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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 SrTiO3 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 SrTiO3 surface and the local defect configurations of injected Pr
+
 and 

Al
+
 ions within SrTiO3 single crystals.         
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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.
1,2

 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 

1. CHAPTER ONE                        

INTRODUCTION 



Ph.D. Thesis - G.-Z. Zhu; McMaster University - Materials Engineering 

2 

 

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, SrTiO3 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
3
 and nanostructure growth

4
. Recently, 

novel properties have been discovered including electric-field-induced superconductivity
5
, 

two-dimensional (2D) interface superconductivity exhibited at its interfaces with LaAlO3 

6
, extremely high carrier mobility in doped SrTiO3 single crystals

7
  and blue-light 

emission at room temperature from Ar
+
-irradiated SrTiO3 

8
. In spite of their scientific and 

technological importance, the understanding of the atomic and electronic structure of the 

surfaces and doped SrTiO3 is still poor, due to the lack of effective high-resolution (HR) 

characterization techniques to target single monolayer surfaces and single dopants within 

a SrTiO3 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 

information
9,10

 coupled with the atomic level images
11,12

, and thus provides an ideal tool 

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 SrTiO3 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 SrTiO3 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 SrTiO3 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 (SrTiO3) 

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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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 SrTiO3 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.                    

 

 

2. CHAPTER TWO                            

LITERATURE REVIEW 
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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.
1,13

  

Colossal magnetoresistance (GMR)
14

, 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-xDxMnO3, 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
15

 observed 

in ZnO-MnxZn1-xO, 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
6
 describing the high-mobility electrons was reported at the interface between 

LaAlO3/SrTiO3, 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
16

, 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
17

; designable stability at high-temperatures is achieved in La-doped Al2O3 

catalysts
18

. 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 SRTIO3 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-Tc superconductors such as YBa2Cu3O7-x lattice. Nowadays they are 

used as a standard substrate for the epitaxial growth of various functional thin films
3
 and 

nano-structures
4
, and as the preferential photo-catalyst to split water for solar hydrogen 

generation
19

. In spite of the technological and scientific importance of SrTiO3 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 SrTiO3 

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
20

. 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
21

.      

2.2.1 Surface Patterns 

Various reconstructed surfaces on (001)-oriented SrTiO3 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) SrTiO3 crystal surfaces
22

 

Observed 

Reconstruction 

Sample Preparation Technique 

(1x1)  (1) UHV, 1100 K, 60 min 

(2) 10
-5

 mbar O2 

AES, LEED, AFM, STM, UPS, 

RHEED, MEIS 

(2x1)  (1) 10
-5

 mbar O2 

(2) UHV, 950 °C, 2 h 

(3) UHV, 600-800 °C, 30 min 

(4) Pure O2, 950-1000 °C  
23

 

LEED, AES, STM, TEM
23

 

(2x2) 10
-5

 mbar O2 LEED, MEIS, AES, RHEED, 

UPS 

c(4x2) (1) 10
-5

 mbar H2, 950 °C, 2 h 

(2) UHV, 1200C, 15 min 
24

 

(3) air or O2, 850-930 °C 
25

 

LEED, AES, STM, TEM
25

 

c(6x2) (1) O2, 1100 °C, 3 h, followed by 

UHV, 950 °C, 2 h 

(2) air or O2, 1050–1100 °C 
26

 

LEED, AES, STM, TEM
26

 

(6x2) O2, 1100 °C, 3h, followed by UHV, 

950 °C, 2 h 

LEED, STM 

√5)x√5 R26.6˚ (1) UHV, 900 °C, 15 h, then 

flashing at 1200 °C, 2 min 

(2) UHV, 830 °C, 120 min 

RHEED, XPS, STM, LEED 

√13x√13 R33.7˚ UHV, 1250 s,  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
3+

-O complexes, first reported via photoelectron spectroscopy
27

, were 

found by STM with <1 nm resolution in the case of the ( 5 5) 26.6oR   

reconstructions
20

. However, several theoretical studies provide inconsistent results with 

the STM images
28,29

, suggesting the Sr adatom model, in which ordered Sr adatoms 

periodically sit at the oxygen fourfold site of a TiO2-terminated layer
30

. 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.
23,25

 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 

resolution can be achieved through profile imaging
31,32

 and plan-view imaging
23

. 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
33

. Similar results were also published on some other surfaces such as silicon, 

germanium and TiO2 crystals
32

. 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 SRTIO3 

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
34

 of Pr
3+

, Eu
3+

 or Tb
3+

 in BaTiO3 and SrTiO3 powders was studied with a 

goal of investigating the electron-phonon interaction
35

.  

In 1994, a strong red luminescence from CaTiO3:Pr
3+

 was obtained, and then 

considered as a potential red phosphor for display applications
36

. Toki et al.
37

 also 

reported SrTiO3:Pr
3+

 shows red cathodoluminescence with an efficiency as high as 0.4 

lm/W at 400 V and an acceptable efficiency at low voltages even below 10 V. Additionally, 

the light emitted from SrTiO3: Pr
3+

 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 Illumination (CIE), 

defined the chromaticity of a color by two parameters x and y derived from all three tristimulus 

values.  
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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
3+

 can 

be turned into a bright phosphor if a small amount of selected elements, e.g. Al 
38

, Ga 
38,39

, 

In, Mg 
40

, Zn 
40

 Ba 
41

, Ca 
41

, La and Li 
42

 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 SrTiO3:Tb
3+

, CaTiO3:Pr
3+ 

and CaTiO3:Tb
3+

 
43

.  

  

(a) (b) 

Figure 2-1 Photoluminescence spectra of SrTiO3:Pr
3+

 (Pr
3+

: 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 
1
D2 to the 

ground-state 
3
H4 of Pr

3+
 ions as shown in (b).

44
  

2.3.1 Emission Mechanism of SrTiO3:Pr
3+

 

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 
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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
45

. During the energy-absorption process, the 

uniaxial vibration of Ti ions along the Ti-O bond in a TiO6 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
46

. 

2.3.1.2 Energy Release 

In Pr-doped SrTiO3, the energy originally from the UV photon is transferred to the 

Pr
3+

 ions which subsequently release a red photon via the intra-4f transitions from the 

excited-state 
1
D2 to the ground-state 

3
H4.

44
 (see Figure 2-1(b) for the energy sequence of 

the spectroscopic levels) During the above emission process of Pr
3+

 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 

3
P0 luminescence since Pr

3+
 ions in oxides offers 

either greenish-blue luminescence from the 
3
P0 level or red luminescence from the 

1
D2 

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
47

. In Pr-doped SrTiO3, Pr
3+

 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.    
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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 CaTiO3.  

In oxide-based lattices, the quenching of 
3
P0 luminescence can be achieved via a 

few possible non-radiative de-excitation pathways
48

: (a) relaxation through phonons 

(named as multi-phonon relaxation), (b) cross-relaxation within clusters of Pr
3+

 ions and 

(c) relaxation through either low-lying 4f levels hybridized with 5d levels (labeled as 

4f
1
5d

1
 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. 550 s
-1

 in 

CaTiO3 
49

) and leads to very little contribution. Due to the very low concentration of Pr
3+

 

ions, the effect from cross-relaxation is negligible.
49

 Therefore, the relaxation occurs 

through either low-lying 4f
1
5d

1
 bands only when the high-lying intra-4f levels are close 

in energy to these 4f
1
5d

1
 bands or Pr-to-metal CTS requiring possibly-oxidized host 

ions
50

. In CaTiO3: Pr
3+

, the existence of Pr
4+

 was reported
49

 from optical and EPR 

characterization, as a proof of the low-lying Pr
3+/

Ti
4+

↔Pr
4+

/Ti
3+

 CTS relaxation pathway. 

The energy position of the Pr-to-metal CTS relates to the „optical electronegativity‟ 

χopt(M
n+

) of the ions and the distance of Pr
3+

-M
n+

 
51,52

. However, the existence of Pr
4+

 was 

in doubt
53

 in CaTiO3:Pr
3+

, BaTiO3:Pr
3+

 and SrTiO3:Pr
3+

 systems, instead, electron-

trapping states are present, especially in CaTiO3:Pr
3+

. 

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
3+

 ions. The additional ions, e.g. Al
3+

 ions, preferentially substitutes Ti
4+

 

around Pr
3+

, in order to compensate the charge difference between Pr
3+

 and the host Sr
2+

, 

which, as a consequence, changes the local crystal field around Pr
3+

 ions and suppresses 

the generation of defects
37

. The defects, working as non-radiative centers, were 

reported
38,54,55,56

 as (a) point defects caused by the extra positive charge of Pr
3+

 at Sr
2+

 

sites; (b) SrO planar faults. The appearance of forbidden intra-4f transitions reflects the 
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symmetry breaking of Pr-occupied lattice sites
57

. 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 CaTiO3:Pr
3+

 system
58,59

, 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
53

. 

The above charge compensation mechanism has presumed that Pr
3+

 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
3+

 (0.101 nm) and La
+
 (0.106 nm) are close to 

that of Sr
2+

 (0.113 nm). On the other hand, the ionic radius of Al
3+

 (0.050 nm), Ga
3+

 

(0.062 nm), Zn
2+

 (0.074 nm), Mg
2+

 (0.065 nm) are similar to that of Ti
4+

 (0.068 nm). 

Experimentally, Ga ions were confirmed at Ti-sites by an extended X-ray absorption fine 

structure (EXAFS) analysis
60

. However, several RE ions have amphoteric behaviors and 

are found at both A-sites and B-sites in ABO3 oxides, e.g. Sm
3+

 replace Ba
2+

 and Ti
4+

 in 

BaTiO3 
61

. The occupied site is affected by the A/B ratio, as reported in an ESR study on 

the site occupancy of Ga
3+

 ions in BaTiO3 
62

. 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
38

, whereby Al
3+

 ions form traps which provide free carriers and enhance the 

carrier flow rate from the host to the activator Pr
3+

 ions. A small number of electrons in 

SrTiO3 generated by substituting La for Sr, Nb for Ti, or by introducing oxygen vacancies 

(Vo)
63

, recombine with holes in an in-gap state, resulting in the room-temperature blue 

light under UV irradiation
8,64

, which should be quenched at room temperature in pure 

SrTiO3.
65

  

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

formation of secondary nano-particles and associated interfacial defects
66

, which occur in 
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samples with much higher Al concentration as compared to the real phosphor. 

Additionally, the authors
43,44,54,55

 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 Al
3+

 in SrTiO3 lattice? How does the Al
3+

 ion associate with the Pr
3+

 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 SrTiO3 lattice.             

2.3.3 Introduction of RE ions in SrTiO3 

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
67,68

.  

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 
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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
8
), introducing special dopants, and generating precipitates such as Au nano-

particles
69

.  

2.3.3.1 Ion Implantation 

Previous studies were carried out on the optical properties of Ar
+
 

8
, N

+
 

70
, Au

+ 

71,72,73
 and Sb

+
 

71
 implanted SrTiO3, irradiation-induced epitaxial re-growth of the 

amorphous layer with He
+
, Ne

+
, Ar

+
 

74
 and Si

+
 

75
, damage accumulation and/or 

recrystallization from He
+
 
76

, Ne
+
, Kr

+
, Xe

+
 
77

, Au
+
 
78

 and Pb
+
 
76,79

, surface modification 

with Ga
+
 
80

 and magnetic behaviors following implantation with Co
+
 
81

 or Mn
+
 
82

.   

Based on studies on SrTiO3 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
77,79

, 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) 

Dopants 

Implantation Post-annealing 

Energy / 

keV 

Temper

ature / K 

Dose  / 

cm
-2

 

Depth 

Amorphous 

Temperatur

e  /K 
Time 

Atmosphe

re 

Pb 
68

  540 125 1x10
15

 1800 Å 673 0.5h air 

Au 
83

 250 628 3~5x10
16

 - 978 5min N2 

Nb 
84

  150 298 10
14

~10
17

 - - - - 

Au
73

 2000 975 1.4x10
17

 - 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 SrTiO3 
78

 

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
68

. 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 SrTiO3 crystals with (001) surfaces have been obtained at 400 ˚C for 30 min in 

air
68

. 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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 ( ) expth

Q
v T v

RT

 
  

 
                                  Equation 2-1                                       

In which, vth (=0.05 cm/s 
67

) is a prefactor for thermal epitaxial regrowth, Q (=0.77 eV in 

air
67

 or 1.2 eV in N2 
85

) 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
68

. There are no well-behaved and reproducible 

results in the literature for the former cases
68

, 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. Ion-amorphized SrTiO3 by heavy 

injected ions exhibits strong epitaxial recovery at the amorphous/crystalline interface 

under an electron beam with a dose on the order of 10
20

 cm
-2

s
-1

, common conditions for 

TEM observations
86

. 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
87

, 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
88

. 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)
89

 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
90,91

. 

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.
92

 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-Ångstrom resolution
11

 and execute various spectral techniques
9
 at high spatial 

resolution, with the EELS method approaching today few tens of meV energy 

resolution
93,94

.  

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.
95

: 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
96

 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 γ-Al2O3 support material
97

.  

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 Sb-substitutional 

n-type bulk silicon
10

. 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
10

 showed that Sb-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
98

, 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 γ-Al2O3 is different in images taken under different 

defocus conditions
18

.  

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.
99

 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
100

. 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 (Cs), 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
101

 and oxygen vacancies
102

 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
103

 with a spatial resolution of ~0.6 nm, which was mainly determined by the size 

of probe
104

. 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
105

 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
3+

/Ti
4+

 calculated from the associated EEL spectra in SrTiO3 

crystals
99

. 

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
106

. 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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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 “EPI-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.       

 

 

3. CHAPTER THREE                             

SPECIMEN SYNTHESIS AND 

CHARACTERIZATION TECHNIQUES 
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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.
25

. 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 SrTiO3 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 

Ion 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 Ion 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 (a)) 

Table 3-1 The projected range of Pr
+
 and Al

+
 at various energy in SrTiO3 

Ions Energy/keV Projected Range /Å 
Longitudinal 

Straggling /Å 

Lateral 

Straggling / Å 

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 

     

 
 

(a) Ion 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,   

                                        Equation 3-1 

In which, C(x) describes the concentration profile with the unit of number of atoms/cm
3
 

and φ stands for the dose with the unit of number of atoms/cm
2
. Under the Gaussian 

approximation of implant profile, 

                                     Equation 3-2 

Where, Cp is the constant determined by the peak concentration. RP and ΔRP 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 35 keV and a dose of 7x10
13

 cm
-2

 at room temperature (RT). 

The peak concentration of Pr
+
 ions is estimated to be 0.2 at.% in the region of 10-20 nm 

depth. The Al
+ 

ions were implanted subsequently at 15 keV with doses of 8.5x10
14

 cm
-2

, 

3.8 x10
15

 cm
-2

 and 6.3x10
15

 cm
-2

 at RT. Similar concentration profiles of Al
+
 ions should 

therefore be achieved with peak value of 2 at.%, 9 at% and 15 at.%, respectively.  

As for the second series, Pr
+
 ions were implanted into (001) SrTiO3 single crystal 

at an energy of 35 keV and doses of 7x10
13

 cm
-2

, 2.8x10
14

 cm
-2

 and 9.8x10
14

 cm
-2

. 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

14
 cm

-2
 and 

9.8x10
14

 cm
-2

 matches the ones in the first series with additional Al
+
 ions co-implantation 

at a dose of 3.8 x10
15

 cm
-2

 and 6.3x10
15

 cm
-2

, respectively. Furthermore, Al
+
 ions at a dose 

of 8.5x10
13

 cm
-2

 (0.2 at.% peak concentration and 8.5x10
14

 cm
-2

 (2 at.% peak 

concentration) at 15 keV were implanted into the pre-Pr implanted specimens with 0.2 at.% 

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 SrTiO3 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 25-35 nm depth compared to 10-20 nm depth in SrTiO3 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
68,85

 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. 

c) 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 5 min, 60 min and 180 min in air.  

3.3 LUMINESCENCE OF IMPLANTED OXIDES 

In order to test the optical properties of Pr-implanted SrTiO3 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 30 s each.       

3.4 TEM CHARACTERIZATION 

The microstructure of SrTiO3 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 3 mm disk was cut from single crystal wafers mechanically polished 

to a thickness of 150-180 µm via an ultrasonic cutter, and then was dimpled to a central 

thickness of 10-20 µm, finally ion milled to electron transparency with 4 keV 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
TM

 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 µm with polishing papers of 15 µm, 9 µm, 6 µm and 3 µm 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 µm. 1 µm 

polishing paper with an alcohol-based lubricant (Allied Bluelube
TM

 polishing lubricant) 

was used to obtain the wedge, which now has a thickness of a few hundred nanometers. 

Finer polishing papers of 0.5 µm 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 0.25-1.5 keV Ar
+
 ions in a 

Gentle Mill
TM

 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. 

(a) (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 1.0 keV and cleaning with 250 eV, 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 1 s to 150 s 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 (β) of 

the detector is at least 2-3 times the convergence angle (α) 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
1.7

). 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 β=0.5*α. 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 (α) of the probe, the optimized α 

can be found through image simulation and affects the depth sensitivity.               

 

Figure 3-3 Major elements of a STEM. 

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 (<20 eV), 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 eV), 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
107

. 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
93

 is usually used as the probe, which 

offers an energy resolution of less than 0.1 eV.  

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 with detailed explanation as follows.  

The strong interactions between the incident electrons and the crystal can be 

precisely described by the relativisitic Schrödinger equation of electrons modified by the 

atomic potential of the crystal. However, it is very time consuming to obtain a reasonable 

accuracy and sampling. The multislice method
108

 reduces such 3D problems to quasi-2D 

cases and makes it possible to obtain fairly reliable results for crystalline solids and near 

amorphous materials but with much shorter computation time. The core idea is based on 
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the following principles (Figure 3-4): first of all, the specimen is divided into many thin 

slices, and we consider the atomic potential of each slice vz,n(x); secondly, the incident 

wave function ψo(x,xp) is modified by the atomic potential layer by layer, finally the exit 

electron wave function ψt,m(x,xp) is calculated at the exit surface of the specimen. The 

simulation code was implemented by Kirkland
109

 and adapted to run on a parallel 

computer (a 104 CPU cluster running under LINUX operating system at the Canadian 

Centre for Electron Microscopy) by Michael Robertson (Acadia University) on the 

occasion of the CCEM summer school held in 2009 at McMaster University.  

 

 

Figure 3-4 Illustration of multislice simulation. 

 

To achieve the correct local defect configuration presenting a realistic 

concentration of defects, the target defect must be isolated in a large periodic unit 

supercell to reduce the interaction between adjacent defects. Usually, the inter-spacing 

between adjacent defects is about 20-25 Å. 

3.5.2 Multiplet Method 

The atomic multiplet method
110

 implemented in the CTM4XAS program
111

 is a 

semi-empirical approach for calculating the L- and M-edge EEL spectra of rare-earth (RE) 
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and transition metal (TM) elements. During the X-ray and electron absorption process, 

the atomic multiplet effect is manifested experimentally as a largely-screened core-hole 

potential experimentally, which originates from the overlap of the core wave function and 

the valence wave function. The intensity of the selected transition in the atomic multiplet 

simulation is determined by the matrix elements which accounts for the effective 

electron-electron interaction and spin-orbit coupling. The many-body effects in a RE and 

TM compound are taken into account by adding the charge-transfer effect and the crystal 

field effect perturbations on the atomic multiplet theory. The charge-transfer effect is 

responsible for bonding in ionic solids and the crystal field effect depends on the local 

symmetry of the core excited atom in the solid.  

Crystal-field multiplets
112

 theory was applied particularly for low-symmetry 

environments. Instead of the nonrelativistic Schrödinger equation in the previous atomic 

multiplet treatments, the Dirac equation has been used to calculate the central field model 

orbitals and energies, including spin-orbit coupling effects. In contrast to conventional 

ligand-field multiplet theory with freely controllable crystal field parameters, the new 

approach relies on a crystal field constructed numerically from the positions and formal 

charges of the surrounding atoms.    
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The characterization of low-dimensional defects, which are impossible to be 

physically separated from the bulk, is essential but very challenging. Under the electron 

beam, signals containing all information, from both the bulk and the low-dimensional 

defects present, are integrated and recorded as an image or a spectrum. Owing to the fact 

that the electrons scattered by defects and the bulk have different distribution in space, 

imaging techniques such as HAADF images (Z-contrast images) and ABF images collect 

corresponding signals and thus can enhance the visibility of these defects. Regarding EEL 

spectra containing integrated signals from both defects and the bulk, we proposed a 

simple but entirely new experimental approach to separate EELS signals caused by 

defects from the ones resulting from the bulk, which is based on a „thickness‟ series of 

plan-view spectra containing different bulk contributions.  

 

4. CHAPTER FOUR                                           

THE EXTRACTION OF WEAK SIGNALS  
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4.1 IMAGES 

As we mentioned in section 2.4.1, heavy atoms can be directly viewed from the 

HAADF (Z-contrast) images because of the strong scattering power of heavy atoms. 

However, not all heavy atoms can be seen from a low-Z background. It should be noted 

here that the electron energy-loss spectroscopy (EELS) technique can provide the 

location of dopants even when they are invisible from the simultaneously acquired 

images
113

. Analogous to the heavy atoms, the signals from other low-dimensional defects 

(light elements and vacancies) are not evenly distributed in space. Accordingly, collecting 

corresponding signals can enhance the contrast from other low-dimensional defects. In 

this section, we will discuss the visualization of low-dimensional defects from a single 

frame.   

4.1.1 Invisible Z-contrast from Heavy Atoms 

Visibility tests of heavy dopants in a HAADF image were carried out on Pr-

implanted SrTiO3 (001) crystals using multislice simulation, which provides a reasonable 

evaluation of the HAADF image contrast from a crystal along a rational zone axis. As 

shown in figure 4-1, IPr, ISr and ITi are defined as the intensity at the atomic column 

containing one Pr atom, and the intensities at the Sr and Ti-O positions respectively. The 

visibility of Pr atoms is quantitatively described by the intensity ratio IPr/ISr or IPr/ITi, 

depending on the specific lattice site occupied by the Pr atom. The Pr atom is considered 

to be invisible when the intensity difference between the column containing one Pr atom 

and the one without is less than 10%, i.e., the intensity ratio is below 1.1. Under the best 

observation conditions including suitable focus, convergence angle and collective 

angle
114

, Pr atoms can only be visible in specimens with a thickness less than 2 nm, which 

is an almost impossible experimental achievement. In fact, we cannot directly see Pr 

atoms as bright spots within a SrTiO3 lattice experimentally even when the Pr signals are 

clearly detected from corresponding EEL spectra.    
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Figure 4-1 The detectability of Pr sitting in a substitutional position of Sr or Ti. The insert 

present the original output image from the multislice simulation under the best 

experimental parameters. The intensity ratio is defined from the line scanning profile 

contain the Pr atoms within the lattice.   

 

The channeling effect, which acts as a microlens and focuses the probe electrons 

along the atomic columns, enhances the visibility of these heavy atoms but requires a 

certain thickness of the lattice (i.e., 5~10  nm) before reaching the heavy atom
115

. 

Therefore, when the atomic number difference (ΔZ) between the heavy atom and the host 

is small, the thickness required for strong channeling will fade the very weak contrast 

caused by ΔZ. Although the heavy atom can be visible within a very thin specimen 

without the help of channeling (Figure 4-1), a very thin specimen is extremely difficult to 

achieve in practice due to the very different ion-milling rates between the low-

dimensional defects and the hosts. Additionally, such thin specimens are usually unstable 

under the electron probe.  
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4.1.2 Directly Imaging Light Atoms within a Heavier Lattice  

Since direct imaging heavy atoms in the present SrTiO3:Pr, Al system is 

impractical, probing other low-dimensional defects associated with the heavy atoms can 

offer indirect observations of these heavy atoms. Similar to the heavy atoms, the 

scattering of the probe electrons from other low-dimensional defects provide unevenly 

distributed signals in both intensity and space. The collection of corresponding signals 

contributed by these defects can be achieved by varying the position and shape of annular 

detectors. As shown in figure 4-2, the simulated ABF
‡
 and LAADF images clearly 

indicate that Al ions should be visible as bright dots within a SrTiO3 lattice.     

 

    

(a) 10-47 mrad (b) 15-70 mrad (c) 25-116 mrad (d) 18-37 mrad 

Figure 4-2 The detectability of an Al8 cluster substituting adjacent Ti-sites based on the 

multislice simulation. The simulation box has a dimension of 27x27x100 Å containing 

6,370 atoms, in which four neighboring atomic columns containing two adjacent Al ions 

each (the four atomic columns are marked by a square). The simulation is run under 200 

keV with the convergence angle of 18 mrad. The annular detector has the ratio of 

outer/inner angle at the value of 4.6 for (a)-(c) and 2 for (d), and the collection angles are 

shown in each graph.  

The contrast from low-dimensional defects within a lattice can be greatly 

enhanced from channeling, in which an atomic column functions as a microlens to focus 

the broad probe electrons into a narrow peak. The above enhancement effect varies with 

the collect angle, occupied lattice site, as well as dopant species. As shown in figure 4-3, 

                                                 
‡
 The standard ABF imaging is equivalent to the TEM hollow cone illumination imaging 

technique, in which an annular detector only covers outer half of the illumination cone. However, 

the ABF imaging technique here involves both the signal channel within and outside (mainly) the 

illumination cone.   
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the visibility of the dopants oscillates with depth referring to the top surface within the 

lattice. Within a 10 nm thick specimen, Al ions become brighter if they sit within the first 

5 nm depth, and then become darker when they are in a depth of 5-8 nm, and then become 

brighter again. In another words, the optimized condition of imaging Al is when Al ions 

sit at the depth of 4-5 nm in a 10 nm thick specimen. On the other hand, the visibility of 

Pr ions oscillates with depth but at higher frequency. For the HAADF images, the 

contrast enhancement effect from channeling mainly occurs in the first 1 nm depth, which 

is consistent with invisible contrast from Pr in SrTiO3 lattice noted in the previous section.      

     

 
(a) a Al8 cluster sitting in Ti-sites, collect angle:15-33 mrad 

 
(b) one Pr ions sitting in Sr-site, collect angle: 15-33 mrad 

 
(c) one Pr ions sitting in Sr-site, collect angle: 75-163 mrad 

Figure 4-3 Contrast enhancement by channeling based on the multislice simulation. The 

simulation box has a dimension of 27x27x100 Å containing 6,370 atoms, in which one 

Sr-site is occupied by a Pr atom ((b) and (c)) or eight Ti-sites are replaced by eight Al 

ions (a). The enhancement of contrast is defined as the difference between two defect 

configurations, in which the defects sit at adjacent depth with respect to the top surface. 

The axis is labeled by the two configurations with the depth in the unit of unit cells. From 

left to right, the lattice sites occupied by dopants are moving from the top surface to the 

exit surface. 

4.2 EEL SPECTRA 

Under the electron beam, both low-dimensional defects and bulk information are 

integrated and recorded as plan-view EEL spectra. Although the defect signal extraction 

from a single plan-view acquisition may thus seem unconventional, a series of plan-view 

acquisitions, each containing different contributing weights of the defect signals taken 
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from different regions of increasing thicknesses, can in principle be used to retrieve the 

missing low-dimensional defect information. In order to separate blind defect signals 

from bulk signals, many algorithms, such as principle component analysis (PCA) and 

independent component analysis (ICA)
116

, can be used. Nonetheless, the representative 

„signal‟ outputs by these methods are the linear combinations of the real components, in 

our case, the blind defect and bulk signals. The direct separation of blind signals seems 

impractical because of the indeterminate equations, in which both the sources and their 

mixing weights are unknown. However, if the mixing weights of defect and bulk signals 

can be precisely estimated from quantitative local thickness measurements, the extraction 

of blind surface signals becomes potentially straightforward, more reliable and relatively 

simple. This idea was initially developed for extracting spectroscopic information from 

the reconstructed surface on a SrTiO3 (100) single crystals. In section 5.3 and 6.3.2, the 

successful demonstrations of this method on a single monolayer of surfaces and nano-

clusters within the bulk of SrTiO3 are presented.    

4.2.1 Experimental Design: A Thickness Series 

Acquisition of EEL spectra in transmission mode from areas of different sample 

thickness, provides a series of measurement where the defect (e.g. surface) and bulk 

components can be varied in a controlled fashion. Spectra from regions labeled 

P1,P2,…,Pn in figure 4-4, thus provide a constant contribution of the surface signal at 

each thickness while the bulk components varies systematically.  

The Ti L2,3-edge and O K-edge core-loss EEL spectra of SrTiO3 crystals were 

acquired and used to probe the surface electronic structure due to the following reasons. 

First of all, their major peaks are sensitive to local physical and chemical environments, 

including oxidation state and crystal field effects
107

. Secondly, EELS signal intensity is 

linearly related to the local thickness of the specimen under the single electron scattering 

condition in the samples studied in our work.  

Mathematically, the whole idea is described by the following equation: 
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, ,    1, 2,...,Pi B Pi B D Pi DS t S t S i n                         Equation 4-1 

where, SPi is the experimental EEL spectrum at position Pi. At position Pi, SB and SD are 

the EEL spectra per thickness for the bulk and defect, respectively. tB,Pi and t D,Pi are the 

thickness for the bulk and defect, respectively.    

 

Figure 4-4 Schematic diagram of a „thickness‟ series 

4.2.2 Step I: Background Subtraction  

The core-loss EEL signals contain core shell level edges originating from the 

excitation of inner shell electrons and a relatively large background mainly arising from 

the excitation of loosely-bonded electrons within the specimen. Thus, accurate 

background subtraction from original datasets is essential for the quantification and 

structural analysis of EEL spectra. Traditionally, a background model is proposed and fit 

to the pre-edge with or without post-edge regions and then extrapolated to the edge 

region to isolate the spectrum edge itself. A simple and popular background model is an 

inverse power-law model which provides not only excellent agreement with experimental 

datasets but also based on a well-founded description of the related physical processes 

including the Drude model and the hydrogenic cross section
93

. 

The recorded counts Ci in an individual energy interval Ei are treated as the sum 

of the ionization edge Si and the background Bi, thus,  

 C S B                                          Equation 4-2 

The inverse power-law background model describe B as           

r B E                                        Equation 4-3 

In which, C, S, B and E are (nx1) vectors, and n is the total number of energy intervals 

involved.     
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Table 4-1 Various EELS background parameter estimators 
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Note: E(*) is the expectations of the observations, var(*) is the variance of *, describing the 

fluctuation about the observations or expectations.   

Accordingly, how to extract the background becomes a statistical parameter 

estimation problem. Several mathematical methods were applied to evaluate the 

optimized parameters, and the results were summarized in Table 4-1 with the details 

stated in Appendix 1. Compared to the common-used logarithmic (weighted) least square 

methods, the maximum likelihood estimation method provides unbiased and minimum 

mean square error estimates of all parameters for the inverse power-law background 

model and was thus implemented in our work. A MATLAB code was developed and 

applied to the original EEL spectral image datasets to numerically solve the power-law 

background and provide the optimum signal-to-noise of the extracted ionization edge. 

(The code is attached as in Appendix 2.1) 

Although the background removal is subjectively user-dependent and subjected to 

quite some debate, some general rules have to hold to achieve better quality results: (1) 
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the more counts the better, e.g. 10000 counts will give roughly 1% uncertainty in Si; (2) 

background windows should be close to signal windows as much as possible; (3) a larger 

background fitting window, which will reduce the variance caused by background fitting. 

It should be noted that if necessary, the effect of multiple scattering has to be removed by 

de-convoluting with corresponding low-loss spectrum. However, such methods are based 

on Fourier techniques and can also introduce severe artifacts. 

4.2.3 Step II: Spectra Alignment and Normalization  

Reliable extraction of the surface signal from the EEL spectra demands accurate 

alignment of all recorded spectra along the energy-loss axis and normalization of the 

signal to account for the changing thickness and the variation in incident electron beam 

intensity over time. Under the reasonable assumption of dominating bulk signals, the 

EEL spectra are precisely aligned using the major features of the bulk EEL spectra. 

Additionally, EEL spectra are normalized to the continuum past the edge (about 15 eV 

above the threshold) which is insensitive to bonding variations but only proportional to 

the number of atoms excited by the electron beam and electron beam current. 

4.2.4 Step III: Thickness Evaluation  

To estimate the local thickness associated with individual EEL spectra, both low-

loss EEL spectra and position averaged convergent-beam electron diffraction 

(PACBED)
117

 images were recorded from the same region. Both techniques can be used 

to estimate the thickness of a sample. However, the low-loss EEL spectrum provides 

reliable local thickness estimation for thick regions (~> 40 nm), but is less accurate at the 

very thin regions due to the large contribution of surface signals and the potential 

presence of hydrocarbon contamination peak. Therefore, thickness quantification was 

carried out using the complementary method of PACBED images as this technique has 

been shown to be reliable particularly for very thin samples used for quantitative HAADF 

imaging. Precise evaluation of the local thickness was achieved by comparing significant 
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experimental features in the convergent beam diffraction patterns with simulated patterns 

(Figure 4-5) based on the well-established multi-slice theory
109

. Thus, the error of the 

local thickness estimation is estimated to be a few unit cells as discussed in reference
117

.  

 

   
(a) t=1.95nm (b) t = 2.73nm (c) t=3.90nm 

   
(d) t=5.85nm (e) t=7.80nm (f) t=9.76nm 

   
(g) t=11.7nm (h) t=13.7nm (i) t= 15.6nm 
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(j) t=19.5nm (k) t=31.2nm (l) t=39.5nm 

Figure 4-5 The simulated PACBEDs with different specimen thickness for a (001)-

oriented SrTiO3 lattice. Thicknesses are labeled under each graph.  

4.2.5 Step IV: Signal Extraction  

After the spectra were acquired at regions with known thicknesses, a linear least 

square fitting method was used to extract the defect and bulk signals for individual 

energy intervals where the coefficients were deduced from the thickness measurements. It 

should be noted that a MATLAB function named „lsqnonneg‟ was involved in extracting 

the surface and bulk signals (see Appendix 2).    
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SrTiO3 crystals attract continuing interest owing to the novel structure and 

properties exhibited at the crystal surfaces, which have led to their widespread 

application as standard substrates for the epitaxial growth of functional thin films and 

nano-structures and as the preferential photo-catalyst to split water for solar hydrogen 

generation. In spite of their technological and scientific importance, the understanding of 

their atomic and electronic structure is still incomplete due to the limitation of high-

resolution (HR) characterization. In this chapter, we demonstrate the application of HR 

EELS and TEM, with plan-view and cross-sectional imaging modes, to extract both 

experimental structural and spectroscopic information on the valence state and local 

crystal field of Ti atoms on the surface of a SrTiO3 crystal. The results fill the 

experimental gap of depth sensitivity and more importantly, show that valuable 

spectroscopic information can be deduced on surface atoms even in transmission electron 

microscopy. 

 

5. CHAPTER FIVE                                    

RESULTS: (001)-ORIENTED SRTIO3 

RECONSTRUCTED SURFACES 
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5.1 FORMATION OF SURFACE RECONSTRUCTION 

The air-stable surface patterns formed on TEM wedge specimens are strongly 

associated with the annealing treatment. In this section, only the specimens annealed at 

900 °C and 975 °C in air are discussed.  

5.1.1 (2x1) Surface Pattern 

The TEM wedge specimen annealed at 975 °C has a (2x1) reconstructed surface 

structure. The extra reflections in the diffraction pattern (primitive cells are marked in 

figure 5-1) reveal the existence of single surface steps domains with 2x1 unit cells 

consistent with the literature
23

. As shown in the bright-field (BF) image, the edges prefer 

to exist along {100} sets of planes. 

 

Figure 5-1 BF image of [001] zone axis and diffraction pattern (DP) as inserted with 

arrow indexed the extra group of points from the surface reconstruction structure.     
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5.1.2 c(4x2) Surface Pattern 

A c(4x2) surface reconstruction was obtained in the heat-treated specimen at 

900˚C. The extra diffraction points in the insert in figure 5-2 marked by yellow lines 

reveal the existence of the single surface domain with 4x2 unit cells. Similar to the (2x1) 

surface patterns, surface steps form along the <100> direction.  

 

 

Figure 5-2 STEM-HAADF image of ~[001] oriented sample and related diffraction 

pattern (in the insert) of the c(4x2) surface reconstructed SrTiO3. Yellow lines in the 

diffraction pattern highlight the extra reflections arising from the surface reconstruction. 

The pattern was intentionally overexposed to reveal the weak surface reconstruction 

reflections. The labels P1-P6 are used for further analysis in section 5.3.  
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From STEM-HAADF imaging (Z-contrast images), uniform contrast from 

individual approximately rectangular regions is visible. The lateral dimensions of the 

terraces vary from 30 to 100 nm in length along <100> directions and imply that the local 

thickness is constant within these regions. Samples prepared by the same approach have 

been shown to exhibit terraces of uniform thickness as demonstrated from secondary 

electron (SE) images
21

. 

5.2 HIGH-RESOLUTION PROFILE IMAGES  

Since the profile images require the incoming electron beam to be perpendicular 

to the reconstructed surfaces, they provide a comprehensive depth field of view along the 

third dimension normal to the surfaces. As a consequence, they provide depth information 

which is missing from other techniques such as diffraction. In this section, we report the 

first experimental results on the third dimension of the reconstructed SrTiO3 surfaces, 

which are consistent with energetically favorable structures computed by density 

functional theory (DFT) simulation.       

5.2.1 (2x1) Surface Pattern 

 The local atomic arrangement of the reconstructed surface was investigated using 

atomic-resolution HAADF images at the edge of the thin foil under reasonable 

assumption that the pattern formed at the edge of the TEM foil should be exactly the 

same as the pattern on the surface (these would be exactly the same {001} 

crystallographic planes). The STEM-HAADF and simultaneously acquired BF or annular 

bright-field (ABF) images show that the Ti-O columns are unperturbed while the top-

most layer shows a significant rearrangement (see figure 5-3). The spacing between the 

top-most and subsurface layer is slightly larger (2.1-2.3 Å), which agrees with 

references
23

.  
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(a) The micrographs from left to right are the ABF and HAADF images  

 
(b) The micrographs from left to right are the ADF and HAADF images 

Figure 5-3 High-resolution profile images of the (2x1) surface reconstructions    
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5.2.2 c(4x2) Surface Patterns 

Analogous to the profile images of the (2x1) surface pattern, the STEM-HAADF 

and simultaneously acquired BF images show that the Ti-O columns are unperturbed 

while the very top-most layer shows a significant rearrangement (see red arrows in figure 

5-4 (a) & (b)). We observed that a few (edge) atoms have shifted from their regular lattice 

positions suggesting that some reconstruction, up to a few atoms high above the 

reconstructed (100) plane occurs. The displaced atoms are also visible as rows (individual 

atoms would not be visible). The experimental measurement of the spacing between the 

top-most and subsurface layer is roughly 2.4±0.1 Å, significantly larger than the normal 

(100) plane spacing of 1.9 Å. The above measurements are in fairly good agreement with 

the proposed atomic model of Erdman et al. 
25

, this being reduced from the density 

functional theory (DFT) calculation. Based on the same atomic model
25

, simulated 

HAADF image from both [010] and [001] view directions are entirely consistent with the 

present experimental profile image, as shown in figure 5-4 (c).    

It should be noted that surface steps with heights corresponding to one unit cell 

are visible at the edge of the foil (Figure 5-4 (a) & (b)). Although the length of these steps 

appears to be inconsistent with the dimension of the terraces seen from the plan-view 

image, the length and step height of terraces vary as a result of different inclination angle 

with respect to the {100} planes, which is 1.4° on the surface while it is 9° at the edge.  
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Figure 5-4 High-resolution BF (a) and HAADF (b) images of the typical edge of the 

surface-reconstructed sample. Red and blue arrows identify the top-most atomic layer and 

the sub-surface Ti-O atomic layer, respectively. The insert is a higher magnification view 

of the edge of the sample. Based on the detailed atomic model
25

, (d) and (e) are simulated 

HAADF images using multislice method with view direction of [010] and [001], 

respectively. The simulation box contains 11,520 atoms within a supercell of 31 Å x 31 Å 

x 312Å. A fairly good agreement is achieved between the simulation and the 

experimental HAADF image (c) after applying singular value decomposition to highlight 

the surface features. 
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5.3 SURFACE SPECTRA 

In this section, we will apply our new methods of a “thickness” series to 

investigate the surface electronic structure. The c(4x2) surface pattern is chosen as the 

model system.    

5.3.1 Spectra from a Thickness Series 

The acquisition of Ti L2,3-edge and O K-edge EEL spectra in transmission mode 

from these terraces, over areas of different sample thickness, provide a series of 

measurement where the surface and bulk components can be varied in a controlled 

fashion. Spectra from regions labeled P1-P6 in the HAADF image (Figure 5-2), thus 

provide a constant contribution of the surface signal at each thickness while the bulk 

components varies systematically. As shown in figure 5-5(a), the Ti L2,3-edge spectra 

shows a decrease in intensity with decreasing thickness, particularly of the eg peaks. 

Based on the Pearson ratio
118

, which quantitatively describes the intensity ratio between 

the white-line intensity (the sum of eg and t2g intensities) and the continuum past the edge 

as a monitor of 3d-orbital occupancy, this indicated that the average valence of the Ti 

gradually changes as the sample thickness decreases (and the surface component 

increases relative to the bulk). There is also a slight broadening of the spectral features as 

evidenced by the broader tails of the eg and t2g features. In detail, all peaks are broadened 

in proportion to their weighting of surface signals. Additionally, the position of the eg 

peaks red-shifts with decreasing thickness, due probably to the surface re-organization of 

ionic positions. Being so close to the edge threshold, these changes in the edge shape 

cannot be attributed to multiple scattering effects.  
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Figure 5-5 Experimental Ti L2,3-edge (a) and O K-edge (c) EEL spectra at the positions 

P1-P6 marked in figure 5-2. (b) and (d) show the fitted surface and bulk EELS spectra 

from the linear least square methods with the coefficients deduced from the thickness 

measurement, respectively. 
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5.3.2 Thickness Measurement  

Regarding the very thin regions of the specimen, position-averaged convergent 

beam electron diffraction (PACBED) images were applied to precisely measure the local 

thickness. As demonstrated in figure 5-6, a reasonable agreement between experimental 

and simulated PACBED one is achieved based on the similarities in the overlapping 

features of the diffracted disks.  

 

  
(a) Experimental (b) Simulated 

Figure 5-6 Comparison between experimental and simulated PACBEDs. (a) is 

experimental data and (b) is from the multislice simulation (t=1.95nm, repeated from 

figure 4-5(a)). The simulation box has the dimension of 42.955x42.955 Å and the final 

dataset is the average of CBEDs taken from 1,024 frames within the super unit-cell.  

The thickness evaluation for thick regions (~>40 nm) associated with individual 

EEL spectra was achieved through the low-loss EEL spectra based on the Fourier log-

ratio method, which was provided as a routine in Digital Micrograph software.   

5.3.3 Surface Spectra 

The experimental Ti L2,3-edge spectra were treated as the linear combinations of 

the surface and bulk signals as a result of an effective single electron scattering condition 

and the fact that the thickness of the thickest area (60 nm at point P6) is considerably 
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smaller than the total inelastic mean free path (>100 nm). A linear least square fitting 

method was used to extract the surface and bulk signals for individual energy intervals 

where the coefficients were deduced from the thickness measurements.  

As shown in figure 5-5(b), the isolated bulk signal perfectly fits the standard Ti 

L2,3-edge spectrum of SrTiO3 while the isolated surface component has significantly 

broader features that resemble a spectroscopic signature of Ti
3+

 valence, confirming the 

first conclusions deduced from the inspection of white-line intensity normalized to the 

continuum past the threshold. 

As an independent probe of the reduction of the surface titanium cations, the 

reduced number of oxygen anions at the surface can be estimated using the O K-edge 

EEL spectra and the same numerical decomposition based on precise thickness estimates. 

As expected, the isolated bulk component completely matches the standard SrTiO3 O K-

edge spectrum. The isolated surface signal is consistent with the bonding between 

titanium and strontium cations via oxygen anions. (Figure 5-5(d)) The titanium-oxygen 

bonding character, reflected by peak A corresponding to the unoccupied Ti 3d(t2g)–O 2p 

band and by peak B representing the unoccupied Ti 3d (eg)–O 2p band, is broadened 

suggesting distorted octahedra and a stronger O-O interaction
119

. It should be noted that 

the shape of the surface spectra shows features consistent with the appearance of oxygen 

vacancies as demonstrated in the reference
 99

.  

5.3.4 Multiplet Simulation 

In order to support the valence state deducted for the surface Ti cations and 

provide insight on their coordination, we simulated the Ti L2,3-edge spectra using a semi-

empirical approach named charge-transfer multiplet approach (implemented in the 

CTM4XAS code). As a starting point, we have generated the spectrum for the excitation 

of Ti
4+

 in an ideal TiO6 octahedron and obtained excellent agreement with the 

experimental bulk spectrum using a crystal field parameter of 10Dq=1.8 eV as well as 

known instrumental resolution and typical lifetime broadening.
120

 In contrast to the bulk 

spectra, the crystal field parameters under different site symmetry, as well as charge 
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transfer effect, need to be taken into account for the atomic arrangement of the sub-

surface and the top-most layer which shows experimentally an expansion of the 

interatomic spacing and a lower valence signature which is consistent with the reduced 

bond valence charge of surface titanium cations indicated from DFT simulation
25

. The 

blue and purple curves in Figure 5-7 show the predicted Ti
4+

 L2,3-edge EEL spectra for 

titanium cations located in a distorted TiO6 octahedron and in a pyramidal TiO5 

octahedron with modified charge-transfer, respectively. Under the simple but reasonable 

assumption of equivalent contributions of both TiO6 and TiO5 polyhedra, the simulated 

surface spectrum is in accordance with the experimental one (red curve in Figure 5-7) 

suggesting a spectroscopic signature of reduced Ti cations. 

 

Figure 5-7 Atomic multiplet structure simulations of Ti L2,3-edge EEL spectra with 

different crystal field effects. The black line stands for a Ti
4+

 cation sitting at ideal 

octahedral symmetry. The blue curve is associated with the sub-surface layer, in which 

the bonding between Ti
4+

 cation and oxygen onions sitting at the topmost layers with an 

elongated bond as inferred from the HAADF images. The purple curve is responsible to 

the topmost layer of pyramidal TiO5 octahedron with charge-transfer effect. The surface 
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spectrum (in red) is simplified as the linear combination of topmost Ti
4+

 (in purple) and 

subsurface Ti
4+

 (in blue) with equivalent contributions. 

In comparison with the previous atomic multiplet methods, in which the freely 

controllable crystal field parameters are input, the crystal-field multiplet method
112

 was 

also applied. It directly constructs the crystal field by the positions and charges of the 

surrounding ions. Individual L2,3 spectra of the five inequivalent Ti ions present in the 

topmost and subsurface layers have been calculated and summed according to their actual 

stochiometric ratio. A good convergence of the crystal field and simulated spectra has 

been achieved with clusters of about 500 ions generated from the structural model
22

 used 

in figure 5-4. Whereas intra-atomic Coulomb and spin-orbit coupling parameters have 

been kept constant and equal to the SrTiO3 bulk values
112

, the only adjustable parameter 

employed to reproduce the experimental result consisted in the scaling of the crystal field 

strength (Sxtal). Best agreement was obtained for Sxtal=1.7 for the topmost layer. To 

account for the core-level shift due to changes in coordination
121

, the topmost surface 

spectra were shifted down in energy (around 0.65 eV) with respect to the subsurface 

spectra. These values are consistent with typical range of values (1.0 to 2.0) used to 

match spectra used in the original paper
112

 for different oxides. As shown in figure 5-8(a), 

Ti L-edge EEL spectra keep their bulk spectroscopic signature even from the layer closest 

to the reconstructed surface, which confirms the origin of the experimental surface EELS. 

In addition, the surface features are reproducible from the topmost and subsurface TiO 

layers. (see figure 5-8(b)) This suggests that the experimental surface signature can be 

interpreted as that of Ti
4+

 in both 5-fold and 6-fold coordination polyhedral when 

accounting for local distortions and changes in both ionicities and not to a simple 

reduction of this cation.  
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      Figure 5-8 Crystal-field multiplet simulations of Ti L2,3-edge EEL spectra with 

different crystal field effects. (a) EEL spectra for ideal bulk and the closest monolayer to 

the reconstructed surfaces. (b), (c) and (d) are the EEL spectra for the subsurface layer, 

topmost layer, surfaces containing all non-equivalent Ti surface ions.
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Although SrTiO3: (Pr, Al) powders are commercially available phosphors for 

field-emission displays and vacuum fluorescent displays, the understanding of their 

luminescence mechanism is still incomplete due to limited experimental evidence on the 

local defect configurations of Pr and Al dopants. To facilitate our characterization in a 

TEM, Pr
+
 and Al

+
 ions were implanted into SrTiO3 single crystals and a post-annealing 

treatment was subsequently performed. Pr dopants were only detected at Sr-sites by 2-

dimensional EELS mapping. The PL spectra suggest that the mechanism of luminescence 

enhancement from Al ions is different in our synthesis approach compared to the 

literature. Cube-shaped nano-clusters of about 0.8-2.4nm in size were observed appearing 

with a reduced intensity with respect to the STO background in HAADF images and with 

an enhanced intensity in ABF images. Image simulation and EDX mapping confirm that 

Al ions are concentrated within these nano-clusters. The function of the nano-clusters 

during luminescence was investigated by the EELS technique.   

 

6. CHAPTER SIX                                       

RESULTS: LOW-DIMENSIONAL DEFECTS 

WITHIN ION-IMPLANTED SRTIO3 
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6.1 PHOTOLUMINESCENCE 

A major emission peak of ~610 nm wavelength (red) was recorded in all 

specimens with different Pr /Al concentration under various annealing conditions. 

Another emission peak of ~490 nm wavelength (blue) was barely visible in the as-

implanted and annealed specimens at 400 °C and was greatly enhanced with annealing 

temperature. Besides these two major peaks, several sharp and isolated peaks were 

detected. No detectable difference of these peaks was recorded in the specimens with 

various annealing treatment. 

6.1.1 The Effect of Aluminum  

In the (Pr, Al) co-implanted specimens, the intensity of this red emission peak 

increases with: (a) the reduction of Al concentration in the as-implanted specimens 

(Figure 6-1(a)); (b) the increase of annealing temperature (Figure 6-1(b)); and (c) slightly 

increases with increasing the annealing time at 700 °C (Figure 6-1(b)). In (Pr, Al) co-

implanted specimens annealed at 800 °C, the Al concentration ranging from 2 at.% to 15 

at.% plays a weak role for the enhancement of the emission intensity, as shown in figure 

6-1(c).  

In the Pr-implanted specimens, the intensity of this red emission peak fluctuates 

with Pr concentration (Figure 6-1(d)). More importantly, its intensity is 3-4 times larger 

compared to (Pr, Al) co-implanted specimens. This measurement contradicts with the 

results in the literature (see figure 2-1) probably due to different synthesis methods. In the 

literature
44

, solid state reactions of the raw materials at high temperature instead of ion 

implantation were used to prepare crystalline SrTiO3 (Pr, Al) powders. Of particular 

importance, the position of this emission peak shifts toward the long wavelength 

direction after high-temperature annealing (e.g. ≥ 700 °C) in the specimens without Al 

compared to the ones co-doped with Al (Figure 6-1(e)). 
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The change of the blue emission peak (~490 nm wavelength) basically follows the 

trends of the red emission peak except this peak increases its intensity with increase of Pr 

concentration in Pr-implanted specimens (Figure 6-1(d)).    

 
(a) As-implanted specimens with 0.2 at% Pr and different Al concentration 

 

(b) Specimens with 0.2 at.% Pr, 15 at.% Al under various annealing conditions 
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(c) Annealed specimens with 0.2 at.% Pr and different Al concentration 

 
(d) Annealed specimens with different Pr concentration 



Ph.D. Thesis - G.-Z. Zhu; McMaster University - Materials Engineering 

65 

 

 
(e) Specimens with 0.2 at.% Pr and with or without 2 at.% Al. Some of the corresponding 

intra-4f transitions are labeled. As a comparison, figure 2-1(a)
44

 is repeated here as the 

insert.  

Figure 6-1 PL spectra at room temperature. The specimens are labeled with the peak 

concentration of selected injected ions and the subsequently treatment. Heat treatment is 

labeled as a combination of the temperature and time.   

6.1.2 The Associated Crystal Field around Pr
3+

  

As mentioned in section 2.3.1, intra-4f transitions of rare earth (RE) elements are 

parity forbidden by the Laporte rule. All PL peaks are considered to raise from intra-4f 

transitions of Pr
3+

 ions, which indicates that Pr
3+

 ions, at least a few of them, are not 

situated at the centrosymmetric lattice sites; or there is symmetry breaking of the 

occupied lattice sites by additional Al ions or other point defects created during the 

implantation processes. In addition, these non-centrosymmetric sites, occupied by the 

injected atoms, are not, at least not fully, removed by annealing.   

It should be noted that pure intra-4f transitions of RE elements are insensitive to 

their local crystal fields. However, the two major emission peaks are broad and increase 

in intensity following subsequent heat-treatment, indicating that they are strongly affected 
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by the local crystal field around the activated Pr
3+

 ions possibly due to the involvement of 

bonding electrons during the corresponding intra-4f transitions as suggested in the 

reference
44

.  

The blue-shift of the red emission peaks occurring in the (Pr, Al) co-implanted 

specimens after high temperature annealing (e.g. > 700 °C) can be explained through the 

incomplete quenching of the 
3
P0 state of Pr

3+
 ions via low-lying defect states as a possible 

consequence of neighboring Al
3+

 ions. The effect from crystallization is excluded because 

a blue-shift of the red emission peak was not detected in annealed Pr-only specimens. 

(see figure 6-1(d)) In the literature, Al
3+

 ions preferentially locate around Pr
3+

 ions, in 

order to compensate the charge difference between the Pr
3+

 ions and the host ions because 

of their charge and ionic radius. According to ref.
51

, the energy position of inter-valence 

charge transfer (IVCT) bands, depends on the nature of the host lattice and is roughly 

inversely proportional to the optical electronegativity χ(M
n+

) of the transition metal 

cations. Compared to the bulk Ti cations (χ(Ti
4+

)=2.05 
122

), the substitutional Al cations 

(χ(Al
3+

)=1.6 
123

) shift the IVCT bands to higher energy position and thus impede the non-

radiative relaxation path from 
3
P0 to 

1
D2 via IVCT bands. As a result, more 605nm 

photons are released from 
1
P0-

3
H6 transition due to the reduced quenching from the 

1
P0 

state. 
1
D2 state obtains less population and fewer 615nm photons are released from 

1
D2-

3
H4 transitions. Thus, the position of the red emission peak shifts toward the short-

wavelength direction.     

The emission intensity is determined by a series of processes including the 

absorption of laser photons, the energy transfer to activated ions (Pr
3+

 ions), the emission 

from activated ions and the re-absorption of the emitted photons. In the present case, the 

absorption of laser photons is assumed to be the same due to the fact that absorption 

occurs in the same SrTiO3 matrix. The re-absorption of the emitted photons is different 

between as-implanted and annealed specimens because of defect levels present within the 

band-gap (~3.4 eV for a perfect lattice) in amorphized SrTiO3 layers.         

In the (Pr, Al) co-implanted specimens, the emission from the activated ions is 

considered to be the same due to the same concentration of Pr ions. In the as-implanted 
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specimens, the intensity difference is most likely due to the re-absorption of the emitted 

photons by defects created during implantation. The more ions are injected in, the more 

defects are created. This is in accordance with the TEM results from as-implanted 

specimens: the damage layer is not fully amorphized in the specimen with the lowest Al 

concentration, while it is fully amorphized in the specimens with highest Al concentration 

(Section 6.2). 

The enhancement of intensity after heat-treatment implies the recovery of the 

damaged lattice. This is consistent with the TEM characterization (Figure 6-2): the re-

crystallized depth increases with annealing temperature. However, defects may not be 

fully recovered after annealing, which may explain why the intensity fluctuates with Al 

concentration in (Pr, Al) co-implanted specimens.    

As we mentioned in section 2.3.1.2, high Pr concentration results in strong ion-ion 

interaction, which quenches the luminescence. Thus, in Pr-implanted specimens, a 

competitive process occurs between increasing luminescence centers and increasing 

cross-relaxation effect as well as implanted damage.     

6.2 RECRYSTALLIZATION 

In the present thesis, the damage layers in the as-implanted crystal wafers are the 

regions containing the injected ions, which are up to 40 nm deep as suggested from the 

SRIM simulation in section 3.2.1. From the structural point of view, the damage layers 

are defined as the regions with destroyed lattice structure. The damage present within the 

damage layers may be different at different depth. The bulk refers to the region without 

the effect of the injected ions, in which the perfect SrTiO3 lattice can be clearly identified 

in the high-resolution images. The implantation direction in the present thesis is from left 

to right in all images. In the as-implanted crystals with 0.2 at.% Pr (and 2 at.% Al), we 

observed a 30-40 nm thick damage layer with heavy damage occurring in the range of 15-

30 nm depth from the surfaces (Figure 6-3(c), Figure 6-4(a) & Table 6-1(b) and (c)). As 

shown in the HAADF images, the damage layers contain bright crystalline nano-domains 



Ph.D. Thesis - G.-Z. Zhu; McMaster University - Materials Engineering 

68 

 

distributed in the dark background. In all other as-implanted crystals, a ~25-30 nm thick 

amorphous or near amorphous layer (e.g. the region with comparable dark contrast in the 

HAADF images) and 7-15 nm thick mosaic layer with slightly mis-oriented crystalline 

domains are recorded (Figure 6-2(a), Figure 6-3(a), Figure 6-4(c) and (e) & Table 6-1(a), 

(b) and (c)). We referred both the amorphous and mosaic layers together as the damage 

layer in these crystals. The extent of the damage, but not the depth of these damage layers, 

is affected by the dose of injected ions. 

6.2.1 Thermal-Induced Recrystallization  

Following subsequent annealing, the mosaic layer recrystallizes at 400 °C with 

this effect being more pronounced at higher annealing temperatures. In the crystal 

annealed at 700 °C, the damaged layer recrystallizes except a roughly 7 nm thick 

amorphous layer (Figure 6-2(d) and (e)). The annealing time seems to play a negligible 

role on the recrystallization. These results imply that energy barriers for recrystallization 

are different at different depth. In the crystal annealed at 800 °C, the amorphous layer is 

fully recrystallized with no detectable change of the periodic structure except at the 

implantation front (30-40 nm depth from the surfaces), where dislocations are present, 

consistent with implantation-damage theories
68

. The term “recrystallized layer”, standing 

for the fully recrystallized ion-damaged layer in the annealed specimens is used in the 

following discussion.   

In addition, cube-shaped nano-clusters of 0.8-2.4 nm in size were observed in the 

implanted regions (see the white arrows in figure 6-2(f) and figure 6-3(b) and (c)) 

appearing with a reduced intensity with respect to the SrTiO3 background. Very few cube-

shaped nano-clusters appear with relative larger size in the Pr-implanted SrTiO3 single 

crystals (Figure 6-4(b), (d) and (f)).  

In these HAADF (Z-contrast) images, Pr-clusters should be visible as bright 

islands because the atomic number of Pr is higher than all the other elements in the lattice. 

It should be noted that the contrast contributed by a single Pr atom is not detectable while 

a Pr-cluster is visible in the present experimental conditions (See appendix 3). Therefore, 
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we detected no clusters with higher intensity than the background in HAADF images of 

(Pr, Al) co-implanted specimens with 0.2 at.% Pr peak concentration suggesting that the 

Pr ions are uniformly distributed rather than coalesced into clusters.  

In general, the damaged layer recovers and recrystallizes after annealing, which 

minimizes the negative effect of defects on photoluminescence. This is consistent with 

enhanced PL intensity after heat-treatment, as discussed in section 6.1.  

      

  
(a) As-implanted (b) 400 °C 5 min 
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(c) 400 °C 60 min (d) 700 °C 5 min 

  

(e) 700 °C 60 min (f) 800 °C 180 min 

Figure 6-2 STEM-HAADF images of as-implanted (a) and annealed (400 °C for 5 min, 

(b); 400 °C for 60 min, (c); 700 °C for 5 min, (d); 700 °C for 60 min, (e); 800 °C for 180 

min, (f) SrTiO3 single crystals with 0.2 at.% Pr and 15 at.% Al co-implantation. The 

inserts are low magnification images showing the field of view and location of the 

damaged layer. The ions were injected from the surface (the left) into the bulk (the right), 

as shown in the white arrow in (a). 

 

  
(a) 9 at.% Al, as-implanted (b) 9 at.% Al, 800 °C 180 min  
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(c) 2 at.% Al, as-implanted (d) 2 at.% Al, 800 °C 180 min 

Figure 6-3 STEM-HAADF images of as-implanted (a, c) and annealed (800 °C for 180 

min, and (b, d) SrTiO3 single crystals with 0.2 at.% Pr and 9 or 2 at.% Al co-implantation. 

The inserts are low magnification images showing the field of view and location of the 

damaged layer. The ions were injected from the surface (the left) into the bulk (the right), 

shown as the white arrow in (a).   

 

  
(a) 0.2 at.% Pr, as-implanted  (b) 0.2 at.% Pr, 800 °C 60 min 
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(c) 0.8 at.% Pr, as-implanted (d) 0.8 at.% Pr. 800 °C 60 min 

  

(e) 2.8 at.% Pr, as-implanted (f) 2.8 at.% Pr. 800 °C 60 min 

Figure 6-4 STEM-HAADF images of as-implanted (a, c, e) and annealed (800 °C for 60 

min, and (b, d, f) SrTiO3 single crystals with 0.2, 0.8 and 2.8 at.% Pr, respectively.  The 

ions were injected from left to right into the bulk. 

 

As stated in section 2.3.3.2, the thermal recrystallization process of ion-

implanted-amorphized SrTiO3 single crystals includes an initialization period and a linear 

growth period. The initialization period is not detectable under the present experimental 
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conditions. According to equation 2-1, the calculated re-growth rate during the linear 

growth period is 50 nm/min when Q = 0.77 eV 
67

, which predicts a full recrystallization 

after 400 °C annealing, in contradiction with present experimental results. A better 

agreement with experimental data can be achieved when Q = 1.2 eV 
85

, which implies a 

re-growth rate of 0.17 nm/min at 400 °C and 60 nm/min at 700 °C. Although Q = 0.77 eV 

was derived by fitting the results of annealing experiments in air and Q = 1.2 eV was 

obtained in N2, the partial H2O pressure, not the atmosphere, was suggested as the key 

parameter affecting the value of Q in the literature
85

. Thus, similar H2O pressure (i.e. very 

dry environment) was used at the present experimental conditions. On the other hand, the 

linear growth model cannot explain the final 7 nm depth amorphous layer after 700 °C. It 

should be noted that different techniques such as Rutherford backscattering spectrometry 

(RBS)-channeling and time-resolved reflectivity (TRR) measurements have been applied 

to determine the recrystallized depth in the literature. However, these are not sensitive to 

the mosaic structure. Therefore, the activation energy (Q) does not seem to be constant 

and is highly related to the damage at different depth, which cannot be explained from the 

simple linear growth model suggested in the literature
85

.     

Since the beam-assisted recrystallization occurs only in as-implanted specimens 

with 2.8 at.% Pr peak concentration under normal STEM observation conditions (section 

6.2.2), the correlation between the recrystallization and the damage caused by 

implantation can be achieved in-situ in the TEM. The incubation period is probably 

correlated to the 7-15 nm thick mosaic layer, which requires recovery instead of 

recrystallization. The linear growth period occurs in amorphized layers, probably under a 

layer-by-layer solid-phase epitaxy growth mechanism. The activation energy for re-

growth must be closely related to the damage. As shown in figure 6-3(c) and figure 6-4(a), 

the damage in the outmost surface layer (~7 nm) is different, which offers an acceptable 

explanation for the stable 7 nm surface layer. Another possibility lies in the change of the 

solute concentration. As a possible result of surface effects, these injected ions are pushed 

from the bulk toward the surface; thus, the energy barrier for re-growth in the surface 
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layer is higher. The segregation of Al atoms in the surface layers is confirmed by the Al 

EDX map shown in figure 6-8.  

Table 6-1 Summary of observed structure under TEM 

(a) Specimens with 0.2 at.% Pr and 15 at.% Al 

Temperature/°C Time/min 
Total affected 

region/nm 
Amorphous/nm Nano-particles 

as-implanted 38 25~30 Size/nm Density n/line 

400 5 43 28 -- -- 

400 60 42.5 30 -- -- 

700 5 37 6 Maybe a few 

700 60 40 6 0.8-1.9 9~12 

800 180 40 0 0.8-1.9 10~14 

 (b) Specimens with 0.2 at.% Pr & 2 at.% Al and 9 at.% Al 

Temperature/°C Time/min 
Total affected 

region/nm 
Amorphous/nm 

Nano-particles 

Size/nm Density n/line 

as-implanted, 9 at.% Al 40 25 -- -- 

800 180 40 0 0.8-1.2 9~11 

as-implanted, 2 at.% Al 33 25, not fully amorphized -- -- 

800 180 33 0 1.2-2.3 5~6 

(c) Specimens with 0.2 at.% Pr, 0.8 at.% Pr and 2.8 at.% Pr 

Temperature/°C Time/min 
Total affected 

region/nm 
Amorphous/nm 

Nano-particles 

Size/nm Density n/line 

as-implanted, 0.2 at.% Pr ~35 
Layer with heavy 

defects, 7~13nm 
-- -- 

800 60 38 0 3.5-5.0 <2 

as-implanted, 0.8 at.% Pr ~35 20-22 -- -- 

800 60 ~33 0 <1,~3 <2 

as-implanted, 2.8 at.% Pr 30-33 21-24 -- -- 

800 60 ~33 0 <1,~3 2-3 
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6.2.2 Electron-Beam-Associated Recrystallization 

In order to elucidate the radiation-assisted recovery kinetics, we here present in-

situ responses of SrTiO3:Pr co-implanted with Al under a scanning electron beam. Beam-

introduced recrystallization with larger electron flux is observed in Pr-implanted with 0.8 

at.% and 2.8 at.% concentration as well as (Pr, Al) as-implanted with Al concentration of 

15 at.%. As we mentioned in section 6.2.1, a ~25-30 nm thick amorphous layer and 7-15 

nm thick mosaic crystalline layer are observed in the as-implanted specimens. The 

thickness of the amorphous layer decreases with exposure time to the scanning electron 

beam, which suggests in-situ epitaxial recrystallization at the amorphous/crystalline 

interfaces. Recrystallization is only detected within the region exposed to the electron 

beam and the amorphous/crystalline interface is not a straight atomic plane. In addition, 

starting with perfect {100} set of planes, the material follows an ideal layer-by-layer 

mode. It should be noted that we do not observe nano-clusters in the beam-assisted 

recrystallized region in the Pr-only specimen, as shown in figure 6-5.   

 

Figure 6-5 Re-crystallization in an as-implanted specimen with 2.8 at.% Pr under the 

exposure of a scanning e-beam. The estimation of the beam current is approximately 

0.003nA (a radiation dose ~10e
-
/Å

2
s)). The inserts are HAADF images at the selected 

frame. The thickness is measured as the average and error bars are treated as upper and 
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lower limits of the re-crystallization front. The dark contrast region in the HAADF 

images is the amorphous layer created during implantation and the bright contrast region 

is the recrystallized lattice.   

Although the ion-implanted damage as computed by SRIM is the same, the 

electron beam flux required for recrystallization of the (Pr, Al) co-implanted specimens is 

tens of times lager compared to the Pr-only specimens. These results imply that the 

activation energy for recrystallization is much lower in co-implanted specimens, a likely 

result of the higher dose of injected ions present. The recrystallization processes are 

initialized very fast, then slowed down, and is obstructed. A roughly 7 nm thick 

amorphous layer is preserved even under much larger electron beam flux (Figure 6-5).  

This observation consists with the stable 7nm amorphous layer after 700 °C annealing. 

(see section 6.2.1) As suggested by Zhang et al
86

, the beam-assisted recrystallization is 

likely due to localized electronic excitations that lower significantly the energy barriers 

for rearrangement of interfacial atoms.  

 

Figure 6-6 Recrystallization in an as-implanted specimen with 2.8 at.% Pr under the 

exposure of a scanning e-beam current of ~0.040nA (a radiation dose ~10
2
e

-
/(Å

2
s)). The 

insert is the HAADF image at selected frame, which shows an edge dislocation core 

pinning the recrystallization front. 
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On the other hand, defects such as dislocations perpendicular to the 

recrystallization direction have a strong pinning effect on the recrystallization front as 

shown in Figure 6-6. It seems that the local atomic arrangement, e.g. the distortion and 

rotation of atomic polyhedral, may also have contributed to the beam-assisted 

recrystallization. The above measurement may confirm the hypothesis of contributions 

from the movement of atomic polyhedral pointed out by Zhang et al
86

 as the possible 

subsequent effect of the atomic arrangement by localized electronic excitations.   

The above hypothesis assumes that there are atomic polyhedra (i.e. short-range 

ordering) in the ion-amorphized SrTiO3, which can be proven from the EEL spectra of the 

amorphous layer. As shown in figure 6-12 (a) and (b), Ti-O and Sr-O bonding character is 

clearly visible in the low-loss EEL spectra of the amorphous region. Although these 

peaks are different in shape and intensity compared to those of the ideal bulk, the Ti-O (in 

the energy window of 3-15 eV) and Sr-O (in the energy window of 15-30 eV) intra-band 

transitions are confirmed by the appearance of these peaks at the corresponding energy 

positions. In short, short-range ordering such as atomic polyhedra is confirmed in the 

amorphous layer, which is similar to the liquid and glass phase.  

6.3 NANO-CLUSTERS 

Instead of the expected bright spots from heavy Pr
3+

 ions in (Pr, Al) co-doped 

specimens, the cuboidal-shaped nano-clusters of about 0.8-2.4 nm size are visible in 

STEM-HAADF images showing a reduced intensity with respect to the STO background 

and an enhanced intensity in STEM-ABF images. Although all TEM images are the 

projections of 3D objects, the cuboidal shape nano-clusters are confirmed from 

observations carried out on cross-sectional specimens prepared with a 90˚ rotation. These 

clusters were observed only in the recrystallized layers within all (Pr,Al) co-implanted 

specimens. Within these nano-clusters, the same periodic structure is well kept compared 

to the bulk.    
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In the Z-contrast HAADF images, the reduced contrast from these nano-clusters 

implies these atomic columns have a smaller mean atomic number (smaller Z), probably 

due to segregation of Al atoms (Figure 6-7). Therefore, we simulated the STEM-ABF and 

HAADF images containing an Al-rich cluster according to the experimental conditions. 

The simulated model consists of an Al16 cluster sitting in a 5 nm thick SrTiO3 specimen 

corresponding to the typical dimension of these clusters and the typical thickness of a 

specimen. The experimental image of the Al-cluster provides similar bright contrast as 

found in the simulated ABF image and comparable dark contrast as found in the 

simulated HAADF image. Based on these observations and the simulated images, the 

results suggest that these nano-clusters are Al-rich clusters.  

Besides the above contrast test, both null and concentration tests proposed by 

Voyles
95

 were performed to further support the compositional fluctuation within these 

nano-clusters. Firstly, no such nano-clusters were observed in blank (unimplanted) 

specimens and very few nano-clusters with irregular shape were recorded in the annealed 

specimens with only Pr injected ions. These irregular shape clusters may be due to the 

form from oxygen vacancies (VO) to compensate the charge difference between Sr
2+

 ions 

and Pr
3+

 ions. Secondly, under the reasonable assumption that most dopants are sitting 

within these nano-clusters, the theoretically expected number of clusters found in a 

specimen with 0.2 at.% Pr peak concentration and 2 at.% Al peak concentration roughly 

agrees with the total number of dark regions counted from the experimental images. The 

experimental images were taken from regions with a typical thickness of 10 nm (25 unit 

cells). There are roughly 6 nano-clusters with an average size of 1.6 nm (4 unit cells) can 

be interpreted by a line along the implantation direction within the implantation regions 

(20 nm in width, corresponding to 50 unit cells). In short, roughly 6 nano-clusters are 

contained in a 3-dimensional bulk with a size of 25x6x50 unit cells. This corresponds to a 

0.12 at.% Pr and a 1.9 at.% Al average concentration within the implantation region 

under the reasonable assumption that one nano-cluster contains one Pr and sixteen Al 

atoms. The above calculated concentration fully agrees with the experimental 

concentration of the present specimen.  



Ph.D. Thesis - G.-Z. Zhu; McMaster University - Materials Engineering 

79 

 

In addition to these nano-clusters present in the HAADF and ABF images (Figure 

6-7), areas with butterfly shape contrast with a diameter of ~5 nm right at the 

implantation front suggest the presence of a strain field around dislocations. (see the 

detailed discussion in section 6.5)     

 

  
(a) experimental, ABF  (b) experimental, HAADF 

  
(c) simulated, ABF (d) simulated, HAADF 

Figure 6-7 Experimental and simulated STEM-ABF and HAADF images of the nano-

clusters. The experimental images are taken with the convergence angle of 17.5mrad 

under 200 kV from implanted regions annealed at 800˚C for 180 min in the specimens 

with 0.2 at.% Pr and 2 at.% Al. The ABF and HAADF detectors collect the signal of 10-

46 and 75-163 mrad, respectively. The simulated images based on an Al16 cluster sitting 

in a 39x39x51 Å super-cell. Sixteen Al atoms substitute adjacent Ti-sites, in which four 

neighboring atomic columns contain four adjacent Al atoms each. 
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6.3.1 Detectability of Dopants 

In order to investigate the occupied lattice sites of Pr
3+

 and Al
3+

 ions, chemical 

characterization by EDX and EELS was carried out. Although the detection of Pr signals 

in the specimens with 0.2 at.% Pr peak concentration is not convincing, the Pr M4,5-edge 

is clearly visible in the EEL spectra taken from specimens with 2.8 at.% Pr concentration. 

In addition, Pr ions are only detected at some of the Sr-sites as demonstrated in the 

atomic EELS map in figure 6-8. The regions with Pr signals seem slightly large compared 

to the atomic size in the HAADF image, which can be attributed to the broadening effect 

of the ionization interaction
124

. Al EDX signals were recorded in both as-implanted and 

re-crystallized (Pr, Al) co-doped specimens. Of particular importance, although the maps 

do not allow to determine whether the Al is only in the clusters due to the possible 

overlap of regions, more Al EDX signal, less Ti signal and no compositional change in O 

signals were detected within the regions containing higher density of these nano-clusters 

(Figure 6-9), which further confirms that these nano-clusters have a different chemical 

composition.   

 

Figure 6-8 EELS map of Pr dopants within a SrTiO3 lattice. (a) the HAADF image 

acquired simultaneously with a EEL spectrum image; (b) the elemental map of Pr 

dopants from the raw data; (c) the elemental map after removing noise by principal 

component analysis (PCA); (c) the raw EEL spectra from selected areas in (a).     
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(a) ADF (b) Al (c) O 

   
(d) Sr (e) Ti (f)Profile 

Figure 6-9 EDX map of the implanted regions in the annealed specimens with 0.2 at.% Pr 

and 9 at.% Al peak concentration .    

6.3.2 Associated Electronic Structures  

In order to investigate local crystal fields from these nano-clusters, Ti L2,3-edge 

and O K-edge EEL spectra were recorded from the region containing a nano-cluster and 

compared with the adjacent lattice. Since these nano-clusters are cube-like, EEL signals 

contributed by a nano-cluster can be evaluated from the dimension of the nano-cluster 

compared to the local thickness of the TEM foil. Under the reasonable assumption that 

the thickness of the sample is the same in both regions we can extract the linearly fitted 

Ti L2,3-edge spectrum of the nano-cluster via linear combination analysis and the 

thickness of the nano-cluster from its measured dimensions. The retrieved spectrum 

shows strong similarities with that of TiO2 which implies that the formal valence state of 
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Ti ions is unchanged and the shape of the TiO6 groups are distorted as compared to the Ti 

environment in SrTiO3 (Figure 6-10(a)). The slight changes in the O K-edge EEL spectra 

are probably attributed to the following: a) the presence of Vo, and/or b) the presence of 

AlO6 groups (and/or PrO12 groups) instead of TiO6 groups (and/or SrO12 groups).  

  

(a) Ti L2,3-edge  (b) O K-edge 

Figure 6-10 Ti L2,3 edge (a) and O K-dege (b) EEL spectra of the un/implanted regions 

annealed at 800˚C for 180min in the specimens with 0.2 at.% Pr and 2 at.% Al. In (a), the 

spectrum of the nano-cluster is obtained by extracting the component contributed from 

the nano-cluster via linear combination and known thickness.    

6.3.3 Electron-Beam Damage Behaviors 

In order to further elucidate the possible void origin of these nano-clusters, the 

behavior of these nano-clusters under electron beams was investigated and found to be 

very different compared to the bulk, which implies that the composition difference is a 

non-negligible parameter of such nano-clusters. Under the high dose electron flux used 

for the acquisition of EEL spectra image, which is usually tens of times larger than the 

flux used under normal imaging conditions, these nano-clusters are damaged but recover 

soon and form a comparable stable phase These new phases have an entirely different 

periodic pattern compared to the original nano-clusters. The presence of Pr ions and weak 

Ti signal from the EEL spectra suggests different local chemical environments within 

these nano-clusters compared to the bulk. As a consequence, the energy barrier to 

rearrange atoms is much lower. (Figure 6-11) 
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(a)Before (b)After (c)Filtered 

 
 

 
(d)Before (e)After (f)Filtered 

Figure 6-11 The recovery of beam-irradiated nano-clusters within the annealed SrTiO3. (a) 

and (d) are the HAADF images of the stable atomic structure under the exposure of 

scanning electron beam current of approximately 0.003nA (a radiation dose of ~10e
-

/Å
2
s)), respectively. (b) and (e) are the HAADF images of the same regions in (a) and (d) 

after acquisition of EEL spectrum images, respectively. The spectrum images were taken 

under a beam current of ~0.100 nA (~2×10
2
e

-
/Å

2
s). (c) and (f) show the Fourier Filtered 

atomic structure of (b) and (e), respectively. 

6.4 ELECTRONIC STRUCTURES 

The associated electronic structure was investigated by EELS in order to assess 

the role of the injected ions on the optical properties. The determination of electronic 

state from low-loss EEL spectra is complex because of the intense zero-loss peak as well 

as the superimposition of Cerenkov losses and surface modes within its tail
125

. The 

contribution of Cerenkov loss can be modeled as a flat and weak background in the 

energy window before the band-gap as simulated from a MATLAB code
126

 (See Appendix 

4). In other words, no strong feature is caused by Cerenkov losses, which simplifies 

comparisons of spectra taken from different regions. In the experimental conditions 

selected for the measurements, surface contribution terms were neglected compared to 
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the huge bulk contribution because all the low-loss EEL spectra were taken at a thickness 

of about two mean free paths.  

As shown in low-loss EELS spectra in figure 6-12(a), (c), (e), (g) and (i), the joint 

density of states (JDOS), related to the signal windows of 0-15 eV, are more intense in the 

implanted regions compared to the un-implanted ones. The intense JDOS in the 

implanted materials is additionally confirmed by the ellipsometric spectra presented as 

the insert in figure 6-12(g). Although the ellipsometric spectrum integrates both the 

signals from the crystallized layer and the bulk, the spectrum for the recrystallized layer 

is extracted based on the known spectrum of the ideal bulk. The intense JDOS within the 

band-gap (i.e. 3.4eV) suggests the existence of defect levels, which may confirm the 

existence of the inter-valence charge transfer (IVCT) bands, as suggested from the PL 

spectra in section 6.1 and the literature.     

In order to a achieve more precise description for the JDOS, the acquired low-loss 

EEL spectra was firstly aligned at the zero-loss peaks (ZLPs), and then corrected for the 

multiple scattering events by the Fourier-log deconvolution method, and finally computed 

as the dielectric function based on a Kramers-Kronig analysis. The Fourier-log 

deconvolution method is used to remove the ZLP by fitting its tail within the energy 

window before the band-gap (i.e. 0.5-3 eV), which may underestimate the signals 

contributed by possible defect levels within this energy window. Accordingly, the 

interband transition strength Jcv (the imaginary part ε2 of the dielectric function) can be 

calculated as shown in equation 6-1 
127
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                    Equation 6-1 

In which, the integral is known as the joint density of states (JDOS), Ef and Ei are the 

energies of the final and initial states in the involved interband transitions, k is the wave 

vector. As shown in the black curves in figure 6-12(f) and (h), the spectra within the 

energy window just after band-gap (i.e. 3-4 eV) have double parabolic shapes in the 

perfect bulk, which correspond to the direct and indirect band-gap. The sharp change 

after the band-gap present in the spectra of the recrystallized layers confirms the 
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existence of defect levels within band-gap. Compared to the ε2 spectra obtained in the 

recrystallized layer within the Pr-only specimens (figure 6-12(g)), a different shape of the 

ε2 spectra was obtained in the recrystallized layer in the specimens with 2 at.% or 9 at.% 

Al peak concentration (figure 6-12(f) and (h)), indicating that there are different defect 

levels within band-gap as referred to the low-lying intervalence charge transfer (IVCT) 

bands. The above measurement is consistent with the theory about the bulk-shift of the 

red emission peak in section 6.1, in which different low-lying IVCT bands are presented 

depending on whether or not Al ions are around Pr ions.                                     

  

(a) As-implanted, 0.2 at.% Pr and 15 at.% Al, 

EELS   

(b) As-implanted, 0.2 at.% Pr and 15 at.% Al, 

ε2   

 
 

(c) Annealed, 0.2 at.% Pr and 15 at.% Al, 

EELS   
(d) Annealed, 0.2 at.% Pr and 15 at.% Al, ε2   
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(e) Annealed, 0.2 at.% Pr and 9 at.% Al, EELS (f) Annealed, 0.2 at.% Pr and 9 at.% Al, ε2 

 

 
(g) Annealed, 0.2 at.% Pr and 2 at.% Al, EELS. 

Inserted: ellipsometric spectra. 
(h) Annealed, 0.2 at.% Pr and 2 at.% Al, ε2 

  
(i) Annealed, 0.2 at.% Pr, EELS (j) Annealed, 0.2 at.% Pr, ε2 

Figure 6-12 The low-loss spectra of the un/implanted regions in the as-implanted and 

annealed specimens at 800 ˚C for 180 min. (a) and (b) were taken with the convergence 

angle of 7.8 mrad and a collection angle of 13 mrad at 200 kV. (c)-(j) were taken with a 

convergence angle of 15 mrad and a collection angle of 19 mrad at 80 kV.  
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The corresponding peaks are assigned to specific intra-band transitions as 

summarized in Table 6-2
128

. The peaks corresponding transitions between O 2p–Ti3d t2g 

(3-8 eV) and eg (8-15 eV) typical of crystalline SrTiO3 are strongly enhanced in the 

region containing these injected ions compared to the bulk features obtained in the 

unaltered lattice further away from the implanted and crystallized region while the 

transitions between O and Sr (15-30 eV) exhibit only minor changes, except within ion-

amorphized layer. This suggests there are large changes in the Ti 3d bands, indicating 

changes of the local ligand field around Ti ions. The change of the local ligand field is 

strongly depended on the positions of O ions with respect to the Ti ions within TiO6 

octahedra. These measurements additionally suggest the presence of distorted TiO6 

octahedra, consistent with our previous conclusion of Al-rich nano-clusters in section 6.3. 

All these local changes are further enhanced right at the implantation front separating the 

unaffected lattice and the recrystallized region where we have observed partial disorder 

and dislocations with strongly distorted TiOx octahedra.   

Table 6-2 Peak position (in eV) and the corresponding phenomena
128

 

(a) Energy loss function 

Peak position 5.7 6.7 11.3 14.7 17.2 21.1 24.5 31.0 50.2 

 I I I I I I I P* I 

Notes: I stands for the inter-band transition and P for the Plasmon. 

(a) Inter-band transition energy 

Peak position 5.0 6.6 10.2 11.8 13.4 16.7 20.0 

Transitions O2p-Ti 

3d t2g 

O2p-Ti 

3d t2g 

O2p-Ti 

3d eg 

O2p-Ti 3d eg 

O2p-Sr 4d 

O2p-

Sr4d 

Sr4p-Ti 

3d t2g 

Sr 4p-Ti 

3d eg 

Peak position 24.3 26.4 27.9 - 47.0   

Transitions ? ? ? ? ?   

In summary, the results confirm the existence of the low-lying intervalence charge 

transfer (IVCT) states, the energy of which increases when Al ions replace Ti ions. It 

should be noted that the low-loss EEL spectra are consistent with a large absorption of 

615 nm photons than 605 nm photons, which excludes the possibility of a higher re-

absorption of the emitted 605 nm photons compared to 615 nm photons. This suggests 
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that the higher yield of 615 nm photons from (Pr, Al) co-implanted specimens is likely 

caused by the Al ions. Thus, Al ions affect the energy transfer to Pr
3+

 ions and the release 

process of intra-4f transitions of the Pr ions but not the re-absorption of the emitted 

photons.  

6.5 LINEAR DEFECTS WITHIN IMPLANTATION REGIONS 

During implantation, the damage is caused by high energy injected ions, which 

lose their energy by displacing host ions, especially for those heavy ions injected at lower 

energy. At the same time, dynamic recovery occurs, during which point defects aggregate 

and form dislocation loops. At the boundaries between crystalline domains with a 

diameter of a few nm in the mosaic structure, dislocations or semi-coherent planes are 

usually present. As shown in figure 6-13, a high density of dislocations (~10 nm in length) 

was detected in the as-implanted specimens. It should be noted that PL spectra in section 

6.1 were recorded from reflected light instead of transmitted light from the back side of 

specimens, thus the effect of dislocations on the PL luminescence may not be fully 

detected. 

 

 

Figure 6-13 Dislocations in the plane-view as-implanted specimens with 0.2 at% Pr and 

15 at.% Al peak concentration. The black lines in this micrograph are the dislocation 

lines, labeled by white arrows.     
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After annealing, these mosaic structures recover. As a result, dislocation loops are 

preserved and are observed as identifiable features at the implantation front. As 

mentioned in section 6.2, the extent of dislocations present in the recrystallization layer 

highly depends on the extent of damage and the concentration of injected ions.  

In this section, we first present the evidence for dislocation loops at the 

implantation front, following by that for dislocations parallel and perpendicular to the 

plane of the implantation front, which affect structure evolution such as recrystallization 

as discussed in section 6.2.2. We will discuss the type of dislocation cores and associated 

strain field, which contribute to the contrast observed ABF and BF images. 

6.4.1 Dislocation Loops 

Since dislocations cannot start and end within a perfect lattice, dislocations either 

start from the surfaces of amorphous layers or they form dislocation loops within a lattice 

which can be detected in as-implanted specimens. As shown in figure 6-14, dislocations 

with ~10 nm length were observed, which is consistent with the result shown in figure 6-

13. Strain mapping, computed from the geometric phase analysis (GPA) package attached 

to Digital Micrograph, which is based on the detected displacement of atomic columns in 

the lattice image, highlights these dislocations and their cores. 

  
(a) HAADF image (b) εxx 
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(c) HAADF image (d) εxx 

Figure 6-14 Implantation front from a cross-section view in as-implanted specimens with 

0.2 at.% Pr and 15 at.% Al. The amorphous layers are not shown but are at the left of 

these crystalline layer in above images. (a) and (c) are HAADF images containing the 

implantation front. (b) and (d) are the calculated strain mapping of normal strain along 

the horizontal direction εxx based on (a) and (c), respectively.    

 

Dislocation loops are mainly detected at the implantation front, in both as-

implanted (Figure 6-14) and annealed specimens (Figure 6-15). As shown in figure 6-15, 

the bright regions of ABF images around dislocations correspond to the strain field 

around dislocations. Of particular importance, there is no detectable relationship between 

cubed-shape nano-clusters and computed strains measured with the GPA, which implies 

the bright contrast from nano-clusters are not caused by local strain. (see Figure 6-15(b), 

(c) and (d))       
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(a) HAADF (b)ABF 

  
(c) εxx (d) εyy 

Figure 6-15 Dislocations involved in the implantation regions within the annealed 

specimens with 0.2 at.% Pr and 9 at.% Al.  (a) and (b) are the HAADF image and the 

simultaneously acquired ABF image, respectively. (c) and (d) are the computed strain 

mapping based on (a). (c) and (d) are the normal strain along the horizontal εxx and 

vertical directions εyy, respectively.       

6.4.2 Dislocation Cores 

As shown in figure 6-16, an edge dislocation core with a Burger vector of <100> 

direction is a simple dislocation core with the extra atomic plane almost perfectly located 
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in the middle of two other atomic planes. Around the dislocation core, consisting of 

highly mismatched atomic columns, a butterfly shape strain field εxx and a dumbbell 

shape strain field τxy are measured with the GPA, which are very similar to the strain field 

simulated with a simple dislocation model in an isotropic matrix (see figure A5-1(c) and 

(e) in Appendix 5). It should be noted that the dislocation model in Appendix 5 contains 

no information about the dislocation cores, which is beyond the capability of elasticity 

theory. However, the strain field εyy has a distorted dumbbell shape, deviating from the 

ideal shape calculated in figure A5-1(d). The above deviation can be explained through 

the non-symmetric atomic arrangement within this dislocation core along the horizontal 

directions.    

  

  
(a) HAADF  (b) εxx 
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 (c) εyy (d) τxy 

Figure 6-16 Edge dislocation core present in the implantation regions in the specimens 

with 0.2 at.% Pr and 15 at.% Al annealed at 700 °C for 60  min. The strain field is 

calculated using a group of <110> reflections through the GPA package based on the 

HAADF image as shown in (a). (b) and (c) are the normal strain along the horizontal εxx 

and vertical directions εyy, respectively. In (d), τxy is the shear strain corresponding to the 

x-y plane.   

 

Within a complex oxide lattice such as SrTiO3, complex dislocation cores are 

expected because a simple dislocation core requires the absence of both Ti-O columns 

and Sr columns. A couple of partial dislocation cores are presented along <100> 

crystallographic directions with a Burger vector along <010> directions, as shown in 

figure 6-17. Another type of dislocation core contains two partial dislocation cores with 

Burger vector of b= ½<110>, as shown in figure 6-18. The strain fields around them have 

a butterfly shape pinned at two maxima. At each of the two maxima, the dumbbell shape 

of the strain fields gives an acceptable agreement with the strain fields deduced from the 

simple dislocation model (see figure A5-1). Of particular importance, the non-isotropic 

strain around them seems highly correlated with the dark contrast in the BF images 

(Figure 6-18(d)). In conclusion, these strain fields not only identify the dislocation types 

but also provide an acceptable explanation to the contrast observed in ABF and BF 

images. 
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(a) HAADF (b) εxx 

  
(c) εyy (d) τxy 

Figure 6-17 Regions with two partial dislocation cores in the specimen with 0.2 at.% Pr 

and 15 at.% Al annealed at 400 °C for 60 min. The strain field is calculated using a group 

of <110> reflections through the GPA package based on the HAADF image as shown in 

(a). (b) and (c) are the normal strain along the horizontal εxx and vertical directions εyy, 

respectively. In (d), τxy is the shear strain in the x-y plane.   
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(a) HAADF (b) BF 

  
(c) εxx (d) εyy  

 

Figure 6-18 Dislocation core in as-

implanted regions in the specimens of 0.2 

at.% Pr and 2 at.% Al. The strain field is 

calculated using a group of <110> 

reflections through the GPA package based 

on the HAADF image as shown in (a). (c) 

and (d) are the normal strain along the 

horizontal εxx and vertical directions εyy, 

respectively. In (e), τxy is the shear strain in 

the x-y plane. Scanning defects cause the 

banding artifacts observed in the computed 

strain fields.  

 

(e) τxy   
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In summary, the atomic arrangement of dislocation cores is complex and provides 

additional contrast to STEM-ABF/BF images probably due to their local strain fields. 

The detected atomic arrangement in the high-resolution images can be used to calculate 

the local strain field, which supports the different contrast mechanism of the STEM-ABF 

images compared to that contributed from the nano-clusters. Dislocations were detected 

mainly at the implant front and are only about a few nm in size. Their local strain fields 

affect only a few unit cells around the cores. Therefore, the effect of dislocations on the 

emission region, the implanted regions containing Pr ions, can be negligible.  
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In the present thesis, new experimental approaches to characterize low-

dimensional defects within oxides were developed and successfully applied to the SrTiO3 

lattice with implanted foreign species or reconstructed surfaces.    

According to the spatial distribution of probe electrons scattered by these low-

dimensional defects, collecting signals with different positions of an annular detector 

highlight these defect features within oxides. Successful application of ABF images 

includes the direct imaging of Al-rich nano-clusters within a SrTiO3 lattice.     

A „thickness‟ series method was developed for these energy-loss electrons. The 

reliable extraction of weak defect and surface signals was achieved by (linear least square) 

fitting methods applied to experimental datasets with various defect or surface signal 

contributions. By applying this method, we successfully solved the surface Ti 

configurations within a monolayer in reconstructed SrTiO3 (001) crystal surfaces and the 

local defect configurations of implanted Pr within SrTiO3 bulk crystals.  

Conclusions are drawn for surface and bulk defects within SrTiO3: 

 

7. CHAPTER SEVEN                      

CONCLUSIONS 
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We provided an experimental spectroscopic signature of both the valence and 

crystal field of Ti ions located on the sub-surface and topmost layer. We reported HR 

profile images of the c(4x2) surface reconstructed (001) SrTiO3 consisting of a distorted 

octahedral TiO6 and pyramidal TiO5 octahedra, which are generally consistent with 

atomic structures reported from DFT simulations
25

. In addition, HR profile images of the 

(2x1) surface reconstructed (001) SrTiO3 surfaces were recorded, and thus provide 

experimental evidence along the normal direction for the proposed atomic structures
23

.  

Regarding bulk defects, we provided both experimental evidence, and simulation 

support of the local defect configurations of injected ions within SrTiO3 lattices. Pr 

dopants occupy Sr-sites only, as demonstrated in the EELS map. The mechanism of 

luminescence enhancement from Al ions is different in our synthesis approach compared 

to the literature. The PL spectra suggest the symmetry breaking of the Pr-occupied lattice 

site is probably due to adjacent Al ions. The formation of Al-rich clusters was supported 

by HR ABF and HAADF images. The associated electronic structures of these 

nanostructures are mapped, suggesting the change of local interband transitions between 

Ti and O ions and the presence of defect levels within the band-gap.  

The effects of implantation and subsequent heat-treatment as well as electron 

beam-induced effects were investigated. Under the current implantation conditions, a 20-

30 nm depth (near) amorphous layer and a ~10 nm depth mosaic structure with a slight 

misorientation are present. The damaged layer is fully recrystallized at 800 °C. Under the 

scanning electron beam, solid phase epitaxial recrystallization was observed in pre-

amorphized SrTO3 with large injected flux of heavy ions. Detailed structural 

characterization of different types of dislocations was carried out. The related strain fields 

were computed and found to roughly agree the simple dislocation model. 

Future work includes theoretical study of the contrast mechanism of the ABF 

images and band structure calculations of the reconstructed surface as well as the Al-Pr 

rich clusters.  

The bright contrast from these nano-clusters in the ABF images requires further 

simulation to confirm compositional fluctuation within them. On the other hand, the 
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bright contrast from the dislocations is highly corresponding to the strain fields around 

them, although, without perfect match with any of strain components or their 

combinations. More work is needed to clarify the spatial distribution of the scattered 

electrons from different compositions or strain fields, thus providing a solid foundation to 

explain the contrast of ABF images.  

Experimentally, the atomic structure of the selected systems is solved based on 

the high-resolution imaging and spectral results. Therefore, in principle, the band 

structure can be calculated with input of their atomic structure into the first principle 

simulation codes such as Wien2k. The calculated electronic structure should be used to 

predict valence and core level excitations for comparison with experimental EELS data.        
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APPENDIX 1 PARAMETER ESTIMATION FOR INVERSE POWER-LAW 

BACKGROUND MODEL  

Inverse power-law background model is the de-facto standard since it was 

proposed by Egerton
93

 based on the physical description of plasmon peaks (the Drude 

model) and core-loss excitations (the hydrogenic cross section). Starting from equation 3-

3, a natural log-log transformation to the base e is applied in order to treat it as a linear 

fitting problem.  

ln ln lnA r B E or 

ln ln ln , ln( ), ln( ), ln( )i i i i i iB A r E y B A x E                    A1-1 

where B is the recorded count vector within the background fitting windows E containing 

n energy intervals.  

Especially for the least square fitting method, we rewrite A1-1 as A1-2 in order to 

have statistically independent parameters a and b 
129,130

. 
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2 2

2 2
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                A1-2 

in which, σi is the uncertainty of the recorded count Ci. The above transformation actually 

shifts the fitting window in order to ensure the weighted y axis is located at the middle, as 

a result, the parameters a and b are only related to the values of yi and xi’, respectively. 

This can be considered as additional proof of the statistical independence of the a and b 

parameters. It should be noted that the above transformation does not affect the output 

fitting results but only simplifies the variance estimation process.        

A1.1 Hypotheses and Variance of Each Count  

The following two hypotheses are well-accepted and based on the fundamental 

descriptions of basic physical processes.  
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A1.1.1 Hypothesis 1: Poissonian Distribution 

Because the collection process of a spectrometer is essentially counting statistics 

of incoming, inelastic electrons, the probability density function (pdf) of recording Ci 

counts at each energy interval is given by Poisson statistics. 

exp( )( )
( )

( )!

iC

i i
i

i

C C
p C

C


  ( 0iC  )                                 A1-3 

where Ci  is „true‟ but unknown value, also be called the parameter of the distribution.    

A1.1.2 Hypothesis 2: Independence 

We pre-assume that there is no dependence between the counts in different 

channels. Mathematically, this is equivalent to saying that the joint pdf of the counts 

between different energy channels P(Ci*Cj) is the product of the pdf P(Ci) and P(Cj). 

Although it is difficult to justify, this hypothesis is plausible due to the following two 

reasons: (1) counts for different energies are recorded by different detectors in the case of 

parallel detection; (2) counts at different energy channels are recorded at different times 

in the case of sequential detection.  

A1.1.3 Variance of Each Count  

The noise of each observation Ci corresponding to the energy interval Ei generally 

includes two sources
131

: (a) major noise governed by Poisson statistics. (b) minor noise 

caused by additional processes in the conversion of these electrons to digital counts in the 

CCD/scintillator. (b) is usually negligible because of the application of the dark and gain 

reference of the detector and the effect from the dark current and readout counts and the 

inter-pixel mixing of signal expectations Ci can be removed. Thus, the variance of the 

observation Ci is 

var( )i iC C                                                 A1-4 
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Due to the limitations of beam damage, a spectrum image or a group of spectra 

from the same region are usually obtained and then summed as the final spectrum. Under 

the reasonable assumption of ignorable shifts along the energy axis, the final observation 

Ci corresponding to the energy interval Ei is defined as 

1 2 ... k

i i i iC C C C     

The variance of Ci is given by propagation of uncertainties equation for 

independent random errors: 

1

var( )
k

j

i i

j

C C


  

A1.2 Least Square Fitting 

under the assumption of no uncertainty in xi’ and yi, least square fitting method is 

a standard approach to the best solution of an over-determined system, which has more 

equations than unknowns The best fitting solution has minimized sum of the squares of 

the “noise” within each dataset. In the present case, the goal is to minimize the sum of 

squared vertical distances between the observed responses in the dataset and the 

responses predicted by the linear approximation.  
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Mathematically, it is equal to setting the partial derivates of A1-5 to zero.  
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The final fitted parameters are:  
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According to Bessel equation, the variances of yi, a and b are listed as:  
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Since the sum of xi’ is zero after transition stated in A1-2, a and b will be 

simplified to  
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A1.3 Weighted Least Square Fitting 

In practice, it is impossible to obtain experimental values without any 

uncertainties. If the uncertainty of xi can be ignorable, weighted least square fitting 

methods provide more accurate fitting compared to the unweighted one. Defining σi as 

the uncertainty of yi, then the goal becomes 
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The final fitted parameters are:  
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The variances in the coefficients are 
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According to Σxi‟/σi
2
=0 and σi

-1
=√yi, the fitting parameters and their standard 

deviations are derived as following 
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A1.4 Maximum Likelihood  

Maximum likelihood (ML) methods
132

 provide unbiased and minimum mean 

square error estimates of all parameters. The best estimators from ML methods are the 

ones with maximized joint probability density function (pdf) of the counts obtained in 

different energy channels. Based on the independently Poisson distribution, the joint pdf 

is defined as 
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To simplify the mathematics, the log-likelihood function is used as the 

optimization equation: 
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To maximum L(C|c,r) by setting the partial derivatives with respect to c and r to 

zero.  
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In order to remove the dependence on α, we define f(r) by taking the ratio of the 

partial sum in equation A1-16.  
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The best estimator r̂ can be infinitely approached using Newton‟s method staring 

with an initial guess r0.    
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The variances and co-variance of the estimated background parameters are 
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A1.5 Variances of the Signal 

According to the inverse power-law background model, the variance of the 

background Sj within the signal window is defined as   
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according to the equation for linear least square fitting, or 
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based on the equation for maximum likelihood methods.  
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Thus, at each energy interval Ei within the signal window, the variance of signal 

will be 
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A1.6 Signal-to-noise Ratio 

Signal-to-noise ratio is usually defined as  
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which is a universal criterion to evaluate the best fitting.   
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APPENDIX 2 MATLAB CODES  

This appendix gives several MATLAB scripts involved in the present project. 

When *.dm3 files are used as the input, DM3Import.m by Robert A. McLeod is required 

in the working directory and can be downloaded from the following link 

(http://www.mathworks.com/matlabcentral/fileexchange/29351-dm3-import-for-gatan-

digital-micrograph/content/DM3Import.m).      

A2.1 Maximum Likelihood Background Fitting 

function [A,r,snr,core] = MLfit(infile,varargin) 

 

% MLfit evalutes the parameters A, r for the inverse power-law background 

model using the maximum likelihood estimation, in which the bound is specified by the 

Cramer-Rao inequality.  

% 

% Input: 

%  infile         the input data matrix, or input file name 

%  eprestart    the background fitting start energy: eV 

%  eprewidth  the backgound fitting window width: eV 

%  r                 the intial guess of r, default: 2.  

%  min            the tolerance, default: 10^(-14) 

%   

% Output: 

%  A,r       parameters for the background power law model. B=AE^(-r) 

%  snr       signal-noise ratio, defined the ratio of the integral of signals and the 

integral of background within the signal window 

% core      the sigal spectrum   

% Example: 

%  infile = 'S1-T2-2 EELS SI (dark ref crt) aligned sum.dm3' ; 

%  eprestart = 454; 

%  eprewidth = 10;  

%  [A,r,snr] = MLfit(infile,eprestart,eprewidth); 

%  

% Ref: Unser et al, Optimal background estimation in EELS, J. Microsc., 

% 1987(145):245-256 

 

http://www.mathworks.com/matlabcentral/fileexchange/29351-dm3-import-for-gatan-digital-micrograph/content/DM3Import.m
http://www.mathworks.com/matlabcentral/fileexchange/29351-dm3-import-for-gatan-digital-micrograph/content/DM3Import.m
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% check the inputs 

msg = nargchk(1,5,nargin); 

if ~isempty(msg) 

    fprintf('Error! Invalid Input!') 

    return 

end 

 

if isnumeric(infile) 

    [m,n] = size(infile); 

    if m==2 

        if n<2||n==2 

            fprintf('Input Error! Please input the spectra data!') 

        end 

    elseif m>2 

        if n==2 

            infile =infile'; 

        else 

            fprintf('Input Error! Please input the spectra data!') 

        end 

    else 

        fprintf('Input Error! Please input the spectra data!') 

    end 

    escale = infile(1,:); 

    spectrum = infile(2,:);  

elseif isstr(infile) 

    spectra_struct = DM3Import(infile); 

    spectra =spectra_struct.spectra_data;  % unit:e- 

    if size(spectra,2) > 1 

        spectrum = spectra{1}.* spectra_struct.intensity.scale; 

        edispersion = spectra_struct.xaxis{1}.scale; 

        origin = spectra_struct.xaxis{1}.origin; 

    else 

        spectrum = spectra{1}.* spectra_struct.intensity.scale; 

        edispersion = spectra_struct.xaxis.scale; 

        origin = spectra_struct.xaxis.origin; 

    end 

    N = length( spectrum); 

    escale = ( (0:N-1)-origin).* edispersion;   % unit:eV 

else 

    fprintf('Input Error!') 

end 

 

r = 2; 

min = 10^(-14); 
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eprewidth = []; 

eprestart = []; 

plot(escale,spectrum); 

axisx = escale; 

spectrum_i = spectrum;  

 

if (nargin == 3) 

    if isnumeric(varargin{nargin-1})&&isnumeric(varargin{nargin-2}) 

        eprewidth = varargin{nargin-1}; 

        eprestart = varargin{nargin-2}; 

    else 

        fprintf('Input Error!') 

    end 

elseif (nargin == 5) 

    if isnumeric(varargin{nargin-1})&&isnumeric(varargin{nargin-

2})&&isnumeric(varargin{nargin-3})&&isnumeric(varargin{nargin-4}) 

        min = varargin{nargin-1}; 

        r = varargin{nargin-2}; 

        eprewidth = varargin{nargin-3}; 

        eprestart = varargin{nargin-4}; 

    else 

        fprintf('Input Error!') 

    end 

elseif (nargin==1) 

    temp_input = input('Please input the start pointing for fitting (unit: eV, e.g. 

454):', 's'); 

    eprestart = str2num(temp_input); 

    temp_input = input('Please input the wide of fitting window (unit: eV, e.g. 10):', 

's'); 

    eprewidth = str2num(temp_input); 

else 

    fprintf('Error! Invalid Input!'); 

end 

 

if ~isempty(eprestart)&&~isempty(eprewidth) 

    efilter = ((escale >= eprestart) & (escale <=(eprestart + eprewidth))); 

    escale = nonzeros(escale(efilter))'; 

    spectrum = nonzeros(spectrum(efilter))'; 

end 

 

% fitting processes     

x = log(escale); 

xw = sum(x.*spectrum)/sum(spectrum); 

mr0 = sum(exp(-r.*x)); 
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mr1 = sum(x.*exp(-r.*x)); 

fr = mr1/mr0-xw; 

 

while abs(fr)>min 

    mr2 = sum(x.*x.*exp(-r.*x)); 

    dfdr = (mr1/mr0)^2-mr2/mr0; 

    r = r-fr/dfdr; 

    mr0 = sum(exp(-r.*x)); 

    mr1 = sum(x.*exp(-r.*x));  

    fr = mr1/mr0-xw; 

end 

 

A = sum(spectrum)/mr0;   

 

back = A.*axisx.^(-r); 

hold on; plot(axisx, back,'k'); 

 

x = log(axisx); 

signalstart = 467; 

signalwidth = 12; 

efilter = ((axisx >= signalstart) & (axisx <=(signalstart + signalwidth))); 

 

mlamda2 = sum(x(efilter).*x(efilter).*back(efilter))/sum(back(efilter)); 

mlamda1 = sum(x(efilter).*back(efilter))/sum(back(efilter)); 

 

b = sum(back(efilter)); 

dbdr = sum(-x(efilter).*back(efilter)); 

temp = back(efilter).*(x(efilter)-mlamda1).*(x(efilter)-mlamda1); 

edeltab = (b*b*mlamda2+dbdr*dbdr+2*b*dbdr*mlamda1)/sum(temp); 

 

t = sum(spectrum_i(efilter)); 

snr = (t-b)/sqrt(t+edeltab); 

core = spectrum_i - back;  

A2.2 Singular Value Decomposition 

function image_svd(varargin) 

  

% Image_svd applies singular value decomposition (SVD) on an image and 

selects certain number of main components and then reconstructs to a noise-reduced 

image.  

% Input 

%   *.dm3            the name of an image file to proceed 
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% check inputs 

msg = nargchk(0,1,nargin); 

if ~isempty(msg) 

    fprintf('Error! Invalid Input!') 

    return 

end 

  

if nargin == 0 

    [fname, filepath] = uigetfile('D:\Matlab addins\PHD\*.dm3','Please choose the 

files');  

    filename = strcat(filepath, fname); 

elseif nargin ==1 

    filename = varargin{nargin}; 

end 

  

[dm3struct] = DM3Import( filename); 

data = dm3struct.image_data; 

clear dm3struct; 

  

raw_image=imagesc(data);  

colormap gray 

axis equal off 

figure(gcf) 

  

% find the area to process 

k = menu('zoomin and define left line coordinate','ok'); 

[Corner_x1,Corner_y1] = ginput(1); 

Corner_x1=round(Corner_x1); 

Corner_y1=round(Corner_y1); 

k = menu('zoomin and define right line coordinate','ok'); 

[Corner_x2,Corner_y2] = ginput(1); 

Corner_x2=round(Corner_x2); 

Corner_y2=round(Corner_y2); 

rectangle('Position',[Corner_x1, Corner_y1,Corner_x2-Corner_x1, Corner_y2-

Corner_y1],'LineWidth',4,'Edgecolor','r'); 

data_reduce = data(Corner_y1:Corner_y2, Corner_x1:Corner_x2); 

  

raw_image=imagesc(data_reduce);  

colormap gray 

axis equal off 

  

[u, s, v]=svd(data_reduce);    

xweight = diag(s); 
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figure; 

bar(xweight); 

  

answer =inputdlg({'the starting components for display?','the end components for 

display?'}); 

if ~isempty(answer{1}) 

    displaynumberstart = round(str2num(answer{1})); 

end 

if ~isempty(answer{2}) 

    displaynumberend = round(str2num(answer{2})); 

end 

for i=displaynumberstart:1:displaynumberend 

     figure; 

     recon = u(:,i)*s(i,i)*v(:,i)';  

     raw_image=imagesc(recon);  

     colormap gray 

     axis equal off 

     titlename = strcat('Component', num2str(i)); 

     title(titlename);    

end 

  

answer =inputdlg({'How many components for reconstruction?'}); 

if ~isempty(answer{1}) 

    reconnumber = round(str2num(answer{1})); 

end 

  

reconf = u(:,1:reconnumber)*s(1:reconnumber,1:reconnumber)* 

v(:,1:reconnumber)';  

figure; 

raw_image=imagesc(reconf);  

colormap gray 

axis equal off 

A2.3 Dimension Calibration for a Scanned Diffraction Film   

function cali = tifcalibration(varargin) 

  

% TIFCALIBRATION calibrates the *.tif file from scanning films containing 

diffractions.  

% 

% Input  

%  filename     the name of files 

%  L                Camera length, (cm) 
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% 

% Output 

%  cali            the calibration value used in Digital Micrograph, image-->display--

>calibration-->k,1,1/nm (unit) 

 

msg = nargchk(0,2,nargin); 

if ~isempty(msg) 

    fprintf('Error! Invalid Input!') 

    return 

end 

  

if (nargin == 1) 

    if isnumeric(varargin{nargin}) 

        L = varargin{nargin}; 

        [fname, filepath] = uigetfile('E:\Experimental\*.tif','Please choose the files'); % 

dialog, to select data file1,sets as the tensile files 

        filename = strcat(filepath, fname); 

    end 

elseif (nargin == 2) 

    if isnumeric(varargin{nargin}c) 

        L = varargin{nargin}; 

        filename = varargin{nargin-1}; 

    elseif isstr(varargin{nargin}) 

        filename = varargin{nargin}; 

        L = varargin{nargin-1}; 

    end 

else 

    fprintf('Invalid INPUT! Only the camera length or file name + camera length!') 

end 

  

imgt = imread(filename); 

imgf = imfinfo(filename); 

xr = imgf.XResolution; 

yr = imgf.YResolution; 

ru = imgf.ResolutionUnit; 

  

if ru=='Inch' 

    unitexchange = 2.54; %inch/cm 

elseif ru=='cm' 

    unitexchange = 1; 

elseif ru == 'mm' 

    unitexchange = 0.1;  %cm/mm 

end 
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U = 120; % keV      

c = 2.99792458e8; % m/s. 

h = 6.6260755e-34; % J*s. 4.1356692e-15; %eV*s. 

m0 = 9.1093897e-31; % kg. 

U = U*1e3; % V. 

e = 1.60217733e-19; % C. 

lambda = h/sqrt(2*m0*e*U*(1+e*U/2/m0/c^2)); 

  

cali = 1/(lambda*L*10^9*(xr/unitexchange/10)); % 1/nm 

%   1/(m*mm*(m-->nm)*(cm-->mm))  
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APPENDIX 3 THE VISIBILITY OF PR WIHIN THE SRTIO3 LATTICE   

Here we include multislice calculations of larger clusters or detection of the single 

atoms profiles supporting the conclusion about clusters and thickness. Under the 

conditions that a single Pr ion occupies a Sr-lattice site or a Ti-lattice site, the contrast 

from a single Pr atom is negligible in the HAADF images. (see section 4.1.1 and figure 

A3-1(a)) When forming a cluster, Pr ions are observed as bright dots in the simulated 

HAADF images. (Figure A3-1(b))   

 

  
(a) single Pr (b) Pr8 

Figure A3-1 The detectability of Pr clusters. In (a), a single Pr atoms replace a Sr 

positions as index in the white arrow. In (b), eight Pr atoms substitute adjacent Sr-sites, in 

which four neighboring atomic columns containing two adjacent Pr atoms each. Pr atoms 

are at the atomic columns shown as bright dots in (b).   
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APPENDIX 4 SIMULATED LOW-LOSS EEL SPECTRA IN SRTIO3   

Based on the dielectric constant spectra of bulk SrTiO3, the low-loss EEL spectra 

and their spatial distributions can be simulated as suggested in the reference
126

. 

According to the first principle simulations in the literature
128

, intra-band transitions 

occur within the energy window of 0-29 eV. The dominant feature around 29 eV 

corresponds to the plasmon-like collective excitation of the valence and semicore 

electrons. The intra-band transitions are independent of the momentum vector ky, while 

the plasmon-like feature has a slight dependence on the momentum vector ky. These 

features are clearly indicated in the simulated E-ky loss images in figure A4-2 under 30 

kV incident electron beam.  

The Cerenkov radiation losses with very sharp forward distribution arise when the 

electron velocity exceeds the phase speed of light in a transparent medium. Cerenkov 

losses are negligible with a 30 eV incident beam, resulting in features independent of the 

momentum vector ky within the energy-loss window of 0-4 eV as shown in figure A4-2. 

More importantly, under high incident electron beam, the Cerenkov losses contribute as a 

flat background, as shown in figure A4-1.  

 

Figure A4-1 The simulated EEL spectra at different incident energies 
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Figure A4-2 Simulated E-ky loss images at 30 eV.    
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APPENDIX 5 STRAIN FIELD AROUND A DISLOCATION WITHIN AN ISOTROPIC 

MATRIX   

The strain field around a simple dislocation within an isotropic matrix is shown in 

figure A5-1 according to A5-2 and A5-2.  

According to the elasticity theory, the strain field around a screw dislocation 

within an isotropic matrix, except the dislocation core is given by: 
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and the strain field around an edge dislocation wthin an isotropic matrix, except the 

dislocation core, can be described as:  
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A5-2 

where, σxx, σyy and σzz are the normal stress along x, y and z directions, repectively; τxx, 

τyy, τzz are the shear stress along different directions; b is the Burger vector defined for the 

dislocations; G is the shear modulus, and v is the Poisson ratio of the materials. In 

conclusion, in an isotropic matrix, there are only normal stresses and shear stresses lying 

in the plane perpendicular to the dislocation line for ideal edge dislocations. As for screw 

dislocations, shear stresses are along their Burger vectors.  
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(a) screw dislocation, shear stress τxz (b) screw dislocation, shear stress τyz 

  
(c) edge dislocation, normal stress σxx (d) edge dislocation, normal stress σyy 

  
(e) edge dislocation, normal stress σzz (f) edge dislocation, shear stress τxy 

Figure A5-1 stress field around dislocations computed from equation A5-1 and A5-2. (a) 

and (b) are the shear stress of a screw dislocation with burger vector and dislocation line 

along the normal direction.(c)-(f) are the stress fields around a edge dislocation with 

burger vector along the horizontal direction and the dislocation line along the normal 

direction.       
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