not only heavy ions but
also electrons in the reactors. Therefore, understanding radiation response and damage
production by ion/electron irradiation in the fuel materials is important for the safe use of the
nuclear reactor. Information on the in-beam damage production is of importance since the
defects are mobile during irradiation and the charge states of the defects are remarkable for the
damage recovery kinetics. Moreover, the structural stability of the oxides as fuel materials is
influenced by rare-earth doping and irradiation.

In this dissertation, the radiation-induced point defects and structural evaluation were
investigated in ceria and Gd»O3z doped ceria. Point defects were produced by electronic
excitation using the HVEM, and their charge state was interpreted by using in-situ CL
spectroscopy. CL spectroscopy is a powerful technique to detect point scale defects, and the
HVEM can produce oxygen point defects by accelerating voltages over the threshold
displacement energy of oxygen atoms. In Chapter 4, the total displacement cross-section in
ceria was calculated by using the SMOTT/POLY computer code [74] and CSDA range, and
total inelastic stopping power ((—dE/dx)ine) Was computed with the ESTAR code [77] for
different primary electron energies (E). CL spectra were obtained from pure ceria by electrons

irradiation energy ranging from 400 keV to 1250 keV at the temperatures of 100 K, 200 K, and
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CHAPTER 7 CONCLUDING REMARKS

300 K. Complementary CL spectra were measured as well as for 20 keV electrons at 300 K in
the SEM. This chapter gave information on the charge state and electronic configurations of
ceria under high-energy electron irradiation, and the CL emission from defects was evaluated
depending on energy and temperatures.

In Chapter 5, ceria and Gd2Os doped ceria (Ce1xGdxO2.x2) samples were studied to
evaluate the microstructure evolution by Gd»>Osz doping and heavy ion irradiation. The
microstructure of virgin Ce1.xGdxO2-x2 samples was investigated for a wide range of Gd
concentrations (0 < xgd < 0.5) through comprehensive structural analysis of XRD, micro-
Raman spectroscopy, and TEM. Thereafter, the samples were irradiated by 200 MeV Xe** ion
at room temperature. The radiation damage and response, such as lattice parameter and phase
changes in the samples were examined regarding the dopant concentration and irradiation
conditions.

Finally, the in-situ HVEM-CL measurement technique was applied to yield information
from point defects in Ce1xGdxO2x2 under electron irradiation for a wide range of Gd dopant
concentrations (Xed = 0 ~ 0.5). The CL spectra were obtained by 400 keV ~ 1250 keV electron
irradiation in the HVEM, and 20 keV irradiation in the SEM. The CL spectra and charge states
of point defects in Ce1xGdxO2-x2 were compared with pure ceria as interpreted in Chapter 4.

Based on the in-situ HVEM-CL analysis and microstructure evaluation experiment in
virgin and swift heavy-ion (200 MeV Xe) irradiated Gd>O3 doped ceria, the contributions of

this dissertation are summarized below the followings:

® The prominent CL emission centered at 4.2 eV was assigned to F* centers which were
induced by elastic electron-nucleus collisions over a threshold electron energy (> 200 keV)

equivalent to the oxygen displacement energy.

® CL bands centered at 2.3 ~2.6 eV and 2.8 ~ 3.0 eV were measured for all electron energies
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CHAPTER 7 CONCLUDING REMARKS

(> 20 keV) which were induced by the charge compensation of oxygen vacancies for the
high-energy (400 keV ~ 1250 keV) electrons and ionization effects for the low-energy (20
keV) electron excitation with a larger inelastic stopping power are attributed to the lower

energy CL bands, respectively.

® At low temperatures (100 K and 200 K), similar CL spectra were obtained, but with larger
and slightly shifted emission bands. Regardless of temperature, the effects of grain
boundaries cause the F* center CL signal for the polycrystalline sample to be weaker than

the single crystal under identical circumstances.

® The interaction between the oxygen displacement cross-section and the luminescence
cross-section is used to explain the dependency of CL integrated intensities as a function

of primary electron energy for both types of targets.

® The lattice parameter increased with the increase of Gd concentration and the simultaneous
creation of charge-compensation oxygen vacancies. The lattice parameter was saturated at

Xed > 0.3 due to the formation of the C-type structure in the F-type matrix.

® The reduction in the F-type symmetry with the formation of the C-type structure associated
with ordered oxygen vacancies was observed at Xed > 0.2 consistently from the

experimental techniques used in the present study.

® The XRD and TEM results showed that all the compositions of Ce1.xGdxO2-x2 samples
were resistant to amorphization and sustained the F-type structure with 200 MeV Xe ion
irradiation. In the XRD patterns, asymmetrical peaks (Damage-Kaz) were observed on the
shoulders of F-type peaks (Kaz), and the asymmetry was decreased with the increase of
Gd concentration. The asymmetric peaks are caused by the lattice distortion in the F-type

structure due to the formation of damaged regions induced by ion tracks.
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7.2

The C-type structure has disappeared with ion irradiation because of the loss of the ordered

oxygen vacancy structure in the C-type domain.

Analysis of the radiation-induced recovery by XRD patterns with ion irradiation showed
track radii, or recovery radii decreases with the Gd concentration. Besides, the XRD
analysis showed rapid recovery of radiation damage for values of xcq = 0.2 ~ 0.3,
suggesting an important role of oxygen vacancy ordering in the C-type structure for the

recovery process in Gd2Oz doped CeO:..

The CL bands appeared at 2.2 ~2.4 eV, 2.4 ~ 2.8 eV, and 4.3 eV, and they were assigned

to Ce®*-Vo, Ce®*, and F* center, respectively, as well as pure ceria.

The photon energy shift of the Ce®* ion was induced by narrow 4f! orbitals in the Gd®*
doped samples. Also, the high natural oxygen vacancy concentration in the doped samples

derived thermal quenching of 4f-5d CL emission.

The CL integrated intensities as function of primary electron energy were interpreted by
the competitive interplay of displacement and CL emission cross-sections, but the energy
dependence for Ce®* ions CL emission is much more affected by CL quenching effect than

that of F* center.

Directions for future research

Fluorite structure ceramics such as ceria and YSZ is remarkable materials for radiation-

resistant materials, and study on their stability under irradiation is of importance for the long-

term use of nuclear reactor. According to this dissertation, the in-situ HYEM-CL methods were

developed to investigate the charge state of point defects. However, the reactor condition is not

only exposure to electrons but also heavy ions at the same time. Recently, a synergetic effect

of electron (Se) and nuclear (Sn) stopping power is attracted for radiation recovery system in
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the fluorite oxides. To understand the kinetics of the recovery system, the in-situ HVEM-CL
technique was conducted with the ion irradiated oxides.

The CL emission obtained from the specimen is strongly dependent on parameters such
as energy, temperature, beam flux, and quenching effects. Understanding the relationship
between the CL intensity and these parameters, computational investigation and the other
optical experimental system, such as photoluminescence should be followed together. In
particular, the quenching effect on luminescence is much more complex due to a lot of ways to
lose energy through transferring carriers, luminescence killer centers, or non-radiative decays.
Thereby, more systematic experimental and theoretical calculations should be followed to
understand CL emission from the defects.

Also, the RE-doped oxides showed structure evolution by RE doping and radiation.
However, there are several methods to synthesize the RE-dopes oxides and characterization
techniques of microstructure, which show different results despite of same composition
samples. Therefore, more wide characterization techniques and dopant concentrations should
be conducted for the structure evaluation experimental.

Moreover, radiation damage recoveries were confirmed at the high concentration of RE-
doped oxides with the changes in phase and structure. The nano-domains and ordered oxygen
vacancies induced by RE doping act as key properties for the recovery. These properties are on
the nanoscale and their production and annihilation should be followed by high-resolution
TEM methods such as STEM analysis to understand accurate radiation recovery phenomena.
The strain/stress changes by RE-doping or irradiation in the domain boundaries are also

noticeable properties to understand radiation response.
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