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ABSTRACT

Strontium titanate (SrTiO3) has a wide range of applications in the electronic
industry and attracts growing world-widely interest recently because of novel discoveries
at its surfaces, interfaces and with selected dopants. The understanding of some of the
structural properties of SrTiO3z and its optical properties have been lagging due to limited
characterization techniques available to study single monolayers and dopants in this
material.

In the present thesis, pure SrTiO3 single crystals with (2x1) and c(4x2) surface
patterns were synthesized and samples (Pr, Al) doped SrTiO3 were prepared through ion
implantation. The atomic and electronic structures of these samples were investigated by
various high-resolution imaging and spectroscopic techniques available in an aberration-
corrected transmission electron microscope. Particularly, the direct imaging of individual
light atoms and vacancies within a bulk material containing heavier elements was
demonstrated for the first time via the STEM-annular dark-field (ADF)/annular bright-
field (ABF) images. In addition, the first electron energy-loss spectroscopy (EELS) 2-
dimensional maps of dopants located in a lattice were obtained. These results provided a
solid foundation regarding the mechanism of red light emission in doped SrTiO3;. More
importantly, a new experimental approach allowing the effective extraction of weak
EELS signals from low-dimensional defects was developed and successfully applied to
understand the chemical state and coordination of Ti cations within a single monolayer on
a reconstructured SrTiOs surface and the local defect configurations of injected Pr* and

Al" ions within SrTiOs single crystals.
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CHAPTER ONE

INTRODUCTION

With the technical breakthrough of creating structures on well-defined ionic
planes, oxides have recently attracted growing world-wide interest and have lead to novel
discoveries due to their unique combination of physical properties and the fact that these
materials can be stacked up into ‘heterostructures’ for multiple devices in the electronic
and optoelectronic industry.*? The physical properties of these oxides are ultimately
determined by their electronic band structures and are additionally strongly affected by
defects and low-dimensional features present in the system. A full understanding of their
local defect configurations and subsequent effects on their properties is thus required.
However, the characterization of these structures has been limited in the past to broad
beam techniques as several studies have been carried out mainly through X-ray
absorption spectroscopy (XAS), nuclear magnetic resonance (NMR) and electron
paramagnetic resonance (EPR). These techniques have been used to obtain the average
physical and chemical information of the chemical species of these defects due to the
limited spatial resolution. Therefore, these questions related to the local defect

configurations, chemistry and structure are still in dispute. As the electronic/optical
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devices continue to shrink in size, the direct determination and characterization of atomic
arrangement and electronic environment of individual low-dimensional defects become
even more essential.

Amongst a huge family of oxides, SrTiOs single crystals are of particularly
technological interest in microelectronic and optoelectronic industries because of the high
dielectric constant, good ferroelectric and insulating properties, outstanding wear
resistance and high chemical and thermal stabilities. SrTiO3 is also one of most popular
substrates for various complex-oxide thin film® and nanostructure growth®. Recently,
novel properties have been discovered including electric-field-induced superconductivity®,
two-dimensional (2D) interface superconductivity exhibited at its interfaces with LaAlO3
® extremely high carrier mobility in doped SrTiO; single crystals’ and blue-light
emission at room temperature from Ar*-irradiated SrTiOs ®. In spite of their scientific and
technological importance, the understanding of the atomic and electronic structure of the
surfaces and doped SrTiOgs is still poor, due to the lack of effective high-resolution (HR)
characterization techniques to target single monolayer surfaces and single dopants within
a SrTiO; lattice.

With techniques such as scanning transmission electron microscopy (STEM) and
electron energy-loss spectroscopy (EELS), high-resolution (HR) transmission electron
microscopy (TEM) opens the path to the study of chemical composition and bonding

9,10 112 “and thus provides an ideal tool

information™" coupled with the atomic level images
to investigate individual low-dimensional defects. The general objective of this Ph.D.
thesis is to investigate individual low-dimensional structures making use of the most
recent developments in electron microscopy techniques so as to probe the structure of
two systems of great interest: 1) the reconstructed surfaces of SrTiOs due to their
fundamental importance as standard substrates and 2) ion implanted layers in SrTiO3 and
this because of their optical properties. Using aberration-corrected microscopy, the nature
of the surfaces and the nature of the clusters generated following implantation have been
studied at the atomic level so as to provide a fundamental understanding of the observed

properties.
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Because these low-dimensional defects cannot be physically isolated from the
bulk, it is difficult to correctly and effectively extract the weak signals from these defects
presented in a solid bulk. Such extraction remains a very challenging issue even in TEM
where thin foils, with thickness is less than 100 nm, are used. Thus, beside the general
investigation of selected SrTiO; systems through HR microscopy characterization
techniques, my goal is also to collect structural and spectral information from single
monolayers and dopants in SrTiO3 by extending available techniques and developing new
approaches. The visibility of these low-dimensional defects can be enhanced by picking
up corresponding signals since the elastically scattered electrons contributing to signals
from these low-dimensional defects are distributed unevenly in space and differently
compared to the ones contributed by the bulk. The STEM-annular bright-field (ABF)
imaging technique was demonstrated for the first time to directly image individual light
atoms and vacancies within a bulk with heavier elements. Regarding the fact that EELS
signals from the defects and the bulk are distributed similarly in space, a new
experimental approach, based on a ‘thickness’ series of EEL spectra containing different
bulk contributions, was proposed to effectively extract weak EELS signals from these
low-dimensional defects. Through this approach, the chemical state and coordination of
Ti cations within a single monolayer on a reconstructed surface and the local defect
configurations of nano-clusters generated in (Pr, Al) implanted SrTiO3 were successfully
solved.

The structure of the thesis is listed as follows. Chapter 2 gives the necessary
background, highlights the issues of interest and systematically reviews the previous
work done on the selected systems. Chapter 3 describes the experimental methods and
techniques applied in the present work. In Chapter 4, we present the new experimental
approaches we developed on how to correctly and effectively extract weak signals
attributed to these low-dimensional defects. Following that, Chapter 5 presents the results
on the reconstructed (001) SrTiO3 surfaces, which provide the experimental evidence on
the atomic structure along missing direction in the literature and both experimental and

simulated electronic structure of the reconstructed surfaces for the first time. Chapter 6
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gives the analysis of bulk defects within the implanted SrTiOs single crystals. We
observed that the Al ions have a negative instead of positive effect on the emission
intensity but blue-shift the red emission peak. The associated electronic structure and the
detailed atomic model were investigated by EELS and STEM-HAADF/ABF images. We
also presented the first observations of light elements (Al) within a heavier lattice (SrTiOs)
by ABF images and the first EELS 2-dimensional map of dopants (Pr) within a lattice.

The conclusions as well as suggestions for future study are stated in Chapter 7.
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CHAPTER TWO

LITERATURE REVIEW

Oxides have led to novel discoveries and have received increasing attention in the
electronic and optoelectronic industry. Their physical properties are strongly affected by
low-dimensional defects present in them; however, the understanding of their local defect
configurations is still incomplete. In this chapter, a brief introduction of defects in oxides
is given and followed by two detailed cases: the surfaces of perovskite-type SrTiOg lattice,
and (Pr, Al) implanted SrTiO3 single crystals. In each case, we summarize the previous
work and highlight the current research hotspots. Lastly, a detailed description of
characterization of individual low-dimensional defects using transmission electron

microscopy (TEM) is given.
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2.1 DEFECTS IN OXIDES: AN OPPORTUNITY FOR FUTURE DEVICES

Since the high-temperature superconducting phenomenon was discovered in
oxides in 1986, the understanding of oxides has continuously challenged our view of the
solid. The application of oxides in the electronic industry was initially slow due to
manufacturing issues. Subsequently, with the technical breakthroughs of creating oxides
by novel thin film deposition techniques with well-controlled structures, i.e., atomically-
sharp interfaces, there is currently a race to make new discoveries using oxide materials,
mainly in the field of electronics and optoelectronics. The remarkable physical properties
discovered in oxides, e.g. extremely high magnetoresistance, have been applied to next
generation devices and lead to significant reduction in size of devices in the electronic
industry. >3

Colossal magnetoresistance (GMR)', i.e. an orders-of-magnitude change in
electrical resistance as a result of a slight change of the external magnetic field, was
discovered in 1993 and has been applied in memory devices and sensors. GMR exists in
perovskites T1.xDxMnQOs, where T is a trivalent lanthanide cation (e.g. La) and D is a
divalent, e.g. alkaline-earth (e.g. Ca, Sr, Ba), cation. The quantum Hall effect' observed
in ZnO-MnyZn1.4O, in which the free-roaming electrons inside a layer condense into a
liquid-like state, provides the possibility for ‘spintronics’ devices. Two-dimensional
electron gas® describing the high-mobility electrons was reported at the interface between
LaAIlO/SrTiO3z, which may be the scientific foundation for the next generation of fast
transistors.

The story of oxide electronics could go even further since there are more than
enough possible choices based on the huge family of oxides and various underlying
physical effects. Beyond that, due to the common sub-lattice of oxygen atoms, various
multi-effects, e.g. multiferroics'®, could be achieved with designed heterostuctures via
epitaxial growth. However, the most novel phenomena appear only in oxides with

designed defects including atomically-sharp interface and dopants. Therefore, the
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understanding and controlling of defects will be the key to bring oxides from the current
scientific curiosity and discoveries to practical technologies.

The development of characterization techniques such as TEM has lead to
improved understanding of several functional oxides. For example, Y dopants in alumina
improve its mechanical properties due to the regular distribution of Y atoms along grain
boundaries'”; designable stability at high-temperatures is achieved in La-doped Al,Os
catalysts'. In short, creating and characterizing artificial structure at the atomic scale
provide us the great opportunity to achieve the final application goals through

understanding the underlying structure-property relationship at the nanometer scale.

2.2 SURFACE DEFECTS: RECONSTRUCTED SRT10; SURFACE

The surfaces of metal oxides are defective in nature and have been extensively
studied for various fundamental properties and related technological applications.
Amongst them, the surfaces of SrTiO3 crystals were used initially as lattice-matched
substrates for high-T. superconductors such as YBa,CuzO-.x lattice. Nowadays they are
used as a standard substrate for the epitaxial growth of various functional thin films® and
nano-structures®, and as the preferential photo-catalyst to split water for solar hydrogen
generation'®. In spite of the technological and scientific importance of SrTiO; crystal
surfaces, the understanding of their atomic structure is still incomplete due to the limited
high-resolution (HR) characterization. In addition, to assess the possible surface reactions
and bonding occurring during the growth process or the deposition of catalysts on their
surfaces, it is particularly important to understand the electronic structure of SrTiOg3
reconstructed surfaces.

High-resolution characterization of metal oxide surfaces is limited on account of
their defective structure, non-stoichiometric complexity and insulating properties. As a
result, modern surface analytical tools, such as electron spectroscopy and scanning
tunneling microscopy (STM), are not fully applicable although extensive work has been
done on doped SrTiO3 surfaces®. Noncontact atomic force microscopy (AFM) seems to
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be the only applicable powerful tool but provides only outermost surface information
with limited spatial resolution. Compared to the above techniques, TEM provides
simultaneous insight into both surface patterns and associated electronic structure.
However, TEM signals are integrated in projection and therefore are sensitive to both the
surfaces and the bulk. Furthermore, HR images sensitive to the surfaces can be obtained
in a TEM equipped with a secondary electron detector?".

2.2.1 Surface Patterns

Various reconstructed surfaces on (001)-oriented SrTiOj3 crystals produced under
different annealing conditions, were reported via different characterization techniques
including STM, reflection high-energy electron diffraction (RHEED), and low-energy
electron diffraction (LEED), as summarized In Table 2-1, A few atomic-level models
were proposed for these structures although they are often inconsistent with others.

Table 2-1 Surface reconstructed patterns on (001) SrTiO; crystal surfaces®

Observed Sample Preparation Technique

Reconstruction

(1x1) (1) UHV, 1100 K, 60 min AES, LEED, AFM, STM, UPS,
(2) 10° mbar O, RHEED, MEIS

(2x1) (1) 10”° mbar O, LEED, AES, STM, TEM®

(2) UHV, 950 T, 2 h
(3) UHV, 600-800 T, 30 min
(4) Pure O,, 950-1000 € *

(2x2) 10 mbar O, LEED, MEIS, AES, RHEED,
UPS
c(4x2) (1) 10®° mbar H,, 950 <C, 2 h LEED, AES, STM, TEM®

(2) UHV, 1200C, 15 min **
(3) air or O,, 850-930 T *

c(6x2) (1) O,, 1100 <T, 3 h, followed by | LEED, AES, STM, TEM®
UHV, 950 <C, 2 h
(2) air or O,, 1050-1100 T *°

(6x2) 0,, 1100 T, 3h, followed by UHV, | LEED, STM
950 T, 2 h

V5)xV5 R26.6° (1) UHV, 900 <T, 15 h, then RHEED, XPS, STM, LEED

flashing at 1200 <C, 2 min
(2) UHV, 830 <, 120 min
V13xV13 R33.7° | UHV, 1250, STM
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The oxygen deficiency model states that a wide range of oxygen deficient
intermediate phases form, and are periodically aligned to achieve observed surface

patterns. Vo-Ti**-O complexes, first reported via photoelectron spectroscopy?’, were

found by STM with <1 nm resolution in the case of the (\/§x\/§)—R26.6°

reconstructions®®. However, several theoretical studies provide inconsistent results with
the STM images®®?®, suggesting the Sr adatom model, in which ordered Sr adatoms
periodically sit at the oxygen fourfold site of a TiO,-terminated layer*®. No conclusive
experimental evidence was published due to the limited ability of the existing
characterization techniques. As a consequence, the lack of accurate initial approximate

structure solution leads to slow improvement through simulations and further refinements.
2.2.2 TEM Studies

The use of TEM for the purpose of providing HR information on surface
reconstructions is rather limited as the key pioneering studies have been carried out
mainly through diffraction techniques.?*? In reciprocal space, the periodicities of surface
patterns give rise to superlattice diffraction spots, which are typically much weaker than
the Bragg diffraction spots from the bulk of the crystal. A set of plausible atomic models
can be fitted to observed qualitative diffraction measurements, however, the ubiquitous
“phase problem”, which describes the lack of phase information in the Fourier transform
from reciprocal space to real space, remains a fundamental hurdle with this approach.
Additionally, the surface reflections provide no depth sensitivity since the diffraction is
just the projections of reconstructed surfaces. Furthermore, a quantitative interpretation of
diffraction patterns requires precisely calibrated detectors and consideration of possible
non-linearity in measurements of intensities and strict control the thickness of specimens
in order to minimize dynamical effects of diffraction or full consideration of such effects
with a precise knowledge of the thickness.

Alternatively, direct imaging of reconstructed surface patterns with atomic-level

31,32

resolution can be achieved through profile imaging and plan-view imaging®. The
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former requires the reconstructed surface to be parallel to the electronic beam but with
the obvious limitation from the fact that only a projection of the structure is observed.
The first profile imaging approach was performed on the Au(110)-(2x1) surface under
TEM mode™®. Similar results were also published on some other surfaces such as silicon,
germanium and TiO, crystals®2. Conversely, when the reconstructed surface is normal to
the electron beam, both surface and bulk information are integrated and recorded as
plane-view images or spectra. However, correctly extracting the relatively low surface
signal from images or spectra containing dominant bulk information has been a major

restriction of this technique.

2.3 BULK DEFECTS: (PR, AL) IMPLANTED SRTI10;

The optical properties of rare-earth doped perovskite-type oxides were actively
investigated for the combination of luminescence and ferroelectricity, phase transition or
semiconducting properties during the 1960s and 1970s. The observed intensity of
luminescence in such systems was so low that they were not treated as a real phosphor.
Nevertheless, the optical spectrum was used as a probe of physical properties of the host
crystal. For example, the vibronic structure in the luminescence spectra and decay
characteristics® of Pr¥*, Eu** or Tb** in BaTiO; and SrTiO; powders was studied with a
goal of investigating the electron-phonon interaction®.

In 1994, a strong red luminescence from CaTiOs:Pr’* was obtained, and then
considered as a potential red phosphor for display applications®®. Toki et al.®" also
reported SrTiO3:Pr** shows red cathodoluminescence with an efficiency as high as 0.4
Im/W at 400V and an acceptable efficiency at low voltages even below 10V. Additionally,
the light emitted from SrTiOs: Pr** has excellent color purity with the CIE chromaticity
coordinates” of x=0.670 and y=0.329, which is close to the ‘ideal red’. This perfect color

indices and acceptable efficiency at low accelerating voltage make Pr-doped perovskite-

“ The CIE chromaticity diagram, created by the International Commission on lllumination (CIE),
defined the chromaticity of a color by two parameters x and y derived from all three tristimulus
values.

10
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type oxides potential phosphor candidates under low-energy electron excitation, which
would be the solution of a key limitation for the next-generation flat panel displays, e.g.
field emission displays and vacuum fluorescent displays. Furthermore, SrTiO3:Pr** can
be turned into a bright phosphor if a small amount of selected elements, e.g. Al ®, Ga ¥,
In, Mg *°, zn *° Ba *, Ca*, La and Li ** are added in during the synthesis of phosphor
powders. (Figure 2-1(a)) Similar increased efficiency phenomena were also reported in
other rare-earth doped perovskite-type oxide powders such as SrTiOs:Tb*", CaTiOs:Pr**

and CaTiOz:Th® %,
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Figure 2-1 Photoluminescence spectra of SrTiOz:Pr¥* (Pr**: 0.2 at.%) with various molar
ratios of Al under the 325-nm laser excitation at room temperature. The central
wavelength of 616 nm corresponds to intra-4f emission from the excited-state D, to the
ground-state *H, of Pr** ions as shown in (b).**

2.3.1 Emission Mechanism of SrTiOg:Pr**

In SrTiO3 crystals, an electron in the 2p valence bands of oxygen ions is
(photo)excited to the 3d conduction band of titanium ions, as a result of creating a self-

trapped exciton (STE) and/or transferring to a defect level. The energy is released by

11
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emitting a visible photon. However, the details involved in the above processes are not
fully understood.

2.3.1.1 Energy Absorption

The energy absorption process occurs mainly within the SrTiO3 lattice since the
effect of Pr and/or Al ions on the energy absorption process is negligible according to an
X-ray absorption spectroscopic (XAS) study*. During the energy-absorption process, the
uniaxial vibration of Ti ions along the Ti-O bond in a TiOg octahedron plays an essential
role. The vibration of Ti ions was confirmed in a SrTiO3 crystal after absorbing a UV

photon during the photo-induced phase transition®.

2.3.1.2 Energy Release

In Pr-doped SrTiOs, the energy originally from the UV photon is transferred to the
Pr** ions which subsequently release a red photon via the intra-4f transitions from the
excited-state ‘D, to the ground-state *H,.** (see Figure 2-1(b) for the energy sequence of
the spectroscopic levels) During the above emission process of Pr®* ions, two key
processes are involved in: (a) the intra-4f transitions which are parity forbidden by the
Laporte rule” and (b) the quenching of Py luminescence since Pr¥* ions in oxides offers
either greenish-blue luminescence from the 3p, level or red luminescence from the D,
level.

The occurrence of intra-4f transitions strongly depends on the crystal field around
them; in detail, the transitions are forbidden when rare-earth ions occupy
centrosymmetric lattice sites and are allowed when the ions occupy non-centrosymmetric
sites*’. In Pr-doped SrTiOs, Pr’* ions are expected to preferentially locate at the

centrosymmetric Sr sites, resulting in weak intra-4f transitions. In contrast, the strong

" The Laporte rule is a spectroscopic selection rule formally-stated as the following: electronic
transitions that conserve parity —i.e. g (gerade) —g, or u (ungerade) —u respectively — are
forbidden in a centrosymmetric environment.

12
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emission observed at room temperature in Pr-doped BaTiO3 and CaTiO3 are due to the
non-centrosymmetric Ba sites in BaTiO3 and Ca sites in CaTiOs.

In oxide-based lattices, the quenching of *Po luminescence can be achieved via a
few possible non-radiative de-excitation pathways*®: (a) relaxation through phonons
(named as multi-phonon relaxation), (b) cross-relaxation within clusters of Pr** ions and
(c) relaxation through either low-lying 4f levels hybridized with 5d levels (labeled as
4f'5d* levels) or Pr-to-metal charge transfer state (CTS) (also called inter-valence charge
transfer state (IVCTS)). The rate of multi-phonon relaxation is very low (e.g. 550s™ in
CaTiOs*°) and leads to very little contribution. Due to the very low concentration of Pr**
ions, the effect from cross-relaxation is negligible.*® Therefore, the relaxation occurs
through either low-lying 4f'5d" bands only when the high-lying intra-4f levels are close
in energy to these 4f'5d* bands or Pr-to-metal CTS requiring possibly-oxidized host
ions®®. In CaTiOs: Pr**, the existence of Pr** was reported® from optical and EPR
characterization, as a proof of the low-lying Pr**/Ti*" —Pr**/Ti®* CTS relaxation pathway.
The energy position of the Pr-to-metal CTS relates to the ‘optical electronegativity’
%opt(M™) of the ions and the distance of Pr¥*-M™ 2 However, the existence of Pr** was
in doubt®® in CaTiOs:Pr¥*, BaTiOs:Pr®" and SrTiOs:Pr** systems, instead, electron-

trapping states are present, especially in CaTiOz:Pr®".
2.3.2 Increased Efficiency Mechanisms

Several mechanisms explaining the resultant high efficacy from co-doped
elements have been reported. The well-known one is the charge compensation
mechanism involving the improvement of crystallinity and the change of local crystal
field around Pr®* ions. The additional ions, e.g. AI** ions, preferentially substitutes Ti**
around Pr¥*, in order to compensate the charge difference between Pr®* and the host Sr**,
which, as a consequence, changes the local crystal field around Pr** ions and suppresses
the generation of defects*’. The defects, working as non-radiative centers, were

d3854°5%6 a5 (a) point defects caused by the extra positive charge of Pr®* at Sr**

reporte
sites; (b) SrO planar faults. The appearance of forbidden intra-4f transitions reflects the

13
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symmetry breaking of Pr-occupied lattice sites®’. The importance of the above symmetry
breaking effect can also be proved in systems with non-centrosymmetric sites. Although a
few studies reported slight improvement in light emission following the addition of

elements such as Al and Mg on the red luminescence in CaTiOz:Pr¥* system®®*°

, others
studies claimed that even an amount of 0.1-0.2 mol% Al or Mg results in a decrease of
the red-emission intensity.

The above charge compensation mechanism has presumed that Pr®* ions locate at
Sr-sites and co-doped elements substitute at Ti-sites. In order to occupy a particular
lattice site, the substituting ion should match the host ion in both the ionic radius and
charge. In principle, the ionic radius of Pr** (0.101 nm) and La* (0.106 nm) are close to
that of Sr** (0.113 nm). On the other hand, the ionic radius of AI** (0.050 nm), Ga**
(0.062 nm), Zn** (0.074 nm), Mg** (0.065 nm) are similar to that of Ti** (0.068 nm).
Experimentally, Ga ions were confirmed at Ti-sites by an extended X-ray absorption fine
structure (EXAFS) analysis®. However, several RE ions have amphoteric behaviors and
are found at both A-sites and B-sites in ABO; oxides, e.g. Sm** replace Ba** and Ti** in
BaTiOs ®*. The occupied site is affected by the A/B ratio, as reported in an ESR study on
the site occupancy of Ga** ions in BaTiOs . In a word, even under the assumption that
the rare-earth and co-doped ions sit in the right sites, it is still hard to explain why the co-
element concentration, offering the best luminescence, is not the one required for just
compensating the charge difference.

Another possibility of the increased efficacy comes from the energy transfer

mechanism*, whereby AI**

ions form traps which provide free carriers and enhance the
carrier flow rate from the host to the activator Pr** ions. A small number of electrons in
SrTiO3 generated by substituting La for Sr, Nb for Ti, or by introducing oxygen vacancies
(Vo)®, recombine with holes in an in-gap state, resulting in the room-temperature blue
light under UV irradiation®®*
SrTi0s.%

Last but not least, such enhanced luminescence can also be attributed to the

, which should be quenched at room temperature in pure

formation of secondary nano-particles and associated interfacial defects®, which occur in

14
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samples with much higher Al concentration as compared to the real phosphor.
Additionally, the authors******* did not consider the local composition variations within
the microstructure and did not explain the optimal Al concentration leading to the best
luminescence.

In summary, people have proposed different mechanisms to explain the enhanced
luminescence by co-doped elements. However, no clear understanding of rare earth
luminescence is available due to the lack of direct experimental evidence of the type of
defects and local chemistry. What is the site occupancy of the RE ions and co-doped ions
such as AI** in SrTiO; lattice? How does the AI** ion associate with the Pr** ion? What is
the change of the local electronic structure? How do these changes result in high
luminescence? To answer the above questions, we need to investigate the local

distribution and local environment of the Al and Pr dopants within the SrTiO; lattice.
2.3.3 Introduction of RE ions in SrTiO;

Compared to doped powders reported in the research literature, doped single
crystals have less interference from other structural factors such as grain boundaries and
particle size effects. This also facilitates the structural characterization and further
analysis in a TEM. Amongst many physical and chemical techniques able to introduce
foreign atoms into materials, ion implantation attracts a lot of interest as a non-
equilibrium method to alter the near-surface properties of single crystal wafers and to
synthesize non-equilibrium compositions as well as compositionally graded materials.
This method is widely applied to almost all types of materials despite the fact that it was
traditionally used for semiconductors and metals®”.

The responses of materials to ion implantation are complex and depend on the
combination of hosts, dopant atoms and implantation conditions (e.g., temperature, dose,
dose rate etc). In general, two regions (implanted and un-implanted) can be identified in
implanted materials and a damaged layer is usually found on the surface of the implanted
material. In insulating materials (as in the cases in the present project), radiation damage
processes can usually be categorized into: (a) electronic processes; (b) nuclear or elastic

15
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collision processes; and (c) radiolysis or photochemical processes. Electronic processes
refer to the change of electronic or charge states due to the deposited energy. Nuclear or
elastic collision processes are in the form of displacement damage. Radiolysis processes
describes the creation of atomic or ionic defects initiated due to electronic excitation.
Three mechanisms have been extensively used to modify the near-surface
properties of optical materials by creating functional defects such as Vo (e.g. in SrTiO3
crystals®), introducing special dopants, and generating precipitates such as Au nano-

particles®®.

2.3.3.1 lon Implantation

Previous studies were carried out on the optical properties of Ar* 8 N* ™ Au*
L7273 and Sb* ™ implanted SrTiOs, irradiation-induced epitaxial re-growth of the
amorphous layer with He®, Ne*, Ar" ™ and Si* ", damage accumulation and/or
recrystallization from He* "¢, Ne*, Kr*, Xe* ", Au* " and Pb* "®"°, surface modification

"8 or Mn* &2,

with Ga* % and magnetic behaviors following implantation with Co

Based on studies on SrTiOj3 crystals implanted with heavy ions, a non exhaustive
list of parameters for implantation and post-annealing is presented in table 2-2. In order
to avoid phase transitions of the host crystal during implantation, the implantation
experiments were generally carried out above the phase transition temperature (108 K).
To amorphize SrTiO3 crystals, much higher implantation damage is required above 400

K'"™ as shown in the critical dose v.s. implantation temperature graph (Figure 2-2).

Table 2-2 Summary of parameters used in heavy ion implantation and post-annealing for

SrTiO3(100)
Implantation Post-annealing
Dopants | Energy / | Temper Dos<_e2 / Depth Temperatur Time Atmosphe

keV ature / K cm Amorphous e /K re
Pb * 540 125 1x10™ 1800 A 673 0.5h air
Au® 250 628 | 3~5x10"° - 978 5min N,
Nb * 150 208 | 10%~10" - - - -
Au” 2000 975 1.4x10" - 1275 10h air
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Figure 2-2 Amorphization dose (displacement per atom) v.s. temperature to achieve a
relative disorder level of 0.97 in SrTiO; "

2.3.3.2 Damage Recovery

In order to remove the damage and achieve (meta-)stable structure, post-annealing
is always carried out after implantation. The material behaviors during the heat-treatment
depend on several key factors such as time, temperature and atmosphere, as well as the
crystallographic plane of the surface®. Other annealing techniques such as rapid heating
and cooling are introduced to obtain a perfect crystal without causing significant
diffusion of injected ions.

Although the temperature at which full thermal recrystallization occurs is
generally not agreed upon, the complete epitaxial crystallization of the ion-damaged
amorphous SrTiOg3 crystals with (001) surfaces have been obtained at 400 °C for 30 min in
air®®. The new crystal retains the original crystal orientation although a high density of
dislocations appears in the re-crystallized regions. After an “incubation” period, the
growth velocity, defined as the rate of change in recrystallized depth, is constant. The
initialization period has an inverse relationship with the annealing temperature, and is
almost non-detectable above 350 °C. During the linear growth period, the growth rates for

thermal re-crystallization can be described as
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v(T) =V, exp(—%j Equation 2-1
In which, vy (=0.05¢cm/s 67) is a prefactor for thermal epitaxial regrowth, Q (=0.77eV in
air’” or 1.2eV in N, %) is the activation energy, R is universal gas constant and T is
temperature. The thermal re-growth kinetics for (111) surface is reported to be different
than the ones for (001) and (011) surface®®. There are no well-behaved and reproducible
results in the literature for the former cases®®, which indicates the complexity of
recrystallization process.

In many potential applications of SrTiO3, such as cathodoluminescence phosphors
and nuclear waste disposal hosts, the understanding of the dynamic recovery and
nanostructure evolution under irradiation is critical. lon-amorphized SrTiO; by heavy
injected ions exhibits strong epitaxial recovery at the amorphous/crystalline interface
under an electron beam with a dose on the order of 102 cm™s™, common conditions for
TEM observations®®. The recrystallization behavior shows a strong dependence on the
electron beam flux. One of the parameters that is important to understand the
recrystallization behavior is the effect of local temperature and the contribution of the
electron beam to temperature changes. The temperature rise under electron beam
irradiation was estimated to be a few degrees®’, thus can be negligible. The maximum
energy transferred from the probe electron to the target atom is much lower than the
threshold displacement energies in oxides®. The beam-assisted re-crystallization process
is probably due to the ionization-induced processes, e.g. localized electronic excitations,
which may lower the energy barrier by disturbing local atomic bonds and structure. It
should be noted that the beam-induced effect on the sample is still not well understood,

particularly with a finely focused and thus high dose density beam.
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2.4 CHALLENGES IN CHARACTERIZATION OF DEFECTS AND LOW-

DIMENSIONAL STRUCTURES

The complete characterization of defects and low-dimensional defects in a host
matrix, including elemental identification and determination of local atomic
configurations, provides new insights in many fields of materials science, physics and
nanotechnology while remaining as an open and very challenging topic. Traditionally, the
changes of physical and chemical properties of a bulk with or without defects are used as
the means to reveal the distribution and average local environment of defects, i.e. photon
absorption and electron spin resonance (ESR, also known as electron paramagnetic
resonance (EPR)).

The breakthrough of imaging individual atoms first appeared in surface science.
The very first atomic structure images of metal surfaces were obtained by field-ion
microscopy (FIM)® but with very tough requirement in terms of the sample as a sharp
needle-shaped specimen is necessary. Atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) not only form images of the surface (potentially at atomic
resolution) but can also position single atoms on the surface of a flat specimen®.
Chemical identification of individual surface atoms by AFM was recently achieved
indirectly through the comparison between AFM images and the force value computed
from large-scale density functional theory simulations.” Compared with the above
techniques, HR TEM is an essential tool potentially capable of accessing the local
distribution and environment of dopant atoms because of its ability to directly image at
sub-Angstrom resolution' and execute various spectral techniques® at high spatial
resolution, with the EELS method approaching today few tens of meV energy
resolution®%.

In order to verify whether the detected weak contrast is from a single impurity
atom or not, three quantitative tests are proposed by Voyles et al.”: 1) concentration test,
i.e. the number of atoms in images should be consistent with the concentration of other

independent measurements; 2) intensity test, the observed intensity should agree with a
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model considering their spatial distribution and relevant contrast mechanism; 3) null test,

no intensity appears in a null bulk under the same imaging conditions.
2.4.1 STEM Mode

The development of scanning TEM (STEM) provides a new possibility to directly
image and chemically identify individual defects on the surface and in the bulk. The
successful application of annular dark-field (ADF) to image heavy atoms, i.e. U and Th
atoms lying on a very thin amorphous carbon film, was first reported by Crewe® in the
1970’s. In order to remove the strong dynamical diffraction occurring at lower collection
angle, high-angle ADF (HAADF) images (Z-contrast images) were used to successfully
detect individual Pt atoms on crystalline y-Al,O3 support material®’.

The characterization of (point) defects inside a bulk material seems much more
challenging because of much weaker contrast from the atomic column containing only
one foreign atom compared with the neighboring atomic columns containing typically a
few tens, up to a few hundred atoms in typical samples. The first successful
demonstration of ADF imaging single atoms in a bulk was reported in Sh-substitutional
n-type bulk silicon'®. To increase the contrast from the extra-Sb atom, chemical-
mechanical polishing and etching techniques were applied to achieve a clean surface and
further reduce the thickness of the specimen to less than 5 nm (i.e. approximately 26
atoms). In their HAADF images, Voyles et al'® showed that Sh-containing columns
appear as bright dots compared with the neighboring unoccupied columns. Besides
substitutional dopants, HAADF images were applied to image various defect
configurations of single Au inside Si nanowires®, such as tetrahedral interstitial,
hexagonal interstitial and buckled Si-Au-Si chain configurations.

One of the main disadvantages is that all TEM images are 2D projections of 3D
objects since TEMs have a huge depth of focus (>1 mm depending on the operating
conditions) compared to the thickness of thin foils (~100 nm). However, HAADF images
taken under large convergence angle have depth sensitivity, which can be applied to

investigate the depth distribution of defects. Accordingly, the contrast contributed by La
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atoms at different depths within y-Al,O3 is different in images taken under different
defocus conditions®.

Low-angle ADF (LAADF) images, acquired synchronously with ADF or HAADF
images, are much more sensitive to the de-channeling of probe electrons, as a likely result

of local phonon modes or strain fields around defects. Accordingly, Muller et al.*®

applied
LAADF images to detect oxygen vacancies (Vo) and revealed their distribution in SrTiO3

crystals.
2.4.2 TEM Mode

In order to improve the spatial resolution and extend the information limit under
TEM imaging conditions, the contrast transfer function of a microscope can be taken into
account by the exit wave reconstruction (EWR) method through the use of a series of
images obtained at different defoci (also known as the focal series reconstruction
technique) so that the aberration of the microscope can be accounted for. The EWR
method was successfully applied to image one-dimensional crystals formed within single-

walled carbon nanotubes®®

. It should be noted that beside the complex calculation
involved in the reconstruction processes, the requirements for TEM specimens and
equipment stability are quite strict for this method: samples have to be extremely stable
mechanically and structurally and the microscope must provide extreme electronic and
mechanical stability

Other alternative methods include the hardware modification of the transfer
function of a microscope by the insertion of spherical aberration correctors that allow the
reduction and adjustment of the spherical aberration coefficient value (C;), directly
resulting in an improvement of the interpretability of the images and dramatic reduction
of delocalization in the images. Using negative Cs values, the detection of oxygen

atoms™ and oxygen vacancies'® in perovskite structure has been achieved.
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2.4.3 Spectroscopy

TEM not only offers direct insight to defects, but also provides local chemical
information from electron energy-loss spectroscopy (EELS) or energy dispersive X-ray
spectrometry (EDX). The detection of single Gd atoms from EEL spectra was first
reported*® with a spatial resolution of ~0.6 nm, which was mainly determined by the size

104

of probe ™. The above spatial resolution is too low to resolve the atomic structure of most
systems. With a much smaller probe, single atom spectra from La dopants in CaTiO3
lattice'® were reported, which suggests the wide application of EEL spectra for detecting
individual defects in most systems.

EEL spectra can be applied as an indirect method to detect vacancies. The
detection limit for Vo in SrTiO3; could be achieved at a level of ~0.05 (~1 at.% Vo)
determined by the ratio of Ti**/Ti*" calculated from the associated EEL spectra in SrTiO3
crystals®.

Although a few exciting experimental results have been reported, more limitations
still challenge our ultimate goals: not all dopants, even heavy atoms, are visible in all
local configurations'®. Due to the integrated signals contributed by both defects and the
bulk in a TEM, the enhancement or isolation of the signals from defects is usually

demanded.
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CHAPTER THREE
SPECIMEN SYNTHESIS AND

CHARACTERIZATION TECHNIQUES

The starting materials are SrTiO3 single crystal wafers with the dimensions of
10x10x0.5 mm #0.05 mm, orientation of (001) £+ 0.5°, which were purchased from MTI
Corporation. One surface of these single crystals is “EPIl-quality” polished by the
chemical mechanical polishing (CMP) technology with less sub-surface lattice damage.
At the beginning of this chapter, synthesis techniques necessary to create low-
dimensional defects in a SrTiO3 crystal are presented. Following that, the experimental
techniques are presented including luminescence tests and structure characterization.
Finally, some theoretical methods are introduced, which are used to analyze our obtained

experimental dataset.
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3.1 SYNTHESIS OF RECONSTRUCTED OXIDE SURFACES

TEM specimens with surface reconstruction were prepared through a similar
approach to that described in Erdman et al.?®. The plan-view TEM specimens were
obtained through low angle polishing (Multi-Prep#) followed by ion milling (Details are
discussed in section 3.4.1). Subsequently, the TEM specimens were annealed at 800-1200
°C in air in a tube furnace for 1 hr to create surface patterns. During the annealing process,
the TEM specimens were located on a SrTiO; wafer in an alumina annealing boat. The
resulting surface patterns have a strong dependence on the annealing temperature, which

will be discussed later.

3.2 SYNTHESIS OF IMPLANTED OXIDES

lon implantation was applied as a surface modification method of single crystals
with precise control of the dose, impurity depth and species. Although the resulting
structure of implanted materials always includes a damage layer, a post-annealing

treatment can be carried out to remove this damage.
3.2.1 lon Implantation

The implantation process involves energy loss from the high-energy injected ions
in the host, resulting in displacement or/and ionization of the host atoms. Generally, light
ions or ions at higher energy support more electronic stopping, while heavier ions or ions
at lower energy offer more nuclear stopping. Due to the complexity of such processes,
“stopping and range of ions in matter” (SRIM) simulations were performed to assess the
interaction between the injected ions and the host atoms based on individual cases.

Several parameters involved in implantation are user-controlled: dose, referred to

the concentration of the final product, and usually linked to the damage of hosts; energy,
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involving the implantation depth; temperature, related to the final damage of the
substrates.

3.2.1.1 Implantation Energy

Injected ions are favored to go deeper under a higher implanting energy, thus
more ions are expected to be introduced into the crystalline layer, the main region of
interest in the present project. The energy of implanting heavy Pr” ions is limited by the
implanter to be lower than 35 keV. To match the concentration profiles of Pr ions
implanted at 35 keV, the optimized implanting energy for light Al™ ions is 15 keV
according to SRIM simulations. (Table 3-1 and Figure 3-1 (2))

Table 3-1 The projected range of Pr* and Al at various energy in SrTiO;

. Longitudinal Lateral
| E /keV P ted R 1A . .
ons nergyrke rojected Range Straggling /A Straggling / A
Pr 35 134 49 37
Al" 5 63 42 30
Al 10 109 68 49
Al 15 154 93 67
Al 20 199 116 85
Al 25 244 140 101
Prx10® Al x10° Pr Al
¢ . ] :
o |~ | P N 3 -
5|5 " {06
5| 26| o |
55| 13 9|5 y
=0 : glc 2r 10.4
S 4f &[®
5 12 >So | ]
a2 | 5
B 1 i
3 2f J; = 1r 10.2
s | i i
0 1 2I0 1 4|0 1 60 0 1 2I0 1 4.|0
Target Depth /nm Target Depth /nm
(a) lon distribution (b) Damage

Figure 3-1 SRIM simulation of Pr implanted at 35 keV and Al implanted at 15 keV based
on 100,000 ions simulation
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3.2.1.2 Implantation Dose

According to the research literature, a Pr concentration of about 0.2 at.% can
optimize the luminescence from SrTiO3:Pr/Al. The Al concentration was selected in the
range of 2 at.% to 15 at.%. In order to isolate the effect from Pr*, study the damage
recovery processes and facilitate TEM characterization, specimens implanted only with
high Pr concentration were produced to have the same damage computed by SRIM
compared to (Pr, Al) co-implanted specimens. (Figure 3-1(b))

The dose of injected ions is calculated based on the known concentration

according the following equation,
¢= J': C(x)dx

In which, C(x) describes the concentration profile with the unit of number of atoms/cm®

Equation 3-1

and ¢ stands for the dose with the unit of number of atoms/cm? Under the Gaussian

approximation of implant profile,

(R

C (X) _ Cp e Z(ARP)z

Equation 3-2
Where, C, is the constant determined by the peak concentration. Rp and 4ARp are the
projected range and longitudinal straggle, respectively. They describe the profile shape,
and are different for different systems under different implantation conditions. In the
present project, they are evaluated via SRIM simulations. (Figure 3-1(a))

In summary, Pr* ions were implanted in EPI polished surfaces of (001) SrTiO3
single crystals at an energy of 35keV and a dose of 7x10*3cm™ at room temperature (RT).
The peak concentration of Pr* ions is estimated to be 0.2at.% in the region of 10-20nm
depth. The Al" ions were implanted subsequently at 15 keV with doses of 8.5x10* cm™,
3.8 x10"cm™ and 6.3x10™cm™ at RT. Similar concentration profiles of Al* ions should
therefore be achieved with peak value of 2 at.%, 9at% and 15at.%, respectively.

As for the second series, Pr* ions were implanted into (001) SrTiO5 single crystal
at an energy of 35keV and doses of 7x10"cm™, 2.8x10cm™ and 9.8x10*cm™. The

corresponding peak concentration of Pr’ ions are thus 0.2 at.%, 0.8 at.% and 2.8 at.%,
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respectively. The computed damage caused by Pr* ions at doses of 2.8x10* cm™ and
9.8x10™ cm® matches the ones in the first series with additional Al* ions co-implantation
at a dose of 3.8 x10™°cm™ and 6.3x10"° cm, respectively. Furthermore, Al* ions at a dose
of 8.5x10" cm? (0.2 at% peak concentration and 8.5x10* cm? (2 at.% peak
concentration) at 15keV were implanted into the pre-Pr implanted specimens with 0.2at.%
peak concentration as controls for the second series of implantation.

3.2.1.3 The Control

In order to evaluate the implantation processes, silicon single crystal wafers were
used as reference test materials on account of their well-known structure. Additionally,
compared to the present SrTiO; lattice, Si substrates are suitable for TEM
characterization of single dopant atoms due to the large Z-difference between the dopant
and host atoms. Thus, implantation tests in (011) Si wafers were carried out under the
same conditions as used for the SrTiO3 wafer. The peak concentration of dopant ions in Si
is within the region of 25-35nm depth compared to 10-20nm depth in SrTiOj lattice from
the SRIM calculation.

3.2.2. Post-implantation Treatment

Several issues should be taken into account when designing the heat-treatment of
implanted oxides:

a) To fully recover the surface damage caused by implantation, 330°C is
reported®®® to the lowest temperature (lower limit) for recrystallization.

b) To long-range thermal diffusion of injected ions, a low annealing temperature
or a short annealing time is thus required.

¢) To form nano-clusters, long-range diffusion must be involved, which requires
high annealing temperature and long annealing time.

d) To avoid the surface reconstruction, high temperature annealing should be
avoided, which determines the upper limitation of temperature.
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e) To avoid new oxygen vacancies caused by annealing, the annealing atmosphere
is chosen as air.

Accordingly, to obtain oxides with fully recovered damage layer and isolated and
clustered injected ions, annealing treatment of implanted SrTiO3 crystals were carried out
in a tube furnace at different temperatures of 400 °C, 700 °C and 800 °C for different time

of 5min, 60 min and 180min in air.

3.3 LUMINESCENCE OF IMPLANTED OXIDES

In order to test the optical properties of Pr-implanted SrTiO3z crystals,
photoluminescence (PL) measurements were performed on the as-implanted and
annealed crystals. The emissions are expected within the wavelength range of 400-900
nm. A He-Cd pump laser of 325 nm wavelength was selected as an appropriate source and
the spectra in the range of 400-1000 nm wavelength were recorded to cover the whole
region of interest. The PL tests were run at room temperature in a dark room to minimize
the effect from the room light. To minimize the statistical errors, the final spectra were

the average of 5 original scans with scanning time of 30s each.

3.4 TEM CHARACTERIZATION

The microstructure of SrTiOz single crystals, with certain low-dimensional
defects including reconstructed surfaces as well as injected Pr* and Al* ions and the
subsequent defects caused by implantation, was characterized under TEM.

3.4.1 Sample Preparation for TEM

In order to satisfy different requirements for TEM characterization, several
methods of preparing specimens were used. With the purpose of introducing ex-situ/in-

situ annealing on TEM specimens, the conventional method was applied to create plan-
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view specimens. A 3mm disk was cut from single crystal wafers mechanically polished
to a thickness of 150-180 pm via an ultrasonic cutter, and then was dimpled to a central
thickness of 10-20 pm, finally ion milled to electron transparency with 4keV Ar” ions at
6-8°. The above approach avoids the use of glue, which limits the high-temperature
annealing. However, the specimens had to be ion milled for ~15-25 hrs, thus a
considerably thick amorphous layer was formed on both surfaces, which could be later
removed by annealing.

To reduce the ion-milling time and thus minimize the formation of surface
amorphous layers, the low-angle polishing (Multi-prep#) method was selected to obtain
both plan-view and cross-section specimens. Plan-view specimens were usually used as
the reference to provide bulk information, while cross-section samples were mainly
prepared to investigate the implanted layer. Implanted oxide wafers were cut into
5x1.5x~0.5 mm slices using a wire saw, which ensures minimal damage to the cutting
surface. Two slices with implanted layer face-to-face were glued together with standard
quick setting epoxy. Thus, 5x1.5x1 mm sandwich blocks were obtained and ready to cut
into pieces of dimensions about 1x1.5x1 mm. A block with 1x1.5x1 mm was polished via
an Allied MultiPrep™ equipment on one side to get a mirror finish. The block was glued
onto a TEM wedge thinning paddle with shiny side down and then polished down to the
thickness of 300 m with polishing papers of 15 m, 9 jum, 6 pm and 3 jm sized particles,
a load of 200 grams and water as the lubricant. After that, a low polishing angle of 4° was
used and the wedge of the block was further reduced in thickness to 10 pm. 1 pm
polishing paper with an alcohol-based lubricant (Allied Bluelube™ polishing lubricant)
was used to obtain the wedge, which now has a thickness of a few hundred nanometers.
Finer polishing papers of 0.5 pm were used to additionally reduce the thickness and
surface damage. After polishing, the wedge specimen was glued on a molybdenum ring
with standard quick setting epoxy. Finally, ion milling with 0.25-1.5keV Ar" ions in a
Gentle Mill™ was selected to make the specimen electron transparent, reduce the surface

damage layer and remove the bright islands shown in Figure 3-2 (a), which are probably
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due to the re-deposition of Si atoms by the Ar*-beam with higher energy or residues from
the lubricant.

(@) (b)

Figure 3-2 Effect of low energy ion milling: (a) ion milling at 4 keV and cleaning with 1
keV, produced bright clusters probably due to the re-deposition of Si or residues from the
lubricant; (b) ion milling at 1.0keV and cleaning with 250V, produced sample without
bright island.

3.4.2 Conventional Transmission Electron Microscopy

A conventional TEM (Philips CM12) operated at 120 keV was used to investigate
the over-all view of specimens. Diffraction contrast under image mode was applied to
reveal the linear and planar defects due to their crystallographic differences. Additionally,
the diffraction pattern provided a way to index the associated crystallographic parameters
and more crystallographic information related to different defects. Particularly for the
surface reconstructed specimens, a series of negative plates with exposure times varying
from 1s to 150s were taken to record the surface reflections.
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3.4.3 High-Resolution Imaging

Detailed structural characterization was performed with scanning transmission
electron microscopy (STEM) with an aberration-corrected FEI Titan 80-300 Cubed
microscope. In STEM, an atomic size probe is rastered over the specimen and an (annular)
detector is used to collect the signal within a defined angular range of scattering and
integrates the detected signal as the intensity at the current location of the probe.
Depending on the collection range with respect to the illumination cone of the probe, a
few imaging techniques including high-angle annular dark-field (HAADF), low angle
annular dark-field (LAADF), annular bright-field (ABF) and bright-field (BF) imaging
are listed and discussed as follows.

The high-angle (HA) condition is defined when the inner collection angle (B) of
the detector is at least 2-3 times the convergence angle (a) standing for the maximum
angle of the illumination cone. Correspondingly, the signal contributed by diffraction is
minimized. The signal collected by the HAADF detector represents the high-angle
elastically scattered electrons, which is highly sensitive to the atomic number
(~proportional to Z“"). Therefore, atomic level HAADF imaging provides direct
chemical sensitive contrast plus structural information, and thus is considered as one of
the most advanced techniques to characterize individual low-dimensional defects.

The low-angle (LA) ADF images are formed with the signal in the range of just
outside the illumination cone, up to 2-3 times the convergence angle. On the other hand,
the ABF detector is placed within the illumination cone but avoid the most intense central
signals, typically with B=0.5*a. The contrast in ABF images is considered mainly
associated with the 1s-state channeling effect.

In practice, several parameters beside a perfect alignment of the microscope are
important in order to obtain perfect HAADF images: a) camera length (CL), directly
linked to the collection angle of an ADF detector; b) probe current, related to beam
damage and the intensity of signals. Large collection angle is preferred for Z-contrast

images but leads to lower signals. Increased probe current thus helps to enhance signals,
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but may introduce beam damage; c) convergence angle (a) of the probe, the optimized o
can be found through image simulation and affects the depth sensitivity.

Probe

Sample

HAADF
detector

LAADF
detector
ABF detector

Spectrometer ‘ ‘

Figure 3-3 Major elements of a STEM.

EELS

Since the HAADF image only collects large-angle scattered electrons, BF image
or ABF image or EELS signals can be acquired simultaneously, thus providing chemical

analysis and further crystal structure information.

3.4.4 Electron Energy-Loss Spectroscopy

Electron energy-loss spectroscopy (EELS) measures the inelastic interaction
between the probe electrons and a specimen. A spectrometer is used to measure the
energy-loss spectrum which includes features such as phonon excitations (<0.1 eV),
Cerenkov radiation (<10 eV), plasmon excitations (<50 eV), inter- and intra-band
transitions (<20eV), and inner-shell ionization (from ~50 eV, up to few keV).

A typical EEL spectrum can be summarized into the following parts: a) a sharp
and intense zero loss peak (ZLP) comes from no-loss electrons and elastic scattering. The
width of the ZLP is mainly determined by the energy distribution of the electron source

and related optics, which represents the experimental energy resolution limitation. The
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ZLP can also include phonon losses; b) a series of low-loss peaks (<50¢eV), they involve
plasmon excitations and the intra-band and inter-band transitions; c) several low intensity
but distinct core loss peaks (>50¢€V), arise from core excitation to empty states and are
usually used to identify the presence of specific elements and investigate their local
chemical states and coordinations.

Energy-loss near edge structure (ELNES) describes core loss spectral structure.
ELNES is caused by the transitions of excited core electrons to unoccupied states and
reflects the local atomic environment, such as valence, type of bonding and
coordinations'®’. Therefore, ELNES features are applied as the probe to obtain the local
chemical and physical environment of selected low-dimensional defects.

A parallel electron energy-loss spectrometer (Gatan 866 model) attached to an
aberration-corrected FEI Titan 80-300 Cubed microscope was used to obtain the EEL
spectra associated with selected low-dimensional defects in oxides. To improve the
energy resolution, a monochromatic electron beam® is usually used as the probe, which

offers an energy resolution of less than 0.1eV.

3.5 SIMULATION

3.5.1 Multislice Method

The contrast in high-resolution images is complex and difficult to interpret,
therefore, image simulation is mandatory. The image simulation used in my work is based
on the multislice method wi