ABSTRACT

PENN, AUBREY NANCE. Depth-dependent Chemical and Structural Profiling of Oxide
Thin Films with Scanning Transmission Electron Microscopy. (Under the direction of
James M. LeBeau and Divine P. Kumah).

Complex oxide perovksites are among the most versatile materials from a chemical,
structural, and applications perspective. The perovskite lattice can expand or contract to
fit the structure of a substrate due to the flexible oxygen octahedral network, opening up
epitaxial thin film perovskites to be widely studied. Novel phases of materials are formed
when grown with thin film morphology, having tunable properties through interfacial
engineering. Metal oxide heterostrucutres are additionally a testbed for fundamental
studies on the chemical, atomic, and electronic reconstructions at complex heterointerfaces.
The thin film systems of interest presented here are La;_,Sr,MnO3 (LSMO), multilayered
LSMO-(Lay_,Sr,CrOs, and SrRuO3 (SRO) grown on SrTiO3. Each of these systems are
of interest for their attractive magnetic properties. LSMO is a colossal magnetoresistive
ferromagnet that has been the focus of many thin film studies, but stymied in application
due to the loss of magnetic character in ultra-thin films. Most recently, an investigation
into multilayered LSMO-(La;_,Sr,CrO3, or LSCO) heterostructures has uncovered new
possibilities for ultra-thin LSMO. SRO, on the other hand, is an itinerant ferromagnet
that has also been the subject of extensive study, having properties extremely sensitive to
growth conditions and resultant film structure. Here, these films are investigated with
scanning transmission electron microscopy (STEM) imaging in combination with electron
energy loss spectroscopy (EELS) and energy dispersive X-ray spectroscopy. The studies
included here serve two purposes. First, to produce material results on with the STEM.
In each case, advanced electron microscopy is used to characterize the films to determine

structure-property relationships as a function of film depth to understand interfacial



phenomena. Second, the materials are used to develop STEM image and EELS analysis
techniques as well as isolate potential shortcomings of STEM analysis due to sample
preparation effects. From a structural perspective, both LSMO and SRO thin films are
model systems to develop analysis methods, having similar cationic, but different oxygen
sublattice structure as well as depth-dependent structure that varies with proximity to

the interface.



© Copyright 2021 by Aubrey Nance Penn

All Rights Reserved



Depth-dependent Chemical and Structural Pro ling of Oxide Thin Films with Scanning
Transmission Electron Microscopy

by
Aubrey Nance Penn

A dissertation submitted to the Graduate Faculty of
North Carolina State University
in partial ful lment of the
requirements for the Degree of
Doctor of Philosophy

Materials Science and Engineering

Raleigh, North Carolina

2021

APPROVED BY:

James M. LeBeau Divine P. Kumah
Co-chair of Advisory Committee Co-chair of Advisory Committee
Elizabeth C. Dickey Veronica Augustyn

Dean Hesterberg



DEDICATION

To my parents, Bradley and Felicia Penn.



BIOGRAPHY

The author was born and raised in Frankfort, Kentucky. After high school, she attended
Western Kentucky University where she began scienti ¢ research as an undergraduate. As
part of an accelerated program, she completed both her Bachelor's and Master's degrees
in chemistry in 2017. After much encouragement from her advisor and peers, she pursued

graduate school.



ACKNOWLEDGEMENTS

My sincerest gratitude, rst and foremost to my research advisors, Profs. James LeBeau
and Divine Kumah, both of whom provided guidance and support in research that made
this work possible. Particularly thanks to Prof. LeBeau for inspiring my fondness for

microscopy and making incredible opportunities through graduate school. And to Prof.
Kumabh, thank you for your immense patience welcoming a microscopist into your group
and time devoted to strengthening my work.

To my thesis committee, Profs. Elizabeth Dickey, Veronica Augustyn, and Dean
Hesterberg, | am thankful for your time and feedback to guide this work.

Also thanks to past and present members of the LeBeau and Kumah groups, including
Abinash Kumar, Xi Chen, Michael Xu, Dr. Rohan Dhall, Dr. Everett Grimley, Dr. Matthew
Cabral, Dr. Athby Al-Tawhid, Dr. Sanaz Koohar, and Dr. Tongjie Chen.

Much of this research would not have been possible without the support of the SEAS
National Research Trainee-ship and SEAS coordinator, Dr. Ashleigh Wright.

Nearly all the results in this thesis were performed on the Titan at the Analytical
Instrumentation Facility at NC State. | cannot thank the sta at AIF enough for main-
taining such great facilities, but especially Dr. Chris Winkler for providing experimental
support, making it fun along the way, and being such a huge advocate for his TEM users.
Also thanks to Prof. Jacob Jones for giving me the opportunity to work at AIF as a
graduate student. The experience gained made me a better microscopist and prepared me
for the next chapter.

Many thanks to my collaborators who grew samples and performed analyses other
than microscopy to drive this work. These include the Kumah Group, speci cally Dr.
Sanaz Koohfar who gladly grew everything | asked of her, Prof. Mikel Holcomb and Dr.

Robbyn Trappen, Dr. lonela Lindfors-Vrejoiu, and Prof. Joseph Ngai.



| must also thank past and current members of the Microscopy Society of America
Student Council. Being part of this society during graduate school has been such a joy.

To my friends within and outside of MSE, | am eternally grateful for the fun, occasional
commiseration, and many trips to the beach. Thank you, Hannah Dedmon, Tim Eldred,
Dr. Alexis Payne, John McGarrahan, Alex Currin and Mark Woodwell. Scienti ¢ research
takes a village, and these peers and friends were a fantastic village to have through the
years.

Finally, | must thank my parents and brother for their dedication to my success. Thank
you for providing incredible love, a steady foundation, and instilling in me the value of

hard work by demonstrating it in your own lives.



TABLE OF CONTENTS

LIST OF FIGURES . . . . . . e e e e e e e viii
Chapter 1 Introduction . . . . . . . . . e 1
1.1 Motivation . . . . . . . . e 1
1.2 Organization . . . . . . . . . 8
Chapter 2 Background . . . . . . . . . . ... 10
2.1 Thin Im characterization with STEM . . . . .. ... ... ....... 10
2.1.1 STEMOVErVIEW . . . . . . o it e 11
2.1.2 ImagingModes . . .. .. .. .. ... e 12
2.1.3 Image Analysis . . . . . . . . . ... 14
2.1.4 Probing electronic structure with EELS . . . . . . .. ... .. .. 16
2.2 LSMO . . . . e 18
2.2.1 Colossal magnetoresistance and magnetization in LSMO . . . . . 19
2.2.2 LSMO structure and thin Imeects . . . .. ... ........ 20
2.2.3 Multilayered LSMO Heterostructures . . . . . ... ... ..... 23
2.3 SRO . . . . e 24
2.3.1 Ferromagnetism in Strontium Ruthenate . . . .. ... ... ... 24
2.3.2 SRO Structure and ThinFilms . . . . ... ... ... ...... 26
Chapter 3 Depth dependent structure of oxide thin Ims with iDPC
Imaging . . . . . .. e e e 27
3.1 Methods . . . . . . . e 28
3.2 Applications of IDPCimaging . . . . . . . .. ... ... 32
3.2.1 LSMO as a test structure for oxygen column ellipticity . . . . . . 32
3.2.2 Thicknesseectsonthin mSRO . ... ............. 39
3.3 Chapter Summary . . . . . . . . . . e 50
Chapter 4 Charge Redistribution in LSMO-LSCO Heterostructures .. 52
4.1 Materials and Methods . . . . . . ... ... .. o 53
42 Results. . . . . . e 56
4.2.1 Atom Column intensities . . . . . . ... .. ... ... ...... 56
4.2.2 Atomic Structure with XRD and STEM . . . ... .. ... ... 56
4.2.3 Compositional Analysis . . . . . . ... .. ... ... ... .. 58
4.2.4 Qualitative and Quantitative EELS . . . . . . ... ... ... .. 60
4.3 DISCUSSION . . . . . . o e 67
4.4 Chapter Summary . . . . . . . . . 0 i it 69
Chapter 5 Material E ects of TEM Sample Preparation . ... ... ... 71
5.1 Materialsand Methods . . . . . .. .. .. ... .. ... .. .. .. ... 73

Vi



5.2 Results . . . . . . . e
5.3 DISCUSSION . . . . . . . e e e e e e e e 83
531 STEMand XRD . . . ... . .. . . . . .. e 83
5.3.2 Interfacial Lattice Expansion. . . . .. ... ... ... ...... 84
533 Eectsof Annealing . .. ... ... ... ... .. .. ... ... 85
5.3.4 Beam Considerations . . . . . . . . . . . ... ... 88
5.4 Chapter Summary . . . . . . . . . . e 91
Chapter 6 Conclusion and Future Work . . . . ... .. ... ........ 93
6.0.1 Conclusions . . . . . . . . . . 93
6.0.2 Future Work. . . . . . . .. .. . 95
BIBLIOGRAPHY . . . e 97

Vii



Figure 1.1

Figure 1.2

Figure 2.1

Figure 2.2

Figure 2.3
Figure 2.4

Figure 3.1

Figure 3.2

Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6
Figure 3.7

Figure 3.8

LIST OF FIGURES

HAADF-STEM image of a manganite-chromate multilayer heterostruc-
ture with Mn and Cr EDS maps showing atomically-resolved chemical

(a) EELS maps formed from the integrated intensity of Mn and Ti
L-edges with corresponding ADF intensity showing a heterogeneous
manganite-titanate interface (b) energy loss spectra of Ti and Mn
L-edges collected from the regions indicated with red circles. . . . . 7

Simpli ed schematic of a scanning transmission electron microscope

with energy-loss spectrometer. . . . . . . ... ... ... ...... 11
HAADF, ABF and iDPC images of SrRuG; to show di erent imaging

modes. A perovskite [100] projection unit cell schematic is in each
image where green, blue, and red circles represent A-site, B-site, and
oxygen columns, respectively. . . . . . . . ... oL 12
Schematic of the double-exchange mechanism. . ... ... .. ... 20
Pseudocubic zone axes of SrRp1O. . . . . . . . ... ... ... .. 26

(a) ADF (b) un Itered iDPC (c) subtracted low-frequency intensity
RevSTEM images with band-pass lter (d) Itered iDPC (e) magni ed

un ltered and (f) Itered subsections of the iDPC image. . ... .. 29

iDPC images of STO, LSMO, and SRO showing analysis of iDPC
images showing ellipticity measurements on an un-tilted (STO) and
anti-phase tilted (LSMO) images as well as in-phase tilting (SRO)
angle from images. Schematics of each tilting condition with the
corresponding measurement is shown in the right column. . . . . . . 30
Saturation magnetization of LSMO Ims grown across a range of

oxygen partial pressures. . . . . .. ... 33
Overview HAADF STEM images of LSMO Ims with magni ed sub-
sections showing interfacial structure. . . . .. ... ... ...... 34

In-plane and out-of-plane nearest like neighbor distances for (a) LSMO25

(b) LSMO10 and (c) LSMO?7.5 (d-f) EDS pro les near the interface of

each Im showing intermixing of Tiinthe Im. . . . . ... ... .. 35
Mn charge state as a function of Im depth, determined with EELS. 36
(a) IDPC and (b) ADF images of each LSMO Im (c) expanded
subsections of the iDPC image to show structure detail (d) oxygen
column ellipticity maps measured from iDPC images (e) line-averaged

pro les of measured ellipticity. . . . . . ... ... ... ....... 37
Pseudocubic [100] (a) and [010] (b) projections of SRO with corre-
sponding iDPC images (c) and (d) representative of how the tilting
APPEAIS. . . . e e e e 40

viii



Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 4.1

Figure 4.2

HAADF images of 40 u.c. SRO along (a) [010] and (c) [100] projections

(b) and (d) corresponding tilt maps (e) depth-dependent angle

along both projections where the substrate region is marked in gray (f)
[010] and (g) [100] vertically averaged tilt angles excluding substrate
values (h) schematic showing tilting angle measurement. . . . . . 41
ADF images of the 40 u.c. SRO Im along the (a) [010] and (f) [100]
projections with (b) and (g) corresponding iDPC images (c) ellipticity

map with (d) corresponding depth-dependent ellipticity pro le (e)
In-phase octahedral tilting angle pro le (h) in-phase tilting angle map
along the [100] zone axis with respective (i) ellipticity and (j) in-phase

tit angle proles. . . . . .. . . . . ... 43
IDPC image and expanded subsections of 40 u.c. SRO on STO showing
both in-phase (red) and anti-phase tilting (blue) domains present in

the same image frame. . . . . . . . . .. ... ... L. 44
(a and ¢) HAADF images of orthogonal projections of 8 u.c. SRO

Im (b and d) angle maps (e) Im depth averaged pro les of the
measured angle. . . . . ... 46
(a) ADF image of 8 u.c. SRO Im (b) iDPC image of the same area (c)
enlarged interface region of SRO Im to show image detail (d) ellipticity

map (in-phase tilt angle map (f) ellipticity pro le (g) in-phase tilt

angle prole. . . . . . .. 47
EDS maps of Ru, Sr, O, Mo and Ti showing Ru-rich redeposited
material on the prepared sample surface. . ... ... ........ 48
In- and out-of-plane nearest like neighbor distances of 40 u.c. SRO on
STO. . e 49
SRO interface showing Ti intermixing with concentration and HAADF
intensity prole. . . . . . . . ... 50

(a) Representative HAADF-STEM image of [3 LSMO/2 LSCO]x8 het-
erostructure (b) EELS maps of Cr (magenta) and Mn (cyan) measured
from the integrated intensity of respective L-edges (c) normalized
intensity ratios of Mn and Cr L-edges demonstrating chemical inter-
mixing between Mn/Cr-containing layers (d) atomic layer-averaged
atom column intensities of La/Sr and Mn/Cr. In each sub gure, the
y-axis corresponds to the Im depth in the HAADF image in (a). . . 55
(a) Repeat unit of LSMO/LSCO heterostructure used for image simu-
lations (b) simulated HAADF image with (orange) Voronoi integration
window used for atom column intensity measurement (c) layer-averaged
atom column intensities from simulated images for homogeneous 70/30
La/Sr ratio and (d) heterogeneous 60/40 La/Sr in LSCO and 70/30
La/Srin LSMO. . . . . . . . e 57



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

(a) Crystal truncation rod measurement around the (112) Im and
substrate Bragg peak fora [2 LSMO/ 2 LSCO]x10 superlattice grown

on STO. The simulation is determined from a t to the experimentally
measured di raction intensities. (b) In- and out-of-plane nearest-like
neighbor (NLN) distances. The substrate region is marked with a gray

bOX. . . . 58
(a) EDS maps of LSMO-LSCO heterostructures (b) atomic percent
concentrations of Sr (red) and Cr (magenta) line pro les of correspond-

INg MAPS. . . . . o e e 59
Example Mn L-edge EELS spectrum showing EELS pre-processing
SIePS. . . e e 61
(a-c) Scree plots showing too few (a), a correct number (b), and

too many (c) components included in spectral reconstruction (d-f)
reconstructed spectra from the corresponding scree plots and (g-i)
residuals of the denoised spectra. . . . . .. ... .. ... ...... 63
(a) Mn L3-edge shifts through the Im thickness overlaying the in-
tegrated intensity of the Mn Lz-edge. (b) Representative Mn L-edge
taken from LSMO compared to intermixed Mn from nominally LSCO
layers. The vertical dashed lines indicate the 0.8V shift between the
edges. (c) Comparison of oxygen K-edge from LSMO and LSCO laye@}
(a) Mn references spectra and single experimental spectrum aligned

for least squares t (b) residuals from t (c) resultant Mn charge state

along Im depth (d) Mn references including La.7Sr;.3sMnO3 on STO
Mn33* reference, not aligned by edge onset (e) improved residuals
from least-squares t (f) calculated Mn charge state. . . . . . .. .. 66

HAADF STEM images of LSMO before (a) and after (b) anneal-

ing the prepared sample. (c) In- and out-of-plane lattice parameters
determined from HAADF images before and (d) after annealing. . . 75
(a) Mn EELS L-edge and (b) O K-edge before and after annealing

the TEM sample taken from the middle of the Im, avoiding interface

and surface spectra (c) Mn and (d) O edges from the interface region
ofthe LSMO Im. . . . . . . . . . . 76
(a) EDS maps of LSMO-STO (b) concentration pro le in atomic
percent (at%) showing Ti intermixing across interface. . . . . . . .. 77
(a) EELS spectrum images of the interface showing the HAADF, Mn,

and Ti intensity maps (b) summed Ti and Mn L-edges from the Im

(red) interface (orange) and substrate (yellow) regions. . . . . . . .. 79



Figure 5.5 ADF and iDPC images of (a) as-prepared and (b) annealed LSMO-

STO (c) magni ed subsections of iDPC from each iDPC image (d)

unit cell schematic identifying apical and planar oxygen positions (e)

as prepared and (f) annealed intensity pro les of oxygen and cation

sublattices. . . . . ... 80
Figure 5.6 (a) Representative ADF image to show Im depth in (b) as-prepared

and (c) annealed oxygen column ellipticity maps (d) atomic layer-

averaged ellipticity pro les (e) unit cell schematic showing anti-phase

tilting pattern in LSMO and x- and y-components used to calculate

ellipticity. . . . . . . . . . e 81
Figure 5.7 Experimental (a) and simulated iIDPC images of Lg;SrpsMnO3; ata

range of oxygen vacancy concentrations ranging from (b) stoichiometric

(c) =0:05and (d) =0:125sample. .. ... ... ... ...... 82
Figure 5.8 Contrast boosted ADF images of and STO-Si heterostructure with (a)

damaging high electron dose rate and (b) damage-free low dose rate. 89
Figure 5.9 (a) Undisturbed LSMO before collecting EELS data (b) brownmillerite

phase formed after excessive beam dose during EELS acquisition. . . 91

Xi



CHAPTER

INTRODUCTION

1.1 Motivation

Perovskite oxides are one of the most structurally and chemically versatile material classes
with applications in magnetic memory [Mor96; Xio04], solid oxide fuel cells [Sun17; Sun21],
catalysis [Voo77], photovoltaics [Gril13], and more [Pefi01]. The ABGtructure is typically
composed of 2 and/or 3* charged alkaline earth metals or lanthanides in the A-site
and a body-centered transition metal B-site that is octahedrally coordinated by oxygen.
The ideal model perovskite structure is SrTi@ with space groupP m3m (No. 221), with

the perfect cubic lattice and un-tilted, un-distorted oxygen octahedra. The perovskite



structure, however, is capable of accommodating signi cant chemical and physical stresses
due to the large number of suitable A- and B-site cations, various doping strategies, and
the exible oxygen octahedral network. Considering the chemical versatility of perovskite
oxides, if one were to account for each possible combination of A- and B-site cations,
and every possible doping strategy limited to 0.25 steps in concentration, the number of
posssible unique perovskites is on the order of®1i18]. This fact makes perovskite oxides

a playground for fundamental investigation of chemical/structural-property relationships.

Bulk materials have historically dominated hard materials research, but studying those
with reduced dimensionality has gained signi cant attention as electronics become smaller
and faster and there is an overall push to use less material for commercial products.
The eld of thin Im research has propelled forward as a result of two major scienti ¢
advancements: the ability to grow high-quality Ims with atomic-layer precision and
atomically-resolved characterization with electron microscopy. Nano-scale materials often
do not have the same properties as their bulk counterparts. In the case of thin Ims, by
bringing structurally similar, but chemically di erent materials into intimate contact, new
phases are produced with new electronic, magnetic, and optical properties. Thin Ims,
being nano-scaled in only one dimension, provide a baseline for uncovering the impact of
nano-dimensionality on materials [Sch08].

Advances in thin Im growth has added several degrees of freedom to the extent at
which we can probe structure-property relationships in perovskites. Growth techniques
like pulsed laser deposition (PLD) [Low96] and molecular beam epitaxy (MBE) [Cha00]
allow ne control of growth conditions such that an extremely diverse range of materials
can be grown with atomic layer precision. The quality of thin Ims is often monitored
in situ re ection high-energy electron di raction (RHEED) which gives information on

Im surface quality at each step in the growth process. Substrate choice is a critical



parameter when designing thin Im architecture. When grown on a substrate with lattice
parameter within approximately 7% mismatch, the Im material will adjust its lattice to
match that of the substrate material to create a coherent, single crystalline Im. Growth
with this degree of control has opened up fundamental studies on the e ects of strain,
octahedral structure, chemistry, electronic reconstructions, and defects that can all occur
as a result of interactions at the interface of substrate and Im.

Thin Im characterization techniques cover every length scale from the milli/micrometer
scale with optical and X-ray techniques, down to the atomic scale with electron microscopy
to draw out the atomic structure that leads to a Im's properties. Tools like X-ray
di raction (XRD) and X-ray absorption spectroscopy (XAS) are ideal to determine the
average structure of a material and bene t that the instrumentation is readily available
at most institutions. Facilities with synchrotron X-ray sources have made available more
advanced structural and electronic characterization with improved sensitivity to subtle
structural changes that often occur in ultra-thin Ims. Additionally, very little sample
preparation is required for X-ray experimentation, adding ease to the process. These are
highly specialized and sparse facilities, however, with access limited to those with accepted
user proposals. As a result, synchrotron work can be a single attempt experiment, without
replication. Analysis methods, such as COBRA [Yac02; Kum08] and GenX [Bj607], can
be additionally ambiguous, as XRD results require tting of reciprocal-space patterns to
simulated or predicted structures to make material conclusions. More recently, advances
in structure re nement include the application of uncertainty quanti cation to XRD data
to determine statistically the presence of various phases [Dis20; Fan16; Bro21].

While it has inherent limitations, structural determination of thin Ims with X-rays is
extremely powerful and development in instrumentation and analysis continues to open

pathways to improved speed, resolution, and dependability of results. X-ray techniques



cannot, however, uncover atomic structure unambiguously and in real space. Spatial
resolution is additionally limited to the micron scale [De 01], therefore X-ray techniques
cannot stand alone in analysis of thin Ims and substrate- Im interactions buried below
Im surfaces. These limitations inherent to X-rays can be mitigated by probing materials,
instead, with electrons.

Transmission electron microscopy has proven to be an indispensable tool in materials
science research, particularly for materials on the nanometer scale where real space, high
resolution imaging makes possible characterization on a trulgcal level. Resolution is
improved further by focusing the electron beam to a small probe and scanning over a
specimen, producing scanning transmission electron microscopy (STEM). Aberration-
correction along with advancements in environmental and mechanical stability of electron
microscopes and advanced imaging techniques has propelled resolution to the picometer
scale, with resolution records most recently being limited by thermal vibrations of atoms
in a crystalline lattice [Che21]. In recent years, the availability of aberration-corrected
STEMs has increased rapidly in academic, industrial, and national lab settings, making
atomic resolution imaging a requirement in thin Im research where it once was a luxury.

High angle annular dark eld (HAADF) STEM is the workhorse imaging technique
with intensity proportional to atomic number, as Z*7 [Kri10]. This technique is not
sensitive, however, to low-Z elements present in oxide systems, like oxygen. Annular bright
eld (ABF) is commonly used to image both light and heavy elements simultaneously, but
can still be limited by Z-contrast. Recently developed for STEM is integrated di erential
phase contrast (iDPC) imaging whereby the image intensity is proportional to the potential
of the atom columns in a specimen [Laz16]. Low-Z elements are readily visible with the
technique alongside heavier elements with a reported column measurement precision of 12

pm in individual image frames. While iDPC image quality is quite sensitive to low-order



Figure 1.1 HAADF-STEM image of a manganite-chromate multilayer heterostructure with
Mn and Cr EDS maps showing atomically-resolved chemical signal.

aberrations, interpretation of iDPC images is not aberration dependent, unlike other light
element imaging techniques [Gaul7], IDPC images are collected with a segmented annular
detector, placed below the HAADF detector, so the dark eld image can be acquired
simultaneously with iDPC and atomic column identi cation with partial Z-contrast is

still possible. This new imaging technique opens the door to the development of advanced
image analysis methods to probe perovskites from a novel perspective.

Atomic resolution analysis with STEM is not limited to imaging alone, but includes
chemical and electronic structure analyses with energy-dispersive X-ray spectroscopy
(EDS) and electron energy-loss spectroscopy (EELS). EDS makes use of X-rays resulting
from electronic transitions from excited to ground state after excitation from the electron
beam. While high spatial resolution can be achieved with EDS and the technique itself is
quite simple, EDS su ers from limited energy resolution, so overlapping peaks can limit
analysis of certain combinations of elements. EDS requires signi cant beam exposure to
achieve meaningful results and accuracy of compositional analysis is only dependable

to 10-20 atomic percent (at %) [Wil02; D'A10]. Furthermore, EDS depends on X-ray



scattering to form its signal, so elements with low atomic numbeiZ() can be di cult to
identify and nearly impossible to accurately quantify. These challenges aside, EDS as a
technique is easy to implement and, excepting cases with peak overlap, can result atomic
resolution chemical maps, like that in Figure 1.1 showing the manganite and chromate
layers in a multilayered heterostructure. Recent advances in EDS signal processing have
improved further than the data shown here, such that individual anti-site defects are
detectable[Kum21] and spectra at the atomic scale are truly quanti able with optimized
conditions [Mac21].

EELS, on the other hand, makes use of forward-scattered electrons that are collected
by a spectrometer that separates them by energy [Ege09]. The energy losses, measured
in reference to the zero loss peak (ZLP) are due to electronic excitations from inelastic
collisions of incident electrons with atoms in a specimen. These excitations occur at energy
levels speci c to the elemental species allowing chemical composition analysis as well as
electronic structure determination.

High energy losses are the primary focus of this thesis, generally occurring above
100 eV. These spectra are formed by the electronic excitations of core-level electrons to
unoccupied orbitals. As a result, these energy loss edges are related to the density of states
of a material, providing information on formal charge state, bonding, and stoichiometry.
EELS mapps, like that shown in Figure 1.2 are formed by raster scanning an electron
probe across a sample, forming a spectrum at each probe position. A 3-dimensional "data
cube” is produced in which x- and y-axes are the image dimensions, and the z-axis is the
spectrum. Shown in (a) is atomic resolution mapping of a manganite-titanate interface
with spectra taken from individual pixels in (b). Maps are formed from the integrated
intensities of these spectra. When combined with ne structures of anionic species (oxygen,

for example), the coordination, stoichiometry, and formal charge of cationic species can



Figure 1.2 (a) EELS maps formed from the integrated intensity of Mn and Ti L-edges with
corresponding ADF intensity showing a heterogeneous manganite-titanate interface (b) energy
loss spectra of Ti and Mn L-edges collected from the regions indicated with red circles.

be determined and correlated spatially with atomic structure.

EELS is a technique that is sensitive to many microscope parameters and sample
features, which can make repeatable experimentation a challenge. EEL spectra often su er
from low signal to noise ratio and require ne control of beam settings to avoid radiation
damage. Additionally, the e ort to come to quantitative results with EELS is relatively
new, so there is little standardization for techniques across the eld, each group tending
to have a process di ering from the next. There exists, for example, a diverse set of data
processing and analysis techniques to determine formal charge of transition metals, each
having their own subtleties and caveats for quantitative analysis [Dau06; Mul08; Tan12;
Lil2a]. Furthermore, reported EELS results rarely include data processing steps that are
crucial to reproducing results as well as thorough examination of all elemental species
present in a specimen. This results in questionable material conclusions without su cient

validation of results. Finally, in the case of S/TEM, the e ects of sample preparation on



structural and EELS analysis are rarely addressed.

One of the primary focuses of this thesis is combining HAADF and iDPC imaging
and simulation with EDS and EELS spectroscopy to achieve material results. By fully
probing both the cationic and oxygen structure alongside its electronic structure, the
full picture of the material becomes evident. By then comparing microscopic with X-
ray analyses, further corroboration (or discrepancies) along multiple length scales of
material structure and properties are achieved. Rarely shown in the literature is a critical
examination of both techniques. Most often for thin Im systems, reports include only
STEM structure/chemistry analysis or XRD/XAS, possibly including only a HAADF-
STEM image of the Im. As will be shown in the following chapters, either technique

should not stand alone when coming to conclusions on complex material systems.

1.2 Organization

This thesis is composed of six chapters including Background information (Chapter 2)
on STEM techniques and material properties necessary to understand the experimental
design and relevance of the research presented in the chapters that follow. Chapter 3
includes STEM investigation on PLD-grown Lg.7Sry:3sMnO3; and SrRuG; thin Ims on
SrTiO3 with a focus on the use of iDPC imaging and development of image analysis
techniques to determine depth-dependent atomic structure of materials. Film thickness-
dependent properties of SrRu@are additionally explored. Chapter 4 includes a STEM-
EELS investigation of ultrathin Lag.7Sro.3sMnO3-Lag.7Srp:3CrO3 heterostructures. A sample
preparation-induced stoichiometry variation in these Ims prompts the investigation in
Chapter 5 into the oxygen vacancy structure in LSMO. Throughout this work there
is a highlighted importance of including spectroscopic analysis to validate electronic

structure, and vise versa in combination with X-ray techniques to corroborate STEM



characterization. Finally, Chapter 6 summarizes the results presented here and discusses

future pathways for the continuation of this work.



CHAPTER

BACKGROUND

2.1 Thin Im characterization with STEM

Scanning transmission electron microscopy (STEM) has shown to be an indispensable
tool in nanoengineering, especially in thin Ims research. A misconception with STEM is
that it is simply a high magni cation, high power camera. On the contrary, a wealth of
guantitative information is contained in STEM image and spectroscopy data. Around a
decade has passed since the fundamental research in quantitative STEM techniques were
developed, so methods for STEM data analysis and interpretation are still developing

with few standard practices across the eld. The following is a overview of the e orts to
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Figure 2.1 Simpli ed schematic of a scanning transmission electron microscope with energy-
loss spectrometer.

produce quantitative material results from atomic resolution images, STEM di raction,
electron energy-loss spectroscopy, energy-dispersive X-ray spectroscopy, and simulation,

each used in this thesis to characterize thin Im materials.

2.1.1 STEM Overview

Aberration correction in STEM has enabled unambiguous, real space imaging of crystalline
materials at picometer-scale resolution with relative ease. A simpli ed schematic of a
STEM is shown in Figure 2.1 In STEM, a high energy electron beam is focused to a small
probe and raster scanned over a thin specimen. Electrons pass through the specimen and

scatter at all angles, the range of which determine what information they contain about
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Figure 2.2 HAADF, ABF and iDPC images of SrRuO3 to show di erent imaging modes. A
perovskite [100] projection unit cell schematic is in each image where green, blue, and red
circles represent A-site, B-site, and oxygen columns, respectively.

the specimen. An annular detector, labeled "ADF" in the STEM schematic collects an
angular range of scattered electrons from each probe position, forming an image. Speci c
mechanisms of di erent imaging modes are described in greater detail in the next section.
Also shown in Figure 2.1 is the EEL spectrometer at the bottom on the STEM column
that collects forward scattered electrons, a portion of which have lost energy through
inelastic collisions with the specimen. The spectrometer separates these electrons by
energy creating a spectrum along the energy loss axis. Not included in the schematic are

the EDS detectors, located within the objective lens system, just above to specimen.

2.1.2 Imaging Modes

High angle annular dark eld (HAADF) is the most common STEM imaging technique for
crystalline materials, with image intensity proportional the specimen's atomic number as
Z%7 [Kri10]. Intensity interpretation is dependent on a number of collection parameters and
sample features, but through a combination of careful microscope parameter calibration
and multislice simulation, the atom column intensity can be used to determine the number

of atoms in an atom column with one unit cell accuracy [Leb08; LeB10a]. While HAADF
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imaging is useful for determining the structure of crystalline materials, the Z-contrast
nature of the method is a limitation in materials containing both light and heavy elements,
such as perovskites. In the case of the perovskite SrRy@long the [100] zone axis,
shown in Figure, 2.2 the heavy Sr and Ru atom columnZ (= 38 and 44) are too bright
compared to O columnsZ = 8) and render them invisible, even in very thin samples. As a
result, light-element imaging techniques such as annular bright eld (ABF) [Oku0Q9; Ish11],
negative Cs imaging (NCSI) [Urb09], and integrated di erential phase contrast (iDPC)
imaging[Laz16] have been developed. An example ABF image is also shown in Figure 2.2.
Compared to HAADF, the contrast is reversed and oxygen columns are visible, marked
by the red circles in the unit cell schematic. The iDPC image, acquired in the same area
of the specimen, shows improved signal to noise compared to ABF image. Additionally,
iDPC has shown to produce the highest precision images (4 pm) and does not su er from
Z-contrast limitations or low-order aberration-dependent intensities.[Gaul7]

Phase contrast imaging was rst introduced when the center of mass (COM) of a
convergent beam electron di raction pattern was found to be linearly proportional to the
projected electric eld in a material [Ros74]. Lazic and coworkers recently developed and
proved di erential phase contrast with a segmented annular detector to be a nearly linear
approximation to COM imaging with the correct imaging conditions [Laz16]. Their work
showed direct interpretability of iDPC images at atomic resolution for the rst time.

The iDPC image is formed using a segmented annular detector positioned below the
HAADF detector in the STEM column. These detectors can be complex with as many as
16 individual segments each containing components of the image information that can
be analyzed separately [Shil0]. A simple four-quadrant annular detector is su cient for
iDPC and is used for the experiments in this thesis. When electrons from the probe pass

through a sample, the electric eld within individual atoms impose a Coulombic force,
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shifting the beam intensity away from the center optic axis. This shift can be captured by
taking the di erence of intensities of oppositely-positioned segments of the detector. This
DPC signal is proportional to the projected electric eld, therefore the integrated, (i)DPC,
signal is then proportional to the projected potential at a particular probe position. Since
the image intensity is then dependent on the potential of an atom column, light elements,
like oxygen, appear as intense as cations.

In complex materials, there is bene t in Z-contrast for identifying the composition of
an atom column. In the HAADF image of SrRuQ in Figure 2.2, for example, Ru appears
slightly brighter than Sr, so the individual columns are easily identi ed. With iDPC,
however, these aren't easily di erentiated. Therefore, it is advantageous to collect the
annular dark eld (ADF) image from the HAADF detector simultaneously. iDPC imaging
requires that the central beam (or bright eld spot) be magni ed higher than with proper
HAADF, so the collection angles of the HAADF detector are decreased. The ADF image

retains Z-contrast, but also contains some coherent signal from sample features like strain.

2.1.3 Image Analysis

Direct observation of the atomic arrangement of a material from a STEM image is powerful
information to guide materials development. Without analysis, however, the image is
simply an image. Though a STEM image may only cover a small area, the arrangement
of atoms in a material can aid in understanding in larger scale analysis. Atomic structure
determination is most commonly performed with X-ray diraction (XRD). Advances

in structure re nement have enabled extremely accurate cation and oxygen octahedral
structure determination in perovskites, even in ultra-thin Ims [KumO8]. Inherent to

the technique, however, is the non-local average results as well as the model-dependent

interpretation of the structure. With STEM image resolution in the picometer rangelocal
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interatomic distance determination from real space images can be readily performed. A
major limitation of high resolution imaging is the distortion that can occur due to sample
drift and image distortions due to inaccuracies or hysteresis in the STEM scan coils. The
Revolving STEM (RevSTEM) method was developed to produce images with high signal
to noise and free of drift and scan distortion e ects [Sanl4a]. Atom Column Indexing
(ACI) can then be used to determine atom column location, intensity, and shape by tting
each atom column to a two-dimensional Gaussian function. The tted atoms are then
conveniently indexed based on the crystal lattice for analyses on the unit cell-to-unit cell
basis [Sanl14b]. RevSTEM and ACI with subsequent custom analysis codes enable real
space crystallography on the unit cell-by-unit cell basis with high accuracy and precision
[Dyc15].

For the highest quality STEM images, a thin specimen is a requirement and thickness
is a critical factor in quanti cation of STEM images. The most common method for
sample thickness determination is the log-ratio method calculated from a low-loss EELS
spectrum. This technique is only accurate to approximately 10%, even in the most ideal
materials [Egel1]. While this method can be e ective, it su ers in semiconducting and
thick materials where plural scattering and surface plasmons contribute signi cantly to
the EELS signal in the low-loss regime. To overcome these limitations, position averaged
convergent beam electron di raction (PACBED) patterns have been used to determine
sample thickness with high accuracy [LeB10b]. Features and intensities in PACBED
patterns used to determine thickness are robust against material properties unlike the

log-ratio method providing versatility to thickness determination.
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2.1.4 Probing electronic structure with EELS

EELS in the electron microscope can be used to determine specimen chemistry, measure
band gaps in semiconducting materials, measure charge states, sample thickness, and most
recently, perform vibrational spectroscopy [Egell; Kril4]. The EELS signal is formed by
electrons that have passed through the specimen and lost some of their initial energy
by any one or multiple inelastic scattering events with the sample. These transmitted
electrons are then collected by a spectrometer that separates them by energy, forming
the energy loss spectrum. The EEL spectrum is divided into three regions: the zero loss
peak (ZLP), the low-loss region, and the core or high-loss region. The ZLP is the most
intense feature of the EEL spectrum and is made up primarily of electrons that have
passed through the sample without losing any energy. The ZLP is used to align the
spectrum along the energy-loss axis and its full width half maximum (FWHM) is the
energy resolution of the spectrum. An energy resolution of 0.2 eV is readily achieved in
STEM instruments like the one used in the following chapters. Energy resolution value of
less than 3 meV has been reported as the highest attainable energy resolution to date
[Kril4].

The low-loss region of the EEL spectrum (< 100 eV) contains information from
electronic excitation of valence electrons, such as band gaps and surface plasmons. the
low loss region also contains intensity from undesired plural scattering events in thick
specimens. Edges in the high-loss region of the EEL spectrum (>100 eV) are formed from
electronic excitations of inner-shell electrons to unoccupied orbitals. Transition metals,
for example, exhibit "white lines" in the EEL spectrum due to excitations of p-orbital
electrons to unoccupied d-orbitals, labeled L-edges. Also of importance in oxide systems
is the oxygen K-edge. The intensity of edges, their shape, and energy-loss shift are used in

combination to determine the electronic structure of materials at the atomic scale [Var09;
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Egell; Tan12; Norl5].

Qualitative results with EELS are typically as easy as comparing spectra. Spectral
properties like the core-loss edge onset, ne structure, and integrated intensity can
be used to qualitatively report variations in stoichiometry or bonding, but producing
guantitative results from EEL spectra requires ne control of experimental parameters,
sample structure, and data processing. Several techniques have been employed to measure
the charge state of transition metal cations in oxide structures, including measuring the
ratio of the integrated intensities of the Mn L; and L, edges, also called "White Lines"
[Kur93b; Kur93a; Rie06; Sch06; Pea93; Bot95; Tan12]; the edge onset of the Mn L- and
O K-edges as well as their peak separation and edge full width half-maximum (FWHM)
[Lil2b].Several automated, open source programs have additionally been developed to aid
with EELS analysis of transition metal oxide systems.[Yed14; DPB21; Kal20]

Of particular interest in this thesis is quanti cation of EELS measurement on man-
ganese oxides. There has been much e ort to determine the electronic structure of
manganite thin Ims. While widely used and readily available, X-ray methods fail to
produce local information as can be obtained in the STEM using EELS, critical to under-
standing subtle changes in bonding and chemistry that can occur within unit cells of a
Im's interface. Discovering these atomic-scale phenomena in thin Im manganite oxides
is the focus of much EELS research. Rusydi and coworkers reported a dependable method
for determining Mn charge state by tracking peak separation in the O K-edge [Li12b].
This method takes advantage of the fact that the shape and intensities of the peaks that
compose the K-edge are sensitive to both A- and B-site coordination in perovskites. The
K-edge pre-peak intensity is due to O-B hybridization, while the rst O peak is due to
O-A sp hybridization [Var09]. The di erence in these peak's separation is indicative of the

orbital occupancy of Mn, and therefore its charge state. This method could not, however,
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be applied to systems with a high degree of oxygen vacancies, such as the interface of
thin Ims, where a high concentration of vacancies exist and signals can be lost entirely.
The white line ratio method is another technique for charge state analysis with EELS,
and it requires a two-step background correction using a power law function t to the pre-
edge region followed by subtraction of the ionization cross section scaled to the post-edge
region of the spectrum. The ratio of the integrated intensities of thed.and L, edges is
then t to that of reference spectra. This method has shown to be a dependable method
for Mn charge state analysis [Tan12; Var09]. In the case of Cr-containing compounds,
the white line ratio method has shown to be dependable, except in the case of complex
material systems, like thin Im perovskites [ALO9]. As described the method requires
extraneous data manipulation, is not robust against noisy data, does not account for edge
ne structure, and edge onset, all of which can produce misleading results if ignored.
Finally, the Mn charge state can be dependably calculated from a least squares t to
reference spectra with subsequent residual analysis [Mun14]. As will be shown in later
sections, this method takes into account edge ne structure, edge onsets and separations,
minimizes any lurking variables when proper reference spectra are used. Additionally it
lends itself to low-level uncertainty quanti cation and requires minimal data processing

before tting, compared to the other methods.

2.2 LSMO

Lag.7Sr:3sMn0O3 (LSMO) is a common case study out of the many complex oxide systems.
With relevant applications in solid oxide fuel cells, magnetic memory, and spintronic
devices, understanding the mechanisms underlying this versatile material's magnetic and

electrical properties is fundamental for its optimization and commercialization.
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2.2.1 Colossal magnetoresistance and magnetization in LSMO

LSMO is a ferromagnetic complex perovskite oxide that has become the focus for colossal
magnetoresistance (CMR). CMR materials can be used in organic spin valves [Xio04] and
magnetic tunnel junctions [Xia97; Wor00]. CMR is a phenomenon by which electrical
resistivity decreases from insulating to metallic when the material is placed in a magnetic
eld. This phenomenon was rst discovered in Lgg7Cap.33MNnO3 [Jin94], and the term
"colossal" was given due to the thousand-fold increase in magnetosresistive (MR) ratio
in Lag.s7Can:33MnO3 compared to other MR materials [Jin94; Spal0]. Too large of a
eld is required for Lag.s7Cap.33MNO3 to be used in magnetic reading applications, but
this discovery opened the door to further investigations in CMR materials such as
Lag.67Sr0:33MN0Os.

CMR was rst detected in LSMO by Tokura and coworkers, where the resistivity was
measured at a range of Sr doping levels. The parent LaMgQ@ittice is an antiferromagnetic
insulator, but by hole-doping L&* with Sr?* charge carriers are introduced to the material
having an insulator-metal transition near 17%. The maximum MR ratio was found near
the Curie temperature (Tc, 370 K) in Lay 1Sr,MnO3; wherex = 0:3. The signi cant
decrease in resistivity belowl¢ indicates that the carrier mobility is enhanced due to the
lack of carrier scattering from spin uctuation due to temperature. Therefore, the CMR
phenomenon in LSMO is dependent on the ferromagnetic spin ordering [Tok94; Uru95].

The ferromagnetism in LSMO is described by the so called "double-exchange" mech-
anism. The mixed valence L¥ and SP* requires the Mn to exist in both 3 and 4'
states, the formal charge of which is determined by the La/Sr ratio. For example, in the
case of 70/30 La/Sr, Mn exists in a 3.3 state to maintain charge balance. Described
in the schematic in Figure 3.3, MA* in the high spin state exchanges it®, electron

with the Mn“* e, via the oxygen2p orbitals. This exchange between the mixed valence
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Figure 2.3 Schematic of the double-exchange mechanism.

cation maintaining the spin-up con guration, the material is spin-polarized and therefore
magnetic [Zen51]. Because O mediates double-exchange, Mn-O-Mn bond angles and O
stoichiometry are critical factors for LSMO's magnetic character, as demonstrated by
several studies on oxygen de cient LSMO. In each case, greater oxygen vacancy concen-
tration leads to reduced saturation magnetization and MR ratio [Li99; Dho03; Org12;

Schl3; Yaol7; Tral9].

2.2.2 LSMO structure and thin Im e ects

In bulk, LSMO is a perovskite with ABO3; chemistry, where La and Sr atoms occupy
the unit cell corner A-site position, and Mn occupies the body-centered B-site position.
Mn is coordinated by a corner-shared oxygen octahedral network. In bulk, LSMO is
rhombohedral with pseudocubic lattice parametea = 3:879[Zhe99; Hem02]. By Glazer's
notation, LSMO has an aa a octahedral tilting pattern with such that along the a,

b, and c primary axes the octahedra tilt out-of-phase with the same magnitude (166
[Gla72a]. Tilting behavior in perovskites is controlled by the size of A- and B-site cations
according to the tolerance factot = (Ra + Ro):p 2(Rg + Ro) whereR,, Rg, and Ro

are the A-site, B-site, and O ionic radii, respectively. The ideal cubic perovskite has 1
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