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Summary

Superconductors and thermoelectric materials play a significant role in energy technology,
nanostructured materials promise exciting new advances in the field of superconductivity and
thermoelectricity. YBa,;Cu3O7.x and DyBa;Cu3O7. are the most widely used high-temperature
superconducting materials, applications in energy and magnet technologies require almost single-
crystalline and nano-engineered materials over kilometers of length. Bismuth telluride (Bi, Tes)
bulk materials are widely used Peltier materials at room temperature, because of their high fig-
ure of merit (Z1' ~ 1). The efficiency of these materials for applications are limited, nanos-
tructured materials would allow to overcome these limitations.

Both compounds DyBa,;Cu3 07« and Bi, Te; have a layered anisotropic structure. To obtain
a better understanding of the structure-property correlation for such nanostructured materials, a
number of modern microscopy and microanalyses methods and tools have to be employed.
Among these are analytical Transmission Electron Microscopy (TEM), i.e. energy-filtered
TEM (EFTEM) combined with quantitative energy-dispersive X-ray spectrometry (EDX), which
have been applied in this study. For this study, more than 80 specimens were prepared in plan-
view or cross-section using conventional grinding and polishing techniques followed by Ar*
ion etching and were characterized by TEM.

Structure-property correlation of DyBa,Cu;0,. coated conductors

The bismuth strontium calcium copper oxide (BSCCO) based high-temperature superconduct-
ing (HTS) wires, which are known as first generation (1G) wires, have been used for a number
of applications, however, they are unable to operate at high temperatures and magnetic fields
due to thermally activated flux flow. Therefore, there is a fast growing worldwide interest in
the second generation (2G) HTS wires. The 2G HTS wires are based on thin-film technologies
referred as coated conductor (CC) technology. The CC technology yields biaxially textured
(almost single crystalline) superconducting layers over kilometers of length.

Inclined substrate deposition (ISD) CCs have a multilayer structure and were grown by an
electron-beam evaporation technique for all deposited layers. The sequence of layers starting
from the Hastelloy substrate is ISD MgO buffer layer, MgO cap layer and DyBCO layer. CCs
investigated in this work were prepared by THEVA Diinnschichttechnik GmbH and were char-
acterized for their superconducting properties within the HIGHWAY project (funded by the
BMWi). Microstructural characterization of these tapes was carried out at the University of
Tiibingen.

The maximum critical current of CCs is still limited to about 300-400 A cm! (current per
width of the tape) at 77 K and zero magnetic field. It could be enhanced by increasing the
thickness of the superconducting layer. However, for ion beam assisted deposition (IBAD) or
rolling assisted biaxially textured substrate (RABiTS) technologies a scale-up of the thickness
is limited to only a few microns by fundamental reasons (loss of biaxial texturing) related to
the thin-film growth process. In contrast, ISD technology overcomes these limitations and
yields monolithic DyBCO superconducting thick-films without much degradation of the critical
current densities, as will be shown in this thesis. DyBCO based ISD CCs reported here yielded
a critical current of about 1000 A cm! at 77 K and zero field, which is a record value. Typical
critical current densities of DyBCO films were 2.1 MA ¢cm™ at 77 K in a self-field.

Quantitative transmission electron microscopy and spectroscopy of ISD CCs is a challeng-
ing task because of the complex multilayer architecture, complex micro- and nanostructure, dif-
ficult TEM specimen preparation and the challenges in understanding the physics of the TEM
methods. Combined EFTEM and EDX were applied to study the microstructure and chemistry
of different layers and interfaces. EFTEM was used to produce phase maps and EDX yielded a
quantitative chemical composition of phases present in different layers. CCs were studied with
respect to: (1) the Hastelloy-MgO interface, (2) the MgO buffer layer, (3) the DyBCO films
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and (4) DyBCO films with BaZrO3; nano inclusions by applying energy-filtered bright-field,
dark-field imaging and diffraction techniques.

In the columnar MgO buffer layers, columns had a typical diameter of few 100 nm and
showed a biaxial-texturing irrespective of the Hastelloy texture. The MgO-DyBCO interface
yielded a faceted structure, the width of the facets was 150-350 nm while the facets height was
about 100 nm.

Despite the large lattice mismatch of 8.5 % between DyBCO and MgO, the DyBCO film
grew epitaxially on the MgO buffer layer. DyBCO films were found to be highly biaxially
textured, almost single crystalline, and contained only small-angle grain boundaries with aver-
age DyBCO grain size of about 300 nm. ISD DyBCO films retained their biaxial texture for
film thicknesses up to 6 pm. This is a unique and completely different feature of ISD CCs as
compared to CCs prepared by other technologies. Therefore, ISD offers the potential for high-
quality, biaxially-textured MgO buffer layers suitable for thick and long-length superconducting
CCs with larger critical currents.

The electron microscopy results presented in this thesis helped to improve and optimize the
microstructure of ISD grown DyBCO CCs. As a result, a record value of critical current (1000
A cm™) for a 6 um thick monolithic film and a detailed understanding of the growth processes
was achieved.

Structure-property correlation of thermoelectric Bi,Te; bulk materials

According to G. Slack an optimized thermoelectric material would behave as a “phonon glass/
electron crystal” (PGEC), i.e., it would have electrical properties of a crystalline material and
thermal properties of an amorphous or glass-like material. Nanostructures provide a possibility
to disconnect thermal and electrical transport (Wiedemann-Franz law) by enhancing phonon
scattering and thereby reducing the lattice thermal conductivity without significantly affecting
the electrical conductivity and, thus, increasing the figure of merit.

This thesis will present results on the structure-property correlation in Bi, Tes nanostruc-
tured bulk investigated within the DFG Priority Program “Nanostructured Thermoelectrics”.
For this (i) natural nanostructures (nns) were produced by Ar" ion irradiation of bulk materi-
als and (ii) nanostructured bulk materials were produced by spark plasma sintering (SPS). The
nns is particularly interesting because of the ease and effectiveness, with which Ar" ion beam
irradiation can produce nanostructured thermoelectric materials in BiyTe;. The nns formation
by the Ar" ion irradiation relates particularly to nanomaterials since ion irradiation can be ap-
plied very effectively in this case. The nns consists of a sinusoidal displacement field with an
amplitude of 10 pm and a periodicity of 10 nm. For the first time, a controlled formation and
removal of the nns in bulk BiyTes by Ar" ion irradiation was shown. Samples were repeatedly
ion-etched and investigated by TEM using two-beam diffraction conditions.

By an SPS process, n-type Biz(Teg.91S€g.09)3 and p-type (Big.26Sbo.74)2 Tes nanostructured
bulk materials were prepared by ball milling of commercial precursors. Lattice thermal con-
ductivity was successfully decreased (from 1.78 to 0.44 W m'K-! for n-type and from 1.74 to
0.41 W m'K™! for p-type materials) due to the fine grain sizes (50-130 nm) in sintered mate-
rials. However, the results show that thermoelectric properties are very sensitive to oxidation
and require careful protection from contamination during synthesis.

With this thesis a quantitative study of the microstructure has been carried out for high-
quality, device-relevant superconducting and thermoelectric materials, for which transport prop-
erties were investigated in detail. The significance of this work lies in the improved TEM
specimen preparation, high-quality transmission electron microscopy, high-accuracy, quantita-
tive spectroscopy for different classes of energy materials, which helped to establish a precise
structure-property correlation and thereby enhancing the performance of these materials.
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Zusammenfassung

Supraleitende und thermoelektrische Materialien sind wichtige Materialien fiir die Energie-
technik, man erwartet von nanostrukturierten Materialien erhebliche Verbesserungen der Ei-
genschaften. YBa;Cu3O7.x und DyBa,Cu3O7.« sind Hochtemperatur-Supraleiter (HTS)-Ver-
bindungen, fiir Anwendungen in der Energie- und Magnettechnologie sind nahezu einkristalline
Materialien von mehreren Kilometern Lange erforderlich. Bi; Tes basierte Materialien sind auf-
grund ihres hohen thermoelektrischen Giitefaktors (ZT ~ 1) weit verbreitete Peltier-Materialien
fiir Anwendungen bei Raumtemperatur, durch Nanostrukturierung kann eine Steigerung des
thermoelektrischen Giitefaktors erreicht werden.

Beide Verbindungen (DyBa;Cu3zO7.4 und Bi;Tes) besitzen geschichtete, anisotrope Kris-
tallstrukturen. Eine Reihe von modernen, mikroskopischen und mikroanalytischen Methoden
miissen angewandt werden, um ein besseres Verstindnis der Struktur-Eigenschafts-Korrelation
fiir diese Materialien zu erhalten. Dazu wurde im Rahmen dieser Arbeit die analytische Trans-
missionselektronenmikroskopie (TEM) eingesetzt, die aus einer Kombination von energiege-
filterter TEM (EFTEM) und quantitativer, energiedispersiven Rontgenspektrometrie (EDX)
besteht. Fiir diese Arbeit wurden mehr als 80 Proben unter Verwendung der herkémmlichen
Schleif- und Poliertechniken und dem anschlieBendem Ar* lonenstrahlitzen hergestellt und
mittels TEM untersucht.

Struktur-Eigenschafts-Korrelation von supraleitenden DyBa,; Cu3;O7.¢-Bandleitern

Dréhte mit supraleitenden Wismut-Strontium-Kalzium-Kupfer-Oxid werden als Dréhte der ers-
ten Generation (1G) bezeichnet und sind fiir eine Reihe von supraleitenden Anwendungen ver-
wendet worden. Sie konnen jedoch aufgrund des thermisch aktivierten FluBkriechens nicht bei
héheren Temperaturen und starken Magnetfeldern betrieben werden. Daher gibt es weltweit
ein schnell wachsendes Interesse an HTS-Dréhten der zweiten Generation (2G). Die Herstel-
lung der 2G-HTS-Dréhte basiert auf Diinnschichttechnologien, die als Coated Conductor (CC)-
Technologien bezeichnet werden. Die CC-Technologien ermoglichen, biaxial texturierte (nahe-
zu einkristalline), supraleitende Schichten mit mehreren Kilometern Lange herzustellen.

Inclined Substrate Deposition (ISD) ist eine der CC-Technologien. Die so hergestellten CCs
sind mehrschichtig aufgebaut, wobei alle Schichten mittels Elektronenstrahlverdampfung abge-
schieden werden. Die Sequenz der Schichten, ausgehend vom Hastelloy-Substrat, lautet: ISD-
MgO-Pufferschicht, MgO-Deckschicht und DyBCO-Film. Die hier untersuchten CCs wurden
von THEVA Diinnschichttechnik GmbH hergestellt und im Rahmen des HIGHWAY-Projekts
(gefordert durch das BMWi) hinsichtlich ihrer supraleitenden Eigenschaften charakterisiert. Die
Mikrostrukturuntersuchungen dieser Dréhte wurden an der Universitit Tiibingen durchgefiihrt.

Der maximale kritische Strom der CCs ist eine ZielgroBe fiir die Anwendungen, er betrug
zu Beginn dieser Arbeit etwa 300-400 A cm™ (Strom bezogen auf die Breite des Drahtes) bei
77 K und keinem &ufleren Magnetfeld. Dieser Wert konnte durch eine Erhdhung der Dicke der
supraleitenden Schicht verbessert werden, jedoch erlauben die CC-Technolgien basierend auf
ionenstrahlunterstiitzter Deposition (ion beam assisted depostion IBAD) oder der Deposition
auf biaxial walztexturierten Substraten (rolling assisted biaxially textured substrate, RABiTS)
nur eine Filmdicke von wenigen Mikrometern ohne Verlust der biaxialen Texturierung. Die
ISD-Technologie dagegen {iberwindet diese Barriere und ergibt dicke, supraleitende, monoli-
thische DyBCO Filme mit nur wenig reduzierten kritischen Stromdichten, wie in dieser Arbeit
gezeigt wird. Die ISD CCs dieser Arbeit ergaben einen kritischen Strom von etwa 1000 A cm™!
bei 77 K und Nullfeld, was einen Rekordwert darstellt. Die typischen kritischen Stromdichten
dieser DyBCO-Filme betrugen dabei 2,1 MA cm™ bei 77 K im Eigenfeld.

Quantitative Transmissionselektronenmikroskopie und Spektroskopie an ISD CCs ist ei-
ne anspruchsvolle Aufgabe. Dies ergibt sich aus der komplexen mehrschichtigen Architektur,
der komplexen Mikro- und Nanostruktur, der schwierigen TEM Probenpriparation der CCs
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und dem Verstdndnis der anspruchsvollen physikalischen Hintergriinde der TEM-Methoden.
Es wurden kombinierte EFTEM und EDX-Untersuchungen zur Analyse der Mikrostruktur und
Chemie der verschiedenen Schichten und Grenzflichen durchgefiihrt. EFTEM-Abbildungen
zeigen die Verteilung der Phasen, die EDX-Untersuchungen ergaben die quantitative chemi-
sche Zusammensetzung der Phasen in den verschiedenen Schichten. Die CCs wurden mittels
energiegefilterter Hellfeld- und Dunkelfeldabbildung, sowie Elektronenbeugung beziiglich fol-
gender Merkmale untersucht: (i) die Hastelloy-MgO-Grenzflache, (ii) die MgO-Pufferschicht,
(ii1) die DyBCO Filme und (iv) DyBCO Filme mit BaZrO3; Nanopartikeln.

In der sdulenformigen MgO-Pufferschicht hatten die Sdulen einen typischen Durchmesser
von einigen 100 nm und wiesen unabhéngig von der Orientierung des Hastelloysubstrates eine
biaxiale Texturierung auf. Die MgO-DyBCO Grenzflache zeigte eine facettierte Struktur mit
einer Breite der Facetten von 150-350 nm und einer Hohe von etwa 100 nm. Die DyBCO Filme
wuchsen trotz der groBen Gitterfehlanpassung von 8,5% zwischen DyBCO und MgO epitak-
tisch auf der MgO-Pufferschicht auf. Die DyBCO Filme erwiesen sich als stark biaxial textu-
riert, nahezu einkristallin und enthielten nur Kleinwinkelkorngrenzen, bei einer durchschnittli-
chen KorngréBe von etwa 300 nm. Die ISD DyBCO Filme behielten ihre biaxiale Textur bis zu
Schichtdicken von 6 pm bei, dies ist ein fiir die ISD CCs einzigartiges Unterscheidungsmerk-
mal gegeniiber CCs, die mit anderen Technologien hergestellt wurden. Deshalb bietet ISD das
Potenzial zur Herstellung hochwertiger, biaxial texturierter MgO-Pufferschichten, welche fiir
dicke und lange supraleitende CCs Drihte mit hoheren kritischen Stromen geeignet sind.

Die in dieser Arbeit gewonnen elektronenmikroskopischen Ergebnisse trugen zur Verbess-
rung und Optimierung der Mikrostruktur der mittels ISD gewachsen DyBCO CCs bei. Die Un-
tersuchungen forderten aber auch ein detailliertes Verstidndnis der Wachstumsprozesse, insbe-
sondere das der 6 um dicken monolithische Filme mit einem Rekordwert des kritischen Stroms
(1000 A cm’).

Struktur-Eigenschafts-Korrelation von thermoelektrischen Bi,Te3-Volumenmaterialien

Nach G. Slack sollte sich ein optimiertes thermoelektrisches Material wie ein amorphes bzw.
glasartiges Material beziiglich der Phononen und wie ein Kristall beziiglich der Elektronen
(phonon glas/electron crystal PGEC) verhalten. Nanostrukturen bieten die Moglichkeit, die
Kopplung zwischen thermischen und elektrischen Transport (Wiedemann-Franz-Gesetz) aufzu-
heben. Die Erhohung des thermoelektrischen Giitefaktors gelingt, wenn die Phononenstreuung
erhdht und somit die Gitterwarmeleitfdhigkeit erniedrigt wird, wiahrend die elektrische Leitfa-
higkeit nicht signifikant abnehmen darf.

In dieser Arbeit werden die Ergebnisse der Mikrostruktur-Eigenschafts-Untersuchungen an
nanostrukturierten Bi,Tes-Volumenmaterialien dargestellt, die im Rahmen des DFG-Schwer-
punktprogramms “Nanostrukturierte Thermoelektrika” erforscht wurden. Zu den untersuchten
Materialien gehdren (i) natiirliche Nanostrukturen (nns), die in Volumenmaterialien mittels Ar*
Ionenbestrahlung erzeugt wurden, und (ii) nanostrukturierte Volumenmaterialien, die durch den
Spark-Plasma-Sinterungsprozess (SPS) hergestellt wurden. Die nns und damit nanostrukturier-
tes, thermoelektrisches Material kann durch Bestrahlung mit Ar™ Ionen erzeugt werden kann.
Die Erzeugung der nns durch Ar" Ionenstrahlung stellt ein neues und bedeutendes nanotechno-
logisches Herstellungsverfahren dar. Die nns besteht aus einem sinusformigen Verschiebungs-
feld mit einer Amplitude von 10 pm und einer Wellenlédnge von 10 nm. In dieser Arbeit wird
zum ersten Mal eine kontrollierte Bildung und Entfernung der nns in Bi; Te; Materialien mittels
Ar" Tonenbestrahlung gezeigt. Die Proben wurden wiederholt bestrahlt und mittels TEM unter
Zweistrahl-Beugungsbedingungen untersucht.

Das (SPS) Herstellungsverfahren ergab elektronenleitende Biy(Teg 91 Sep 09)3 und 1ocherlei-
tende (Big 26Sbo 74)2 Tes nanostrukturierte Volumenmaterialien, wobei das kommerzielle Aus-
gangsmaterial zuvor in einer Kugelmiihle pulverisiert wurde. Die Gitterwarmeleitfahigkeit der
gesinterten Proben (von 1,78 bis 0,44 W m™'K-! fiir n-typ und von 1,74 bis 0,41 W m™'K"! fiir p-



typ Materialien) wurde aufgrund der feinen Kérnung (50-130 nm) nach dem Sintern erfolgreich
reduziert. Allerdings zeigte sich, dass die thermoelektrischen Eigenschaften empfindlich durch
Oxidation degradiert wurden und daher ein sorgfiltiger Schutz vor Kontamination wihrend der
Synthese erforderlich ist.

In dieser Arbeit wurde eine quantitative Untersuchung der Mikrostruktur an qualitativ hoch-
wertigen supraleitenden und thermoelektrischen Materialien durchgefiihrt, die fiir die Anwen-
dung relevant sind. Die Transporteigenschaften dieser Materialien wurden von anderen Grup-
pen im Detail untersucht. Die bedeutenden Beitrdge dieser Arbeit sind die Anwendung einer
verbesserten TEM-Probenpréparation, sowie hochwertige transmissionselektronenmikroskopi-
sche und hochgenaue, quantitative, spektroskopische Untersuchungen. Dies ermoglichte eine
genaue Struktur-Eigenschaften-Korrelation und eine Verbesserung der Leistungsfahigkeit die-
ser Materialien.






Chapter Preview

This thesis is divided into three parts:

* PartI: Electron Microscopy and Specimen Preparation - contains two chapters (Chap-
ter 1 and 2) and will present the methodology used for sample preparation, microscopy
and spectroscopy.

* Part II: Structure-property Correlation of DyBa; Cu3zO7. Superconductors - con-
tains four chapters (Chapter 3-6). Chapter 3 is an introductory chapter and will present the
basics of superconductivity. Remaining chapters of this part will present the microstructure-
chemistry-physical property correlation of DyBa,;Cu307.¢ (DyBCO) coated conductors
(CCs) grown by inclined substrate deposition (ISD) technology.

* Part III: Structure-property Correlation of Thermoelectric Bi, Te; Bulk Materials -
contains three chapters (Chapter 7-9) and will present an introduction to thermoelectricity
and results of Bip Te; bulk and nano-structured bulk materials.

Chapter 1 is an introduction to electron microscopy and characterization of inorganic ma-
terials. A brief explanation of kinematical- and dynamical-theory of diffraction contrast is pre-
sented from literature. This chapter will also present a brief introduction to advanced electron
microscopy techniques such as energy-filtered TEM (EFTEM), high-resolution TEM (HRTEM)
and scanning TEM (STEM) techniques.

Chapter 2 is dedicated to specimen preparation techniques for TEM. We will explain here
preliminary preparation techniques involved in all kind of specimen preparation. A detailed
step by step recipe for the plan-view and cross-section specimen preparation using conven-
tional techniques such cutting, grinding, polishing and/or dimpling followed by argon (Ar")
ion etching is given. Additionally a more advanced preparation technique, focused ion beam
(FIB) preparation, is explained for cross-section specimen preparation . Advantages and disad-
vantages of each technique is discussed.

Chapter 3 is an introduction to superconductivity and physics of high-temperature super-
conductors (HTS). Various aspect of HTS such as critical current, critical current density, cur-
rent limiting factors, biaxial texturing, and way to reduce losses and enhancing critical currents
by pinning are discussed.

CCs technology and various routes for CCs technology such as ion beam assisted depo-
sition (IBAD), rolling assisted biaxially-textured substrate (RABiTS), and ISD are described.
Structural properties of DyBCO material are discussed briefly .

Chapter 4 presents the results of Hastelloy-MgO interface of CCs deposited by the ISD
technology, particularly focusing on diffusion phenomena occurring at the interface at elevated
temperatures yielding void formation and affecting adhesion property of the interface. This
chapter also presents a technological solution to the diffusion problem by introducing an addi-
tional blocking layer at the interface.

Chapter 5 summarizes the growth behavior of superconducting DyBCO thin films de-
posited by ISD for CCs. Biaxial texturing and the orientation of DyBCO films with respect
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to ISD MgO films are discussed in details. Interface, grain boundary, and volume energies of
the DyBCO film were calculated and a growth model for the DyBCO film is discussed.

Chapter 6 is about enhancing the superconducting properties of DyBCO CCs by artifi-
cial pinning. It presents the results of barium zirconium oxide (BaZrO3) doped DyBCO CCs
deposited by inclined substrate deposition. Effect of the ISD tilted geometry on the size and
alignment of BaZrOj3 precipitates will be discussed in detail.

Chapter 7 is an introduction to thermoelectricity and physics of thermoelectric materials.
Various parameters affecting the thermoelectric figure of merit will be discussed. It summarizes
the important physical properties of Bi; Tes and Sb, Te; bulk thermoelectric materials.

Chapter 8 is dedicated to the structural modulation (nns: natural nano structure) observed
in bulk Bi,Te; and Sb,Tes. For the first time, a controlled formation and removal of the nns in
bulk Bi;Tes by Ar" ion irradiation was shown. The nns consists of a sinusoidal displacement
field with amplitude of 10 pm and periodicity of 10 nm. Furthermore the influence of nns on
the thermoelectric properties will be discussed.

Chapter 9 is about enhancing the thermoelectric properties of Bi, Te; and Sb, Tesbulk ma-
terials by spark plasma sintering. Results of microstructural study of spark plasma sintered
nanostructured Bi; Tes and Sb, Tes bulk materials will be presented. Effect of the sintering tem-
perature and pressure on the microstructure and transport properties such as thermal conductiv-
ity, electrical conductivity etc. and hence on thermoelectric figure of merit will be discussed.
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Chapter 1

Electron Microscopy and Spectroscopy

1.1 Introduction

In this thesis a study of two different materials has been carried out: (i) superconductors DyBa,
Cu3zO7« (DyBCO) and (ii) thermoelectric (BipTe3). DyBCO and Bi,Te; both have layered
structure and show isotropic behavior, i.e. physical properties depend on the micro- and nano-
texturing and its orientation. Therefore, a better understanding of structure-property correlation
for such nanostructure materials can only be understood by employing a number of electron mi-
croscopy and microanalyses methods and tools. Furthermore, nanostructured materials take on
rich variety of properties and promise exciting new advances in the field of superconductiv-
ity and thermoelectricity. However, to get a useful benefit of nanostructured material, precise
control at sub 100 nm level of nanostructuring is of crucial importance. Therefore, analytical
Transmission Electron Microscopy (TEM), i.e. energy-filtered TEM (EFTEM) combined with
energy-dispersive X-ray spectrometry (EDX), are methods of choice for such a study.

Today, TEM comprises a wide range of different methods that use the various signals arising
from the interaction of the electron beam with the sample to obtain information about crystal
structure, microstructure, chemical composition and electronic structure. The methods that
are needed are determined by the question to be solved. In this thesis the following methods
were applied: conventional bright-field (BF), dark-field (DF) TEM (for microstructure), high-
resolution TEM (for nanostructure), electron diffraction (for texturing), EDX spectroscopy (for
chemical composition), electron spectroscopic imaging (ESI) and EFTEM (for elemental map-
ping).

These electron microscopy methods are briefly described in this chapter and were primarily
utilized to characterize and to establish a structure-property correlation for DyBCO supercon-
ducting thin films coated conductors (CCs) grown by the inclined substrate deposition (ISD)
technology. However, all these methods are equally important for many other materials, as
an example, in this thesis Bi;Tes nanostructured bulk materials were studied by utilizing the
methods listed above.

1.2 Transmission Electron Microscopy (TEM)

1.2.1 Transmission electron microscope used
1.2.1.1 Zeiss EM912 omega

A Zeiss EM912Q TEM [1] was used with a LaBg gun operated at 120 kV yielding a point
resolution of 0.37 nm (Fig. 1.1a). Fig. 1.1b shows a ray diagram of the electron beam passing
through the Omega energy filter. The microscope is equipped with (i) a Kohler illumination
system [2], (ii)) an Omega energy filter [3], (iii) a side entry EDX detector with an energy
resolution of 132 eV at the Mn — K line, (iv) a low background, liquid nitrogen cooling,
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Figure 1.1: (a) Photograph of the Zeiss912 Omega TEM and (b) the electron-beam path and the Omega in-column
energy-filter [1].

double-tilt holder with a tilting range of £60° for the X-axis and £30° for the Y-axis, and (v) a
CCD camera (14 bit, 2048x2048 pixel).

A detailed ray diagram of the Omega in-column energy filter is shown in Fig. 1.2. The
energy filter generates in its exit image plane an achromatic 1:1 image of its entrance image
plane, i.e., all electrons from one image point are focused again, but electrons of different energy
losses pass this point with different angles to the optical axis. All electrons of the same energy
are focused at the same point in the energy-dispersive plane of the spectrometer, which is located
below the exit image plane, thus forming an electron energy loss spectrum [3]. A slit aperture
of variable width is centered around the optical axis in the energy dispersive plane. Electrons
which have lost a definite amount of energy in the sample are selected by this aperture and used
for further imaging.

An EFTEM, therefore, offers many more modes of operation than a conventional TEM, e.g.,
energy-filtered bright- and dark-field imaging, electron-spectroscopic imaging (ESI), electron-

Hexapole/ — | ——— Entrance crossover
quadrapole correclor (entrance pupil)
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(achromatic image plane)

I
1
_i e Energy-dispersive
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Figure 1.2: Schematic diagram of the Omega in-column spectrometer. Solid line shows the achromatic electron
beam, whereas, dotted line shows spectrally dispersed electron beam [1].
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Table 1.1: Acquisition conditions and parameters used for imaging and diffraction pattern for DyBCO and Bi,Tes
materials.

Imaging Diffraction Pattern
Condenser aperture 3 3
Objective aperture 3 (3.5 mrad) none
Width of the energy slit aperture 10eV 10eV
Excitation error (s) for BF slightly > 0 -
Excitation error (s) for DF 0 -
Magnifications (kx) 10, 16, 25 31, 50, 63, 125 -
Camera length (mm) - 293, 450, 540
Acquisition time (s) 1-5 1-10

Table 1.2: Acquisition conditions and parameters used for acquiring RGB images of DyBCO and Bi, Te; materials.

Hastelloy-MgO

DyBCO interface BizTe3 szTe3
Width of the energy slit aperture 5eV 5eV 5eV 5eV
Objective aperture (mrad) 3.5 3.5 3.5 3.5
15t window position (eV) 17 15 15
27 window position (eV) 26 25 (Bi-Opvy,v) 31
3 window position (eV) 37 15 15
Magnifications (kx) 20 20 20 20
Acquisition time (s) 1-5 1-5 1-3 1-3

spectroscopic diffraction (ESD), electron energy-loss spectroscopy (EELS), element or struc-
ture contrast, plasmon loss imaging, image EELS, and many more. In addition to this, the
quality of all the results obtained in conventional modes of operation of a TEM can be substan-
tially improved by energy filtering [3].

Images and EELS spectra were acquired using a CCD camera (14 bit, 2048x2048 pixel) and
processed by the iTEM software package [4]. A Si(Li) EDX detector (with an ultra thin win-
dow) was used to acquire the EDX spectra which are further processed by the INCA software
package [5].

1.2.2 Techniques and acquisition conditions used
1.2.2.1 Techniques used

In this work the following techniques were utilized to characterize the DyBCO based supercon-
ducting coated conductors and the Bi; Tes thermoelectric material using Zeiss 912Q TEM.

Energy-filtered bright-field (EF-BF) diffraction contrast imaging
Energy-filtered dark-field (EF-DF) diffraction contrast imaging
Energy-filtered selected area electron diffraction (SAED))

Low-loss and core-loss electron energy-loss spectroscopy (EELS)

Elemental maps by energy-filtered transmission electron microscopy (EFTEM)
Energy-dispersive X-ray (EDX) spectroscopy

SRR i e

1.2.2.2 Advantages and disadvantages of different techniques

In this work all images and diffraction patterns were acquired by using zero-loss energy-filtering
with an energy slit aperture of 10 eV widths. Note that the zero-loss filtering removes the con-
tribution of inelastically scattered electrons of both images and diffraction patterns. Therefore
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Table 1.3: Acquisition conditions and parameters used for obtaining low-loss and core-loss EELS for DyBCO and
Bi, Te; materials.

Spectra Emission Spot Obj. Aper. Spectral Acquisition Times
current (nA) size (nm) (mrad) mag. (x) time (ms) integ.

Low-loss <1 10 3.5 100 50-200 50

Core-loss 3-5 50 8.1 100 1-5 -

energy filtering is more important for thicker specimens; hence, zero-loss filtering will improve
the contrast and the resolution of such images considerably [6].

Further, the zero-loss filtering helps to reduce the inelastic background due to plasmon or
higher energy-loss from the diffraction pattern yielding better contrast in the diffraction pattern
and offers a possibility for more accurate, quantitative analysis. Note that plasmon losses are
the dominating diffuse background in electron diffraction pattern [7].

EELS and EDX techniques were utilized to quantify the chemical composition of the matrix
and secondary phases of the analyzed materials. Note that the EDX is quite easy to use and is
particularly sensitive to heavier elements. The EELS is a little more difficult technique, how-
ever, is capable of measuring atomic composition, chemical bonding, valence and conduction
band electronic properties [8]. The difference is mainly due to the difference in energy resolu-
tion between the two techniques (~1 eV or better for EELS and ~ 132 eV for EDX). Therefore,
at many instances in this work a combined (EELS and EDX) analysis were employed.

The most extensive analytical use of energy-filtered imaging is for core-loss imaging and
elemental mapping. The ability of an energy filter to show a two dimensional distribution of a
specific element, integrated over the specimen thickness, makes it a powerful tool for analytical
studies. Though many features of the EELS (plasmon peaks, ionization edges) can be used
for energy-filtered imaging, the low-loss region has particularly great potential for imaging of
chemical phases and obtaining phase maps, due to high signal to noise ratio (SNR) and images
can be recorded with short acquisition time. Therefore a combined, low-loss superimposed
energy-filtered imaging (RGB) and EDX, analysis were employed to map and quantify the
chemical composition of bulk, grain boundaries, interfaces and precipitates [6].

1.2.2.3 Acquisition condition used for different techniques with the Zeiss 912Q2 TEM

Same acquisition conditions and parameters were used for characterizing both the supercon-
ducting DyBa;Cu3O7.« coated conductors and Bi, Tes thermoelectric materials using Zeiss 912Q
TEM. Acquisition conditions for diffraction contrast imaging (BF and DF), low-loss EFTEM
imaging, EELS and EDX using the Zeiss 912Q TEM are given in Tables 1.1-1.3, respectively.

1.2.3 Conventional Transmission Electron Microscopy

Conventional TEM includes bright-field, dark-field imaging and selected area electron diffrac-
tion (SAED) techniques. In a conventional TEM, a thin specimen is irradiated by an electron
beam , electrons interact strongly with atoms by elastic and inelastic scattering. The speci-
men must, therefore, be very thin, typically of the order of 5-100 nm for 120 kV electrons. In
crystalline specimens, the primary beam (bright-field) or one Bragg diffracted beam on axis
(dark-field) yields diffraction contrast which is important e.g. for imaging defects in crystalline
materials [9].

1.2.3.1 Electron diffraction pattern

Information about crystal structure and orientation is provided by electron diffraction. The
possibility of combining electron diffraction and the various imaging mode i.e bright-field and
dark-field imaging is the most powerful feature of the TEM for the investigation of the crystal
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structure and its defects in crystalline materials. Biaxial texturing and the orientation of MgO
buffer layers and of high-temperature superconducting DyBCO films (see Chapter 3 for more
details) were analyzed by acquiring SAED patterns of different layers. SAED patterns provide
a quick determination of the microstructure, crystalline structure and texture of different layers
and interfaces of CCs.

1.2.3.2 Energy-filtered diffraction contrast imaging

In crystalline or polycrystalline materials, the diffraction contrast imaging is a common and
powerful technique to image grains, grain boundaries, precipitates, and defects [10]. To en-
hance the image contrast and make the interpretation of the image simpler, diffraction contrast
images are usually acquired close to a two-beam condition. In a two-beam condition the sam-
ple is oriented in such a way that only the direct beam and one Bragg diffracted beam gy are
strongly excited in the diffraction pattern. Under such condition only the (44/) planes perpen-
dicular to the diffracting vector gp; are in or close to a Bragg diffracting condition. Such a
diffraction condition yields the simplest case for interpreting the image contrast because only
one set of lattice planes contributes to the image. Bright- and/or dark-field images under dif-
ferent two beam conditions together with their corresponding gy, diffraction vectors enable to
characterize quantitatively the extended defects in a crystal [11].

Diffraction contrast images were enhanced by using elastically scattered electrons using an
energy slit aperture of 5 eV and 10 eV in combination with an in-column omega energy filter
to remove the inelastically scattered electrons from the final image. The inelastic scattering in-
creases the background intensity thereby reducing the contrast in the diffraction contrast image
especially in thicker regions of the specimen.

1.2.3.3 Kinematical theory of diffraction contrast

The physics of diffraction by a crystal can be best understood by considering the scattering from
two identical atoms. The geometry of such a system introduces a path difference (Al = —¢.7)
between the two scattered waves, which results in an additional phase factor exp(—2miq.7) for
the second atom at point 7 where ¢ = ko —k p 1s the difference of the scattered wave vector,
k:D, and the incoming wave vector, k:g Using this approach for correlating the phase factor,
the scattering amplitudes of many different systems can be calculated. Here we consider only
a perfect crystal, i.e., a collection of unit cells. The scattering amplitude of a perfect crystal can
then be written as the sum over all scattering centers at position (1 + én)

f= szje—zmcz(r3+ﬁn) (1.1)
noj

_ (Ze—Qm(TRn> ije—gmq.r; (1.2)
n J

where, f; is the atomic scattering factor of atom j within unit cell, 7'} is the vector of the jth atom
from the origin of the unit cell, ﬁn is the lattice vector of the unit cell, and 7 = k:_é —k D =g+5,
g is the reciprocal lattice vector, and §'is the excitation error [9].

In the above equation, the first factor is related to the latfice function and depends only on
the Bravais lattice of the crystal, whereas the second factor is called kinematical structure factor
and depends only on the position and type of atoms inside the unit cell. By considering thin
slices of the specimen perpendicular to the electron beam (Fig. 1.3), and summing the scattering
amplitude from each slice, taking into account the phase differences of the waves scattered at
different depth, it can be shown that the diffracted intensity in the two-beam approximation is
given by:
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Figure 1.3: For the dynamic diffraction theory for the two-beam case, amplitude and phase changes in the direct
and diffracted beam for a sample of thickness dz [14].
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o) s

where,
|po| = amplitude of direct beam;

|| = amplitude of diffracted beam;

¢, = extinction length = Wc/\f’i;ié@B) ;

V' = volume of unit cell ;

0p = Bragg angle ;

F, = kinematical structure factor of the material at angle 0;

A = 27/|k| = wavelength.

This theory predicts that the diffracted intensity is periodic in the two independent quan-
tities, ¢ and s (see eq. 1.3) and explains the thickness fringes (occurring due to the periodicity
with respect to ¢) and bend contours (occurring due to variations of excitation error) in a sam-
ple. However, it can not explain the non-complementaries with respect to thickness fringes or
bend contours observed in TEM bright-field and dark-field images. Furthermore, this theory is
only valid for the case [¢4| << |¢o|, because ¢, will diverge with increasing ¢ for s ~ 0 case.
This is one of the reasons why the dynamical theory is needed, which takes into account the
back diffraction of the diffracted beam into the direct beam and vice versa. Furthermore, the
kinematical theory does not described what happened with. More details about the kinematical
theory of diffraction contrast can be found in references [12, 13, 14].

1.2.3.4 Dynamical theory of diffraction contrast

The theory of dynamical diffraction contrast imaging describes the rate of change of the ampli-
tudes of both the diffracted and the direct beam when transmitting through a slice with thickness
dz. The total wave function for the transmitted beam can be written as a series of sum of the
direct beam and diffracted beams with an appropriate phase factor:

W7 (7) = ¢062m1€0f+¢g1 e2milko+gi+si) 7 ¢9262wi(k5+g§+53).F+ ..... (1.4)

For the two-beam approximation, which is the simplest case to deal but very important
approximation, the above equation can be simplified as:

wT(F) _ ¢Oe27rik:6f_'_ %ezm(%ﬁﬁ').ﬁ (1.5)
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where, kg and (k:_é + g+ §) are the wave vectors of the direct and diffracted beam, respectively.
As stated above the dynamical diffraction theory consider the back diffraction of the diffracted
beam into direct beam as the beam travels through the sample. Therefore, if the amplitude
¢4 changes by a small increment (d¢,) as the beam passes through a thin slice of material of
thickness dz, we can write the expression for the changes in ¢4 and ¢ as:

dog _ T, ori(grs).e , T
— : 1.6
dz fg poe + 2 ¢g (1.6)
d¢0 Iy Iy —27i(§+3).7
_ + e 2mi(g+s).T 1.7
dz §0 d)O fg ¢g ( )

where, £y and ¢, are the extinction lengths for the direct and diffracted beams, respectively, and
an expression for extinction length is given in eq. 1.3. Eqgs. 1.6 and 1.7 are known as Howie-
Whelan differential equation, which is a pair of coupled linear differential equations. These
equations (eqgs. 1.6 and 1.7) shows that the rate of change of diffracted and direct beam ampli-
tude are each proportional to the amplitude of the diffracted and direct beam. These equations
can be written in matrix form as:

d [ pg(2) \ _ . oy ée—Qﬂi(§+§).F 60(2)
dz < ¢>§(z) ) =T ( %GQWi(ﬁ-f—?).F gi ¢§(2) (1.8)

g 0

Thus the rate of change of diffracted and direct beam amplitudes are each proportional to
the amplitudes of the diffracted and direct beam.

Different to the kinematical theory these equations also consider the back diffraction of the
diffracted beam to the direct beam as the beam travels through the sample. Solution of these
equations give the amplitudes of the diffracted as well as of the direct beam. For the two beam
case, we can write down the diffracted intensity at the bottom (exit surface) of the specimen
(i.e. at z =t) as:

2 nt\? [ sin(mtsesy) 2 2
|¢g| = <§> < —_— ) and |po|*=1— |¢)g| (1.9)
g e

where, s.pp = +/s% + 1/¢2 is the effective excitation error. Eq. 1.9 shows that the diffracted
intensity is periodic in two independent quantities, ¢ and s, f.

If we imagine the situation where ¢ remains constant but s (and hence s, ) varies locally, then
we produce bend contours. Similarly, if s remains constant while ¢ varies, then thickness fringes
will result. Therefore, the above equation could explain the thickness fringes and bending
contours. Further, eq. 1.9 will never diverge with increasing thickness for the case s = 0 as eq.
1.3 does.

However, solution in eq. 1.9 can not still explain the non-complementaries observed in the
TEM bright-field and dark-field images, because inelastic scattering of electrons and absorp-
tion effect. Absorption effect can be considered phenomenologically, by adding an imaginary
potential yielding the complex term, i/¢; and /¢, to the terms /¢, and /¢, in the Howie-Whelan
differential equations:

d [ dg(z) | _ . (5% + é) (é + é)e—zm(gﬁgf 5()
e ( e > T @ e ' ( #ol2) ) (1.10)

After a suitable transformation for ¢g, ¢4, the unit of length and by assuming 5’(’) = flg, the
above Howie-Whelan equation can be expressed as:
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() ( DY) o

where, A = Eg/gg, is called the anomalous absorption coefficient, and w = s.§,, is the exci-
tation error parameter. The intensity of the direct and diffracted beam can then be determined
analytically:

b0(2) = {cos?(8/2)e X% 4 sin?(8/2)e' X} e "/ (1.12)

¢g(z) = cos(B/2)sin(8/2) {e™** — X7} e "% (1.13)

where, X = (mVi+w?)/e, + (mivituw?) /e

Real crystals contain defects, e.g. dislocations, stacking faults etc. They cause local dis-
placement R(7) of the atoms from their positions in the crystal with perfect translation sym-
metry. Such a displacement might destroy translational symmetry and yield bending of the
lattice planes and therefore variation in local s values. The Howie-Whelan equation for such a
distorted crystal, considering absorption, are written as:

d ( b(2) ) L (5%+é) ) (g + e i ye2mi(sz+.F) ( 00 (2) )
¢0(Z) (E%, + fL’/)627rz‘(sz—l-g7.R) (Ei L,) ¢O(Z>

Similar to the ideal crystal, this can be modified as:

A (052) _, [ (—A+2i(wrngiB)) (i-4) )\ ( 64(2)
=Im (1.15)
dz \ ¢o(z) (i — A) (—A) ¢o(2)
On comparing this equation with the defect free crystal, the effective excitation parameter
for the distorted crystal is defined as:

dR
Weff = <w+ﬂﬁ.ck> (1.16)

The above Howie-Whelan equation can only be solved numerically by considering the col-
umn approximation due to the local changes of the strain field (Eq. 1.16) [15]. For an ideal
crystal, the second term will always yield zero, because of constant R. Ifwe ignore the absorp-
tion effect, eq. 1.15 will yield a well known equation (eq. 1.9) for the intensities, explaining

thickness fringes. Further, from the above equation it is clear that if the product g. d— is zero

(or indeed an integer) then the crystal containing defect will give contrast identical to that of

perfect crystal. For example for a screw dislocation in a inelastically isotropic media ‘fl—R is

directly proportional to b (Burger vector), therefore a screw dislocation will be invisible if g.b
is zero. A more detailed description of dynamical diffraction theory can be found in references
[12, 13, 14, 9].

1.2.4 High Resolution Transmission Electron Microscopy

Conventional TEM diffraction contrast images yield amplitude contrast of the transmitted beam
or of one diffracted beam , whereas, high-resolution TEM (HRTEM) imaging is an imaging
technique where two or more beams are allowed to interfere to form an image and it yields both
phase and amplitude contrast. Under favorable conditions, an HRTEM image can be directly
interpreted in terms of the projected crystal structure (crystal potential) along the electron-beam
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direction and the resulting HRTEM image is a two dimensional projection of the three dimen-
sional structure, with the columns (or planes) of atoms being either dark or bright, depending
on the exact specimen and imaging conditions.

The HRTEM is an imaging mode of the TEM that allows to image the crystal structure of
a sample with atomic resolution. At present, the highest resolution realized is 0.5 A with mi-
croscopes such as the aberration corrected Titan (FEI). At these small scales, individual atoms
and crystalline defects can be imaged. The HRTEM technique allows the direct observation of
the crystal structure and, therefore, has an advantage over other methods. However, it is not
always possible to interpret the lattice images directly in terms of sample structure or compo-
sition. This is because the contrast in the images is sensitive to a number of factors: specimen
thickness and orientation, objective lens defocus, spherical and chromatic aberrations. The abil-
ity to determine the positions of atoms within materials has made the HRTEM an indispensable
tool for nanotechnology research and development in many fields. For more details about high
resolution TEM see references [16, 17].

1.2.5 Analytical Electron Microscopy

The strength of the TEM is not only that it can provide high-magnification and/or high-resolution
images that contain information down to 0.1-0.2 nm, but it can also operate with small electron
probes in various micro-analytical modes with spatial resolution of 1-100 nm. For example a
TEM equipped with an energy filter offers extraordinary advantages such as improved conven-
tional TEM imaging (improved contrast and resolution), EELS [18] and EFTEM [6]. EELS
can be utilized for specimen thickness measurement, elemental mapping etc.

1.2.5.1 Electron Energy-Loss Spectroscopy (EELS)

During its propagation through a thin specimen, an electron may undergo inelastic scattering,
i.e. it will lose energy. As a consequence, an energy-loss spectrum can either be recorded
by a magnetic prism spectrometer behind the final image or with an imaging filter inside the
column of the microscope. An EELS spectrum is considered to consist of three regions [8].
Those electrons which have lost negligible energy by inelastic scattering contribute to the zero-
loss peak. The low-loss region, containing electrons which have lost up to about 50 eV, arises
usually from plasmon scattering and interband transitions. The core-loss region, containing
higher energy losses (higher than 126 eV), arises from inner shell ionization processes, which
can be used for elemental analysis.

EELS in the TEM requires thin samples, significantly thinner than the mean free path, which
is about 60 nm for Si for 120 kV electrons [19]. For the quantification of a specific element of
interest the following has to be taken into account: (i) ionization cross-section, o, (ii) number
of atoms per unit area, NV, (iii) collection angle, 3, (iv) energy slit width, A\, and v) the edge of
interest, say K.

The total transmitted intensity, /g, of an ionization edge of interest is given by [8]:

Ix = Pgly (1.17)

where, Py is the probability of ionization and /7 intensity of the whole spectrum. By assuming
single ionization events, the probability of ionization can be given by:

Px = Nogex (1.18)

where, t is the specimen thickness and all other terms are explained in the above paragraph.
The integrated intensity of the edge of interest for thin specimen having large mean free path
(Ag) can be expressed as:
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I ~ NowIr (1.19)
or I
N=—"X (1.20)
oxlr

Taking into account the width (A\) of the energy slit and collection semi-angle (3), the above
equation could be expressed more precisely as:

Ik (B,A)

= 1.21
UK(/BaA)Il(BaA) ( )
For a ratio of two elements A and B, the low-loss intensity drops out:
N BB, A) I8, A

Ng  of(8,A)IB(B, 1)

Relevant ionization edges for elements analyzed in this thesis are given in Table 1.4. Ratio
imaging technique could be utilized to make phase contrast images.

1.2.5.2 TEM EDX quantitative chemical analysis

EDX analysis, is an X-ray technique used to identify the elemental composition of nano sized
regions in a specimen. SEM and TEM instruments equipped with EDX systems provide a
unique possibility of quantitative chemical analysis. EDX in the TEM allows for specific el-
ement quantification, through point measurement and is relatively straight forward to use in
comparison to EELS. We used a Zeiss 912 omega microscope equipped with a Si(Li) EDX
detector from Oxford instrument provided with the INCA software [5]. For TEM EDX quan-
tification, the Cliff-Lorimer equation holds for thin specimen if absorption and fluorescence
effects are not considered [9]:
Ca I4

— =kaip — 1.23
Oy~ BT (1.23)

where, C'4 and Cp are the weight percent of element A and B in the specimen, [ and I are

the net counts of characteristic X-ray lines, which we can measure. The term k 45 is termed as
the Cliff-Lorimer factor.
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1.2 Transmission Electron Microscopy (TEM)

‘A10A1302ds21 ‘A310U0 JO ONnJeA WNWIUIW PUB WNWIXEW Sulsn Aq pAJe[NI[ed a1k g "Ulll pue "Xew pue Aoy OgT = 0 21oym 0qe/q = d@q 4

110 ‘16'¢€ LT €6 LIT 091 +9% 908  6£6 - - - - - - - - - €8 g
S0°0 ‘€9°¢ - - - 4 ot 011 891 CTLS 78S 618 0L8 - - - - - TS oL
€1°0 ‘€6°¢€ - - - - 43 66 TS1 8TS  LES  99L TI8 Hv¥6 - - - - IS qas
110 ‘€L’T - - 9¢ €9  ¥SI e 91y - - - - - - - - - 99 AQ
LO0 ‘TE€ - - LT OF €6 61 €ST 18L 96L - - - - - - -9 egq
970 °66'C - - - - - 29 S6 L9¢ €L ILS TO9 LIL - - - - LY 3y
10081 - - - - - 6¢ 79 081 €81 I€E  SpbE Iey - - - - oF 1z
11°069'1 - - - - - 9T 9 8S1 091  10¢ €I€ S6€ - - - - 6¢ A
1€°0 9% - - - - - - - - - YL YL 0TI 1€6 1S6 9601 - 6C n)
870 ‘0T¥ - - - - - - - - - 89 89 TIT SS8 TL8 8001 - 8T IN
1+°0 °€9°0 - - - - - - - - - - - 66 001 6¥I ! IS
T vr'S - - - - - - - - - - - ¢S TS 68  SOET Tl 3N
-‘TTT - - - - - - - - - - - - - - %S 8 0
‘uru CexpuI \:Q -~© -Q ~© \ﬁ\:\(« NNNFNNZ ~>N >§N \:.3\« -~§N NN.EN N.EN NNN\N NTN N\.N b
7 yudud[y
«[peaw] dg (A9) sa8pq

“JI0M SIU} J0J JUBAD[QI SJUSWII[S JO SOSPI UONBZIUO] :4°] I[qBL






Chapter 2

TEM Specimen Preparation

2.1 Introduction

Successful Transmission Electron Microscopy (TEM) in all of its manifestations depends on
the quality of the specimens examined. One of the most critical requirement of TEM sample is
its thickness. The TEM specimen must be electron transparent (10-100 nm) and representative
of the material to be studied. Modern ion milling [20], tripod polishing [21], and focused ion
beam (FIB) [22] tools are helpful for TEM specimen preparation. However, preparation of thin
specimen is more than just laboratory hardware and excellent protocols for thinning a specimen
to electron transparency. Successful preparation of thin specimen requires detailed knowledge
of the various methods available in the TEM and how sample thickness effects the analysis.
The analytical question determines the method of sample preparation. For example, there may
be several methods that could be used to produce specimens of the same material, but without
a clear idea of the information required, even successfully thinned specimens may be only
marginally useful. Thus, considerable thought should go into understanding the problem. In
some cases, information from light microscopy and SEM will solve the problem without even
making a TEM thin specimen. In other cases, such information will be helpful not only for the
TEM analysis itself but also for preparing appropriate thin specimens for such analysis.

In this thesis, DyBa;Cu3;07.x (DyBCO) films with MgO buffer layers on Hastelloy sub-
strates were studied. Films were grown by inclined substrate deposition (ISD) (explained in
more details in Chapter 3) technology. The critical current density and other superconducting
properties of such coated conductors (CCs) are governed by the quality of the microstructure
i.e. the biaxial texture of the superconducting films. The biaxial texture of the superconducting
films itself governed by the biaxial texturing of the MgO buffer layer. Therefore, a precise
study of the sample in plan-view as well as in cross-section is required to fully understand the
microstructure and the biaxial texturing of the buffer layer and superconducting layer.

The thesis will also present microstructural study of Bi, Te; Peltier bulk materials. More de-
tails explanation of the Bi, Tes Peltier bulk materials can be found in Chapter 7. The anisotropy
of the material requires detailed study in two different perpendicular orientations. Therefore,
samples were prepared and analyzed in two different perpendicular orientations. Furthermore,
for such materials the lattice thermal conductivity is sensitive to structural disorder at nano
scale. Therefore, TEM analysis of such materials is of key importance and that requires thin
artifact free specimen preparation.

In this chapter we discuss different TEM specimen preparation techniques with respect to
their suitability, advantages and limitations for ISD CCs and for Bi; Te; thermoelectric mate-
rials. The techniques presented here are equally suitable for a wide range of other materials
[23].
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(a) MgO series (b) Thin DyBCO (c) Thick DyBCO (d) Blocking layer (e) DyBCO+BZO
series series series series

<1 um DyBCO layer = 1um BZO-DyBCO
2-3 um ISD MgO

100 nm-5 pym ISD 2-3 um ISD MgO 2-3 ym ISD MgO buffer layer 2-3 um ISD MgO
MgO buffer layer buffer layer buffer layer Blocking layer buffer layer

80-100 um 80-100 um 80-100 um 80-100 um 80-100 um
Hastelloy Substrate | Hastelloy Substrate | Hastelloy Substrate | Hastelloy Substrate | Hastelloy Substrate

Figure 2.1: Schematics of the layer structure of ISD grown DyBCO CCs: (a) MgO, (b) the thin DyBCO, (c) thick
DyBCO, (d) blocking layer and (¢) DyBCO + BZO series. Note that the MgO series is a semi-processed sample,
i.e. it does not have all the layers to study the MgO buffer layer.

2.2 Materials and Methods

2.2.1 Coated conductors (CCs)

All the superconducting tape samples studied in this thesis were grown by the ISD technology
(explained in more details in Chapter 3) using thermal evaporation for all deposited films. A
more detailed description of the used setup and the deposition parameters are found in Chapter
3 (Sec. 3.5.1.3) and also in references [24, 25] . To study different aspect of ISD CCs, samples
with different layer structure were produced as shown in Fig. 2.1. For a fully processed sample,
the sequence of layers starting from the Hastelloy substrate was: MgO buffer layer, MgO cap
layer and DyBCO layer as shown in Fig. 2.1b. Table 2.1 lists all the CC samples with their
basic properties analyzed in this thesis.

TEM analysis of such CCs is of key importance, but at the same time specimen preparation
of such CCs is challenging for the four reasons: (i) Hastelloy substrates are thin (< 100 um)
and, therefore, handling of the samples is difficult, particularly, in cross-section, (ii) surface
roughness of the Hastelloy substrate and some time of thin films; therefore, gluing any dummy
or support to Hastelloy substrate is not possible directly and gluing two samples face-to-face
is also not possible, (iii) ion milling rates of the substrate (Hastelloy), buffer film (MgO), and
superconducting film (DyBCO) are significantly different; the MgO buffer films are thinned
faster than the Hastelloy substrates, and (iv) due to lattice mismatch (8.5%) between the buffer
layer (MgO) and the superconducting thin film (DyBCO), the DyBCO films were found to be
under tensile stress.

2.2.2 Thermoelectric materials

Thermoelectric materials analyzed in this thesis could be divided in two main categories: (i)
bulk, and (ii) nano-structured bulk. Both categories had samples of n-type Bix(Teg.91Se0.09)3
and p-type (Big.26Sbo.74)2Tes. The bulk materials were synthesized by the Bridgman technique,
which were obtained from commercially available Peltier devices. The nano-structured bulk
materials was synthesized by ball milling yielding grain size of 10-20 nm. In a subsequent
step compacted ultra-fine powder was sintered in a spark plasma sintering (SPS) apparatus,
with which densities larger than 90% of the theoretical density could be achieved avoiding
substantial grain growth. A more detailed description about samples and their properties are
found in Chapter 7 and also in reference [26]. Table 2.2 lists all the samples with their basic
properties analyzed in this thesis.
Quantitative TEM analysis of such materials is of key importance to make structure-property-

chemistry correlation. However, easy cleavage along the c-axis due to Van-der-Waals bonding
turned out to be a severe obstacle for specimen preparation and hence the TEM study.
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TEM Specimen Preparation

Useful for bulk and mono-
layer thin film samples

Comparatively shorter
preparation time Plan-view
(1-2 hours+ion etching)

Chances of success are
more

Useful for multi-layer thin
films samples

Comparatively longer
Cross-section preparation time
(3-5 hours+ion etching)

Chances of success are
less

Conventional

(Mechanical thinning)
‘ Dimpled l

(Dimpling method)

FIB Method
(FIB micro milling)

Figure 2.2: A flow chart of different types of TEM specimen preparation methods with their advantages and limi-
tations.

2.3 TEM Specimen Preparation Methods

TEM specimen preparation can be divided into the following three main categories:

1. Mechanical grinding/polishing method
2. Dimpling method [21]
3. FIB method [22, 27]

The first two techniques are conventional methods and most frequently used methods for ma-
terial science TEM sample preparation. The third method is an advanced method and requires
an expensive FIB machine. In the following sections, a short description of each technique is
given. Each method has its own advantages and limitations. The method of choice depends on
the sample nature and information required. A flow chart of different preparation methods is
shown in Fig. 2.2.

2.3.1 Conventional mechanical grinding and polishing method

Conventional mechanical grinding/polishing method is an important and frequently used tech-
niques for TEM sample preparation. It consists of four major steps listed below:

1. Separation method of samples

2. Cross section sandwich technique

3. Mechanical grinding and polishing to less than 20 pm thickness of samples
4. Gluing the ring and ion etching

2.3.1.1 Separation method of samples

There is a long list of techniques that are employed for TEM specimen preparation in material
science. Most important and frequently used techniques are described below:

Sawing of samples: This technique is used to make slices of bulk samples in order to reduce
their dimensions and then prepare them using other preparation techniques. In most cases, slices
with parallel faces of thickness 1-0.1 mm are made. This technique is used to cut practically all
materials (bulk and multilayer, compact or porous) of any shape. They can be single phase or
multiphase, from very hard to soft. A view graph of the sawing machine is shown in appendix
A (Fig. A.4).

Ultrasonic cutting of samples: This technique is used to cut off a specimen using ultrasonic
trepans of varying shapes (e.g. a 3 mm circular disk) on raw samples or samples that were
previously reduced to small dimensions using sawing and/or polishing. These samples can
then be worked on using other preparation techniques. A lubricant containing abrasive is placed
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BaTiO; dummy Rl BaTiO; dummy

=7

Thin film

Si dummy BaTiO; dummy

(a) Unsymmetrical (b) Symmetrical

Figure 2.3: (a) Unsymmetrical and (b) symmetrical sandwich dummy structure.

between the tool and the specimen. The friction of the abrasive grains, which are harder than
the specimen, cuts into the material with precision. This technique is used to cut bulk, thin film,
single-phase, or multiphase materials. It is not suitable for ductile, very brittle, or soft materials.
A view graph of the ultrasonic punching/cutting machine is shown in appendix A (Fig. A.4).

Punching supporting rings: This technique is used to punch out a ring of suitable material
(e.g. Aluminium). The ring inner and outer diameters may vary depending on the need. These
rings are used to provide a mechanical support to a finished and thin (less than 20 pm) TEM
specimen. For a 3 mm diameter TEM holder, one can use a ring with outer diameter of 3 mm
and inner diameter of 1.5 mm or 2 mm. This technique utilizes a special punching tool. A view
graph of the ring punching tool is shown in appendix A (Fig. A.2).

2.3.1.2 Mechanical punching or cutting of samples

As discussed above, the ultrasonic cutting is not suitable for very hard (e.g. Hastelloy) or soft
materials (e.g. Aluminium) metallic materials. A special punching tool is utilized to punch
specimen of defined shape and size, for example a 3 mm circular disk from the specimen. This
technique is used to punch thin films on thin substrate or tape, foils etc. It is not suitable for bulk,
and very brittle materials. A view graph of the specimen punching tool is shown in appendix
A (Fig. A.2).

Note that to retain the directional information in the punched out disks, samples were
punched out by overlapping the successive punches as shown in Fig. 2.7a. For ISD CCs, this
assured that in the cross-section samples the c-axis and in the longitudinal-section the [110]
direction i.e. the tape direction of the DyBCO will lie in the plane of TEM specimens.

2.3.1.3 Cross-section sandwich technique

Sandwich technique consists of making a stack of at least two strips of the sample stuck face-
to-face using a suitable glue (M-bond), helps to protect the surface layers during the thinning
process. The stack also increases the size of the sample to be handled. The nature of the
material or type of preparation to be performed may require a sandwich of the sample with two
dummies from both the side of sample as shown in Fig. 2.3. Note that dummies are polished
pieces of suitable material such as silicon, barium titanate etc. and of suitable size, for most of
the cases we used 3x3 mm?. Then, the glued structure should be pressed between two brass
piston (pressing tool) and backed in a hot oven at 120 °C for 2 hours. This will ensure a planar
and close contact of the surfaces. A view graph of the pressing tool is shown in appendix A
(Fig. A.3).

2.3.1.4 Mechanical grinding and polishing to less than 20 pm thickness of samples

Mechanical grinding of samples This technique is used to grind bulk or thick specimen
using: a SiC plate of different grit sizes (1000-5000) to produce smooth surfaces and thin spec-
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Figure 2.4: A view graphs of the (a) Tripod holder and (b) Star holder without and with glued dummies and specimen
on the holder.

imens (less than 300 um), that can be directly used for mechanical polishing. The grinding
is done by gluing the sample on a metal piece (holder) on a motorized SiC plates. For softer
material one can use hand grinding, i.e. without motor. A view graph of the grinding machine
with SiC plates is shown in appendix A (Fig. A.5).

Mechanical polishing of samples: This technique is used to produce smooth surfaces and
thin specimens (less than 20 um) that have been obtained by sawing, punching, ultrasonic cut-
ting, or grinding. This technique is also commonly used prior to dimpling method to thin the
sample up to 100 um thickness. In most cases, mechanical polishing is used to obtain a flat
(parallel-sided slices), scratch-free surface, while reducing mechanical damage. This polishing
technique employs diamond coated abrasive plates. A fluid (continuously flowing water) must
be used, it serves as a lubricant, coolant and removes excess material particles. This technique
can be used to polish almost all bulk, compact, and thin film materials. The materials can be
multiphase materials and can contain precipitates or segregation. The materials can be of any
hardness less than sapphire or diamond, with the exception of very soft materials. A view graph
of the polishing disks is shown in appendix A (Fig. A.6). Generally, mechanical polishing was
carried out by two kinds of holders:

1. Tripod holder
2. Star holder

The Tripod holder shown in Fig. 2.4a is useful for samples having any thickness due to ad-
justable legs, but not suitable for thinning samples less than few tens of micron. Whereas, the
Star holder polishing shown in Fig. 2.4b can only be used for samples having a thickness less
than 300 um because of Si dummies, which has a typical thickness of 300 um. Star holder
polishing consist of the following two main steps:

* Gluing three Si dummies on the alternate pads, and sample at the central pad using a
suitable glue (white glue).

* Polishing the sample on diamond coated abrasive plates using the recipe given in Ta-
ble 2.3.

More details about tripod polishing can be found in the reference [28].
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Table 2.3: Recipe for the mechanical polishing on the diamond coated abrasive plates
Plate/Grit size [um]  Suitable for specimen thicknesses [pm]
30 300-80

15 80-40

9 40-22

3 22-13

1 13-10

101 - T T T T T T T ] 400
— F B 12 mA
& | 1.05keVAr- Al (@) ] (b) S
g i ] 300 - L
E | n =2 / 8 mA
B g // 6mA
g 10 etching angle 9 3 200 v |
g E o / Ar* ion beam E § ///‘/ LA
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Etching angle (°) Extraction voltage (kV)

Figure 2.5: (a) Etching rate dependence on the beam incidence angle [29] and (b) the ion beam current vs. extractor
voltage at different source current for the Fischione 1010 [20].

2.3.1.5 Gluing a ring to sample and ion etching

Gluing a ring to sample: This technique is used to provide mechanical stability to thin (less
than 20 um) and mechanically unstable samples (such as cross-section). In this technique a ring
of aluminium or any other suitable material is glued on a fully processed and thin samples using
a suitable glue (such as M-bond). Bake the glued sample at 100 °C for 20 minutes to make the
glue harder.

Ion etching of a finished sample: This technique is used to thin samples down to electron
transparency. It is suitable for the samples having a thickness between a few microns to maxi-
mum 20 pm. Itis generally used for final thinning of samples prepared by the star holder, tripod,
or dimpling method. The thinning technique consists of sputtering the sample using ionic bom-
bardment. A beam of Ar" ions is generated, which is accelerated (0-8 kV for Fischione 1010)
and directed towards the center of the sample. The sample can be tilted by an angle (0°-30°
for Fischione 1010) with respect to the beam. The etching rate depends on the energy/dose
(extraction voltage and source current), the tilt angle of the beam with respect to the specimen
plane, and material to be etched. The sputtering yield depending on the etching angle is shown
in Fig. 2.5a. Initially, the sputtering yield increases but then decreases due to increased ion
implantation. Fig. 2.5b shows the ion beam current vs. extractor voltage at different source
current for the Fischione 1010. The sample can also be rotated in its plane through a 0°-360°
to make the etching process rotationally symmetric. A schematic of the etching geometry is
shown in Fig. 2.7d and a view graph of ion etching machine (Fischione 1010) is shown in Fig.
2.6. Optimized etching parameters that yielded high quality samples are listed in Table 2.4 for
different materials. Using the recipes listed in Table 2.4 almost amorphous free (only few nm)
large (3-4 pm) and thin (few tens of nm) electron transparent samples were prepared.

In summary the conventional mechanical grinding/polishing method is most widely used
technique to prepare TEM specimen from a variety of materials because of simple equipment
used, works for plan-view as well as for cross-section samples. The most important steps of
conventional mechanical grinding/polishing method for plan-view and cross-section are sum-
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Figure 2.6: A view graph of Fischione 1010 low-angle ion etching machine.

Table 2.4: Optimized recipe for DyBCO, Bi,Tes, bulk and thin films, Si (single crystal) and Al foil ion etching
using Fischione 1010 ion mill.

Steps Energy Rotation Tilt angle  Etching rate
V [kV] I[mA] PV/CS |degree] [degree] [wm/hour/gun]
DyBCO CCs
Perforation 3.5 3 +360/+45 12 2.2
Polishing 1 3 +360/+45 10 -
Bi, Tes, Si, and Al
Perforation 3 3 +360/+45 12 2.1,2.5,and 2.5
Polishing 1 3 +360/+45 10 -

marized below:

Plan-view method: It consists of the following main steps:

1. Punch a disk of 3 mm in diameter from sample using punching tool (Sec. 2.3.1.2) or
ultrasonic cutter (Sec. 2.3.1.1).

2. Press the punched sample using pressing tool to make its surface flat (use this step only

for samples cut using punching tool).

Clean the sample in acetone or ethanol using ultrasonic cleaner.

Grind the sample on SiC plates (only if sample is thicker than 300 pm) (Sec. 2.3.1.4).

Polish the sample using star holder polishing (Sec. 2.3.1.4).

Glue an aluminum ring on the sample for mechanical stability, if sample thickness is less

than 20 pm (Sec. 2.3.1.5).

. Remove the polished sample from the holder by dissolving the glue in acetone.

Ion etch the sample as explained in Sec. 2.3.1.5.

AN

© =

Conventional cross-section method: It consists of the following main steps:

Repeat step 1 to 3 of the above section (Sec. 2.3.1.5).

Polish the substrate side for two side sandwich (ignore this step for one side sandwich).
Make the sandwich of the sample as explained in Sec. 2.3.1.3.

Cut the sandwich into two parallel slice or piece as shown in Fig. 2.7c.

Grind and polish the slices from both side using tripod and star holder polishing as ex-
plained in section (Sec. 2.3.1.4).

“uh W=



2.3 TEM Specimen Preparation Methods 23

A — 3mm 7,502 BaTio, ;

| Tape direction Punched 1y dummy Oscillation & u

| [110] direction 300 um A or rotation pber

| v gun

‘ \ Sample Sample ‘/9= 12

4 / . '__ - |:> :> ./ ________ 0°
\ ; . ; PN
Cross-section  -ongitudnal \—/ / (S]

-section A Lower Aluminium
BaTiO, qun ring
dummy
e e 300 pm § g > >
(a) Punching (b) Gluing (c) Cutting and grinding (d) lon-etching

Figure 2.7: Four major steps of the conventional cross-section preparation.
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Figure 2.8: Dimpling tool or machine.

6. Repeat step 6 to 8 of the above Sec. (Sec. 2.3.1.5).

More detailed information about conventional mechanical grinding/polishing method can
be found in the references [23, 30].

2.3.2 Dimpling method

This technique [31] is used to grind a concave impression or dimple, thinning the center of

a disk. This polishing technique employs mechanical abrasion. The friction of the abrasive

grains, which are harder than the specimen to be polished, is used to wear down materials. A

view graph of a dimpling tool is shown in Fig. 2.8. A schematic in cross-sectional view of a

dimpled sample and ion etching geometry of it are shown in Figs. 2.9a and 2.9b, respectively.
A plan-view dimpling mainly consists of the following steps:

1. Repeat the steps 1 to 5 of Sec. 2.3.1.5 and polish down the sample to less 100 um thick-
ness.
2. Glue the sample on the dimpler holder (a cylindrical piece of glass).

3 mm Ar lon beam

2 mm Substrate “N\3un | Gun lI
A D S > .
00w, [l — . ol

< 40 um

A0 S Rl ,
(a) Dimpling (b) lon Etching

Figure 2.9: A schematic in cross-sectional view of (a) a dimpled sample and (b) its ion etching geometry.
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Table 2.5: Optimal dimpling recipe for the ISD CCs (Hastelloy).

Specimen thickness [um] Load [arbitrary unit] Paste grit size [um]

120-60 35 16
60-40 30 6
40-30 30 2.5
30-24 25 2
24-20 25 0.5

3. Set the zero point with respect to the glass piece surface.

4. Turn on sample holder rotation and center the specimen with respect to the sample holder
rotation i.e. at the cross-wire.

5. Set speed and load of the dimpler disk.
6. Turn on dimpler disk rotation, clean it, and apply a paste of suitable grit size (0.5-16 pm).

7. Gently drop the dimpler on the specimen and finish dimpling using the recipe given in
Table 2.5

8. Remove the polished sample from the holder by dissolving the glue in acetone.
9. lon etch the sample as explained in Sec. 2.3.1.5.

Note that the dimpling recipe given in Table 2.5 is optimal for CCs i.e. a hard material (Hastelloy
substrate). The recipe will equally work well for other materials such as Si, just start with a
reduced load, for example start with 25 load and accordingly reduce the load with the specimen
thickness for Si.

2.3.3 Focused Ion Beam (FIB) method

This technique is used to machine a thin lamella (thin slice) on nano scale, in a precise direction
and area of a sample. It consists of the following main steps:

1. Orient the sample in the required direction, searching for an area to be cut, and depositing
either a metal layer or a carbon layer to protect the material surface during ion milling
(Fig. 2.10a).

Machine two parallel trenches on both sides of the sample area to be observed (Fig. 2.10b).
Cut both sides of the slice to remove it and then attach it to a special TEM grid (Fig. 2.10c).
Attach the lamella to needle (micro-manipulator) (Fig. 2.10d).

Attach the lamella to the special TEM grid with the help of micro-manipulator (Fig. 2.10e).

S vk

Final thinning, down to a thickness of few tens of nm and then polishing (Fig. 2.10f).

The FIB method is a good technique for cross-section preparation. The FIB method is very
useful for precise area and orientation selection. The FIB techniques could be used for delam-
inating films, for which the conventional cross-section will completely fail. A more detailed
description of FIB method can be found in the references [22, 27, 23].

Since ISD CCs are composed of many layers with different etching or sputtering rates,
therefore, getting FIB samples thinner than 50 nm for CCs is a challenging job. The FIB method
has to be optimized for CCs with respect to the knock-on-damage and thinning parameters.
Further the amorphization problem during the final FIB thinning of sample also makes it very
difficult to get a FIB sample thinner than 50 nm. At present the conventional cross-section
preparation yielded thinner samples for ISD CCs. Note that the FIB work was done at NMI in
Reutlingen.
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Figure 2.10: FIB TEM lamella preparation process: (a) Pt protection layer deposited on the area of interest on top
of the DyBCO film, (b) milling parallel trenches, (c) cutting the edges of the slice or lamella for lift-out, (d) attached
lamella to the needle, (e) attachment of the lamella to the special TEM grid, and (f) final thinning and polishing.

Moirée fringes

Figure 2.11: (a) Bright-field and (b) corresponding (110) dark-field image in plan-view of sample 3 (Table 2.1)
prepared by dimpling method.

2.4 Results

Figs. 2.11a and 2.11b show an overview (low-magnification) bright-field and corresponding
(110) dark-field images of a CCs (Sample 3, Table 2.1). The sample was prepared in plan-view
by the dimpling method. We found large electron transparent area and were able to image indi-
vidual grains, grain boundaries, dislocation, Moire” fringes due to small angle grain boundaries.
DyBCO grains were found to be 200-500 nm in size. Diffraction contrast images were heavily
dominated by strain contrast due to the high dislocation density. Only the dimpling method
worked for CCs having tensile stresses in the DyBCO film. Note that the conventional plan-
view preparation (Sec. 2.3.1.5) completely failed for such CCs due to the stresses present in the
DyBCO film.

Fig. 2.12a shows an overview bright-field image of the same CCs (Sample 3, Table 2.1)
sample in cross-section prepared by the conventional cross-section method (Sec. 2.3.1.5). Fig.
2.12b shows a high-resolution image at the MgO-DyBCO interface. Figs. 2.13a and 2.13b
show an overview image and a high-resolution image of the same sample prepared by the FIB
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Figure 2.12: Conventionally prepared cross-section sample: (a) bright-field image and (b) high-resolution bright-
field image of the MgO-DyBCO interface of sample 3 (Table 2.1).

MgO buffer layer
By
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Figure 2.13: FIB prepared cross-section sample: (a) bright-field image and (b) high-resolution bright-field image
of the DyBCO film of sample 3 (Table 2.1).

method (Sec. 2.10), respectively. Bright-field overview images show that the FIB method yields
a large evenly thinned area compared to the conventional cross-section method. However, the
high resolution images show dgg; lattice fringes of DyBCO, it can be seen that conventionally
prepared samples yielded a slightly better contrast and quality of the lattice fringes.

Figs. 2.14a shows selected area diffraction pattern of DyBCO films of conventionally pre-
pared specimens. Fig. 2.14b is the corresponding diffraction pattern of FIB prepared specimens.

The FIB prepared samples yielded a large evenly thinned area compared to the conventional
preparation. However, a ring pattern in the diffraction pattern of FIB prepared specimen can be
seen, which shows that they are not as suitable for high resolution microscopy as conventionally
prepared samples due to knock-on damage. The FIB method has to be further optimized with
respect to the knock-on-damage and thinning parameters to yield amorphous and damage free
TEM specimens.

2.5 Discussion

2.5.1 Stresses and stress building-up in coated conductors

During ion etching of conventionally prepared plan-view samples of CCs, it was found that the
film starts bending towards the substrate side as it got thinned. A schematic of the bending
direction is shown in Fig. 2.15a. Considering lattice parameters of the Hastelloy (0.361 nm),
the MgO (0.4212 nm), the DyBCO (0.388-0.382 nm), and the bending direction, we concluded
that either the MgO film is under compressive stress or the DyBCO film under tensile stress.
Due to the bending of the DyBCO film, the incidence angle of Ar" ions was increased and the
DyBCO film was preferentially etched. As a consequence such samples did not yield electron
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Figure 2.14: Selected area diffraction patterns of the DyBCO film shown in (a) Fig. 2.12 i.e. conventionally
prepared and (b) Fig. 2.13 i.e. FIB prepared cross-section specimen.
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Figure 2.15: (a) A schematic drawing, showing bending of the ISD grown DyBCO film during ion etching due
to the stresses present in the film. Light microscope images in plan-view of (b) sample 2 (semi-processed) and (c¢)
sample 3 (fully processed) just after etching (Table 2.1).

Subtrate
4on8\ |

transparent regions of DyBCO films. Bending could closely be detected in a stereo-microscope.

Fig. 2.15b and2.15¢ show light microscope images of samples 2 and 3 in plan-view seen
from the substrate side and acquired just after ion-etching. Sample 2 had a layer structure
of Hastelloy substrate/MgO buffer layer, i.e. semi-processed, whereas sample 3 had a layer
structure of Hastelloy substrate/MgO buffer layer/MgO cap layer/DyBCO, i.e. it was fully-
processed (Table 2.1). The images show that no bending was observed for sample 2, whereas
sample 3 shows a bending towards the substrate side and, therefore, we concluded that MgO
film is stress free and only the DyBCO film is under tensile stress.

2.5.2 Consequence of stresses on plan-view sample preparation

Due to the stresses, the conventional plan-view preparation method [30] did not yield electron
transparent regions of DyBCO films as discussed in the above section (Sec. 2.5.1). To avoid
bending and hence preferential etching of DyBCO films, a mechanically more stable method
such as dimpling (Sec. 2.3.2) was employed and good quality plan-view samples were prepared.
The results of dimpled plan-view samples are shown in Fig. 2.11.

2.5.3 Consequence of stresses on cross-section sample preparation

Since the sputtering rate of Si is larger than that of BaTiO3, a sample architecture as shown in
Fig. 2.3a will yield a high asymmetry after etching, i.e. the Si side will be etched away com-
pletely whereas the BaTiO3 side will be still too thick, and will not be electron transparent.
Therefore, the CCs cross-section TEM specimen will always have a thickness gradient, thin to-
wards the Hastelloy substrate, thick towards the DyBCO surface. Since the Hastelloy substrate
is partially etched away, the tensile stresses already evident in the plan-view specimen prepa-
ration will yield bending of the DyBCO film towards the substrate side. As a consequence, the
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Figure 2.16: Light microscope image of an ion etched conventional cross-section specimen, showing delamination
and cracking of the film due to tensile stresses present in the ISD grown DyBCO films.

Hastelloy,

substrate

Figure 2.17: Light microscope image of an ion etched conventional cross-section specimen using a symmetrical
dummy architecture. An electron transparent region is marked by a dotted ellipse.

cross-section will delaminate and even the layer pieces of the film will be lost due to cracking as
found in our experiments and shown in Fig. 2.16. Thus, such samples hardly yield any electron
transparent region.

To avoid preferential etching of one of the dummies, a more symmetrical architecture of the
cross-section sample was chosen by replacing the Si dummy by a BaTiO3 dummy as shown in
Fig. 2.3b. The results of cross-section preparation using the more symmetrical dummy architec-
ture is shown in Fig. 2.17. Fig. 2.17 shows a light microscope image, showing no delamination
and cracking. High quality samples, i.e. containing thin electron transparent areas were ob-
served in the TEM. The TEM results of one of the electron transparent area enclosed by dotted
circle (Fig. 2.17) are shown in Fig. 2.12.

2.6 Conclusions

Major preparation techniques employed for TEM specimen preparation were described. Dif-
ferent aspects and issues of these techniques were discussed for a variety of materials, partic-
ularly, for CCs prepared by ISD technology. It was found that the DyBCO layer was under
tensile stress. As a consequence, conventional plan-view and cross-section techniques failed
for CCs. For plan-view TEM specimen preparation of such samples, plan-view dimpling tech-
nique is the best approach. For cross-section TEM specimen preparation, the suitable selection
of dummies was found to be a key step. A more symmetrical dummy architecture was made
by replacing the Si dummy by BaTiO3 dummy for the cross-section preparation of such CCs.
Several samples with multilayer structure were successfully prepared and etched with different
etching rate for each layer . Thin and large electron transparent areas were found for all the
samples.

It has been shown that, the FIB technique has some advantages over conventional cross-
section such as: evenly thinned large electron transparent area of a specific region, more precise
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area and direction selection etc. However, surface damage is a major challenge, which yields
noticeable effects when using techniques such as high-resolution TEM, EELS. The surface
damage could be minimized by optimizing FIB milling parameter, or by milling with a low
energy Ar’ ion beam after completion of the FIB process.

The conventional grinding and polishing method is a suitable and preferred choice of TEM
specimen preparation due to short preparation time, simple equipments used, and large (over
few mm) electron transparent area obtained. However, the method of choice depends on mate-
rial property, information required, time, availability of equipment etc.

The techniques explained in this chapter are equally good and suitable for many other ma-
terials. For example all the Bi;Te; samples studied in this thesis were prepared by the above
described techniques without any issue except that the easy cleavage along the c-axis due to
Van-der-Waals bonding.
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Chapter 3

Basics of Superconducting Coated
Conductors

3.1 Introduction

The discovery of superconductivity in La-Ba-Cu-O compounds with critical temperature 7, >
30 K by Bednorz and Miiller immediately started one of the most intense research efforts in the
history of material research [32, 33]. Following this approach, in 1987, Paul Chu at University
of Houston discovered superconductivity above 90 K in the Y-Ba-Cu-O system [34, 35, 36].
Fig. 3.1 shows the rapid rise of 7, in oxide compounds. The rapid pace of discovery in high-
temperature superconductivity (HTS) produced wide spread euphoria among the physics and
materials science communities. Soon after, however, the euphoria was damped by the discovery
of the weak-link behavior of the YBa;Cu3zO7.x (YBCO) [37]. It became clear that the major
barrier to practical applications of these materials in energy and magnet technologies is not the
critical temperature but their low critical current densities, especially at higher magnetic fields.
On the other hand the weak-links behavior of the grain boundaries in these materials could be
utilized to make superconducting quantum interference devices (SQUIDS).

There are three critical superconducting parameters that characterize a superconducting ma-
terial, i.e. (i) the superconducting transition temperature or critical temperature (1), (ii) the
critical fields (B.; and B.2) and (iii) the critical current density (J. = (B, T")). The third pa-
rameter, J., depends strongly on the microstructure of the final conductor and on the procedure
to approach the final state.

Since the discovery of superconductivity, great efforts have been devoted to explain su-
perconductivity. During the 1950s, theoretical condensed matter physicists arrived at a solid
understanding, through a pair of remarkable and important theories: (i) the phenomenological
Ginzburg-Landau theory (1950) and (ii) the microscopic Bardeen, Cooper and Schrieffer (BCS)
theory (1957). A key conceptual element in the BCS theory is the pairing of electrons close to
the Fermi level into Cooper pairs through the electron-phonon interaction. The BCS theory that
has successfully described most conventional superconductors has been found insufficient on
its own to explain the high values of T, in high-temperature cuprates. A more detailed treatment
of superconductivity and its theories can be found in various references [38, 39].

The behavior of superconductors in a magnetic field and the relevant superconducting prop-
erties are defined by two length scales. The first one is the London penetration depth, Ay, and
the second important parameter is the coherence length, &. The London penetration depth Ay,
describes the exponential decay of the magnetic field penetrating the interior of the supercon-
ductor and is given by [39]:

m
A= —
Honse
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33
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Figure 3.1: Evaluation of superconducting transition temperatures over time [38].

where m is the effective mass of electron, e is the electronic charge, 1, is the permeability of
the vacuum, n; is the density of superconducting electrons at zero temperature. Note that the
coherence length £ represents the length scale over which the order parameter ¥ (|¥|? = ny)
changes at normal-superconducting interfaces and is given by [39]:

_ hup
 kpT.

3 (3.2)
where vp is the Fermi velocity, h is the Planck constant and 7, is the critical temperature.
Both Ay, and  are temperature dependent quantities. The most relevant length scale for type-II
superconductors is the coherence length of the material. Conventional superconductors (such as
Nb) have coherent lengths less than 40 nm. Ehereas, HTS are extreme type-II superconductors
and have coherence lengths of 1-2 nm. In type-II superconductors high critical current densities
can only be achieved by the presence of a high density of defects (of the order of 2€, where £ is
the coherence length) providing pinning centers for the magnetic flux lines. On the other hand,
extended defects in YBCO based superconductors such as large-angle grain boundaries form
weak-links, which are a key limiting factor for the critical current densities [37].

In recent years, high quality biaxially textured YBCO thick films were manufactured using
growth technologies such as ion beam assisted deposition (IBAD) [40], and rolling assisted
biaxially textured substrate (RABiTS) [41] that largely eliminated weak-links in these materials.
In this thesis, I will report on DyBCO films grown by the inclined substrate deposition (ISD)
technology, which as a technology has many advantages over the other technologies. Due to
an enhanced transition temperature (7)) of 90 K compared to YBCO (typical 88 K), at 77 K
DyBCO films exhibit an about 20% lower surface resistance as compared to YBCO films [24].
Beyond that DyBCO films are chemically more stable under humid conditions and the long-
term degradation behavior is improved.

3.2 Superconductivity and types of Superconductors

In 1933, Meissner and Ochsenfeld found that a metal in the superconducting state shields the
magnetic field in its interior, i.e. it exhibits perfect diamagnetism, this phenomenon was called
Meissner effect. It was discovered that the state of perfect diamagnetism is retained only if the
temperature is below a critical temperature (I.) and the magnetic field is below a certain mag-
netic field, which is referred as critical field (B.). The value of B, is related thermodynamically
to the free-energy difference between the normal and the superconducting state.

According to the London theory of superconductivity [42], the applied magnetic field pene-
trates the superconductor over a mean distance Ay, known as the London penetration depth. In
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Figure 3.2: The magnetization curves of the two types of superconductor: (a) type-I and (b) type-II superconductors
[48].

Table 3.1: Characteristic parameters of optimally doped YBCO superconductors [49, 50].

Field direction T, B, [T=0] B [T=0]
B | c-axis 0018 T 40T
YBCu:075 p l caxis > K&=0ID sy 110 T

1950, Ginzburg and Landau introduced a phenomenological theory, which described the prop-
erties of superconductors in (large) magnetic fields. Ginzburg-Landau theory predicts that a
superconductor should have two characteristic lengths: (i) the Ginzburg-Landau penetration
depth, A\gr,, which relates to the London penetration depth (A1) and (ii) the Ginzburg-Landau
coherence length, {;1. The ratio K = Acr/¢q;, is known as Ginzburg-Landau parameter. This
ratio, k, distinguishes type-I superconductors, for which x < 1/ V2, from type-II superconduc-
tors which have higher « values, i.e. & > 1/Y2 [43].

For the case k < 1/v2, the superconductor does not allow the magnetic flux to penetrate if
the magnetic field is below the critical field (B.), however, at and beyond the critical field the
magnetic flux will be fully penetrated i.e. the superconductor changes from the Meissner state
to the normal state by a second order phase transition (Fig. 3.2a). Many pure metals are type-I
superconductors. The critical magnetic field of type-I superconductors is low (proximately 0.1
T), therefore, such materials are not relevant in large-scale magnetic and electrical applications
[44].

In contrast, for the case x > 1//2, superconductors exhibit a continuous increase in flux
penetration starting at lower critical field (B, ) and the superconductor gets fully penetrated
at upper critical field (B,,) (Fig. 3.2b), instead of showing a discontinuous disappearance of
superconductivity at the thermodynamical field (B.) (Fig. 3.2a). The superconducting state
between B.; and Bo, i.e. the state between the Meissner state and normal conducting state is
termed as critical state (Shubnikov phase) and allows the coexistence of superconducting and
normal conducting regions. The existence of the critical state can be explained by the negative
energy between normal and superconducting regions, the appearance of normal regions will
reduce the total free energy and lead to a more favorable free energy state [45].

While the class of type-1 superconductors is composed entirely of metallic chemical ele-
ments, type-II superconductors may be metal alloys or even some pure metals, such as Niobium
(Nb) and Vanadium (V), and also different oxide compounds (see Table 3.1). All metals and
metal alloys have their T, below 30 K and are referred as low-temperature superconductors
(LTS), while the oxide superconductors have their 7, above 30 K and are referred as high-
temperature superconductors (HTS) (page 213 of [38]). Only Type-II superconductors are rel-
evant for applications in the energy and magnet technologies [46, 47].

Fig. 3.3 shows a magnetization curve of a cold deformed NbssTays alloy [46]. The curve a
(before annealing) and b (after annealing) shows the magnetization curve of the same material,
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Figure 3.3: Magnetization curve of a cold deformation NbssTass alloy: (a) after cold deformation (b) after cold
deformation and annealing [46].

but they differ significantly. Structural imperfections or chemical impurities act as pinning cen-
ters for flux vortices in the crystal. After reaching B,,, the magnetic flux will start to penetrate
in to the interior of the material, however, magnetic flux lines are not free to move due to flux
pinning. This allows the total shielding current that determines the diamagnetic behavior to be
greater than in the Meissner phase. Similarly the reverse curve decreasing magnetic field can
be explained and at the end of the reverse cycle, when B = 0, the value of B remains finite and
positive due to the flux trapped by the superconductor.

3.3 Critical Current Density of Superconductors

The most important characteristic of a superconductor, from the viewpoint of practical applica-
tions, is its critical current density. The critical current density (J,.) is reached when the current
density in the superconductor yields an electrical field of 1 pV ecm™! or 10* V. m'! as shown in
Fig. 3.4.

In large scale applications such as magnets and power transmission lines, a critical current
density between 10* - 10° A cm™ is generally required [51]. The values of .J, for cuprate
polycrystalline sintered samples typically lie in the range of 10> A cm™ to 10* A cm™ at 77 K
(and in the range of 10> A cm™ to 10° A cm™ at 4.2 K) and, therefore, are inadequate for most
practical purposes at 77 K. There is plenty of convincing experimental evidence indicating that
the current carrying capability of polycrystalline high-7,. materials is limited to a large extent by
grain boundaries, which act like Josephson weak links [52, 51]. To date, for ISD based coated
conductors, the J. is in the range of 1x10° to 2x10% A cm™.

The critical current density .J.. in type-II high-T, superconducting bulk materials decreases
weakly with increasing temperature when T" < Ty, (depinning temperature); when T' < Ty, <
Tt (boundary fluctuation temperature), J. is power law decaying and when 1" > T, J.. decays
exponentially for a constant magnetic field. Whereas for a constant temperature, the critical cur-
rent density J. first decreases, then increases after reaching a maximum, and finally decreases
again as the magnetic field increases [53, 54].

3.3.1 Critical current limiting mechanism

Important critical current limiting mechanisms in type-II superconductors include: (i) depinning
or flux-flow, (ii) thermally activated flux-flow and (iii) weak-links.
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Figure 3.5: Schematics of: (a) the critical state of type-II superconductors with quantized vortices, and (b) mech-
anism of flux-flow, the presence of current in a magnetic field generates a Lorentz force, which tilts the staircase,
allowing flux line to hop out of their pinning wells [46].

3.3.1.1 Flux-flow

Defects act as pinning centers detaining the vortices from moving under the presence of a
Lorentz force (Fig. 3.5a). In order to free the vortices a force is needed which gives rise to
the concept of pinning force (I}, an energy barrier for vortices) (Fig. 3.5b). The current trans-
port in a superconductor gives rise to a Lorentz force (Fr, = I dl x Ea), where [ is the transport
current, d is the length of the current path, and B, the applied magnetic field. The Lorentz
force acts perpendicular to the current flow and perpendicular to the magnetic field. Therefore,
flux lines in the critical state could start to move (viscous-flow state) by increasing the Lorentz
force beyond the depinning threshold (F},) close to J = J., where J. is the critical current
density (Fig. 3.5b).

Any electric field present in a superconductor is a dissipative process, giving rise to a voltage
drop or electric-field (E = ¥ x B,, where ¥ is the velocity of the flux-lines) and lead to an
electrical loss (J.E). Therefore, superconductors show a small, non-zero resistance, which is
referred as flux-flow resistance.

3.3.1.2 Thermally activated flux-flow

Flux-lines are usually assumed to be rigid but are elastically deformable. An extreme situation
of soft flux-lines is encountered for Bi-2212 (Bi, SrpCaCu;0Og) and Bi-2223 (Bi;Sr,Ca; Cuz Oy).
For strongly anisotropic superconductors such as Bi-2212 and Bi-2223 due to their layer struc-
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Figure 3.6: Schematic diagram of current limiting mechanism in different class of superconducting materials.

ture, there is a shearing of the flux-line when these are parallel to the c-axis, i.e. perpendicular
to the CuO; planes of the crystal structure. The shear modulus of the flux-lines is strongly
temperature dependent and decreases with increasing temperature. The result of this low shear
modulus of the flux-lines yields a dramatic decline of the critical current densities at higher
temperatures, this behavior is called thermally activated flux-flow [57].

3.3.1.3 Weak-links

In some polycrystalline HTS, for example in YBCO, grain boundaries behave significantly dif-
ferent than the volume of material with respect to the superconducting properties. A much
smaller critical current density flows across the grain boundaries than in the bulk of the mate-
rial. The origin of this limitation lies in the oxygen stoichiometry of the material and of grain
boundaries. In superconductivity, such a grain boundary is called weak-links [37].

There are several investigations in the literature on the weak-link behavior of grain bound-
aries such as: deviation from ideal oxygen stoichiometry [58], and strain field present at the
grain boundary due to edge dislocations [59]. However, if the misorientation angle is small (<
6°), the degradation of the critical current density is small. It was reported that the critical cur-
rent density across a grain boundary decreases drastically with increasing misorientation angle
and the boundary behaves as a weak-links for misorientation angles greater than 10° (Fig. 3.8)
[37].

Though the weak-links in superconducting materials are not desirable for high critical cur-
rent application, however, weak-links could be used as superconducting quantum interference
devices (SQUIDS). SQUIDS are very sensitive magnetometers that operate via the Josephson
effect [60][61].

Since the current limiting mechanisms are material and microstructure dependent, different
materials are subjected to different current limiting mechanisms as shown in the schematic
diagram (Fig. 3.6). For example, Nb3Sn and NbTi show a high critical current density of about
10> A cm™ at 4.2 K and a field of 5 T, however, they have to be operated at low-temperatures
(4.2 K). NbsSn is limited to 10 T and NbTi close to 20 T applications as their J, is limited
by flux-flow mechanism (Fig. 3.7a). Note that, Nb3Sn and NbTi are metallic superconductors
which were used to make wires by the powder in tube or the multifilament method [46] (page
660 of [38]). NbTi and NbsSn were being successfully used in Large Hadron Collider (LHC)
and International Thermonuclear Experimental Reactor (ITER) projects, respectively.

It can be seen in Fig. 3.7a, that the critical current density of YBCO ceramics is about only
5x10° A cm™ at 4.2 K and zero-field. The causes of this limitation is the nature of the grain
boundaries, which suppressed the current at grain boundaries and is known as weak-link [37].
In such materials grain boundaries can transport much smaller critical currents than the bulk of
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Figure 3.7: (a) Critical current density (J.) in dependence of applied magnetic field B(T) of up to 30 T at 4.2 K
for various HTS materials [55]. (b) J. and critical current (A) in dependence of B(T') applied in two perpendicular
directions for a 55 filament Bi-2223/Ag tape at 77 K [56]. J. in dependence of B for (c) B perpendicular to the
c-direction and (d) B parallel to the c-direction at different temperature for Bi-2223 [44].

the material itself. Furthermore, only a small magnetic field (a few 10 mT) drastically reduces
the critical current density to 100 A cm™ making them useless for any real power application.
However, the performance could be greatly improved by growing an almost single crystalline
(or only with small-angle grain boundaries) material.

Another material showed a high critical current density and stable behavior over large ap-
plied magnetic fields; Bi-2223/Ag-tapes, but were limited by thermally activated flux-flow [55].
These materials also show a large anisotropy and the thermally activated flux-flow problem is
much more severe for the magnetic field applied parallel to the c-axis. For the field perpendicu-
lar to the c-axis and temperature up to 40 K material shows rather high critical current densities

cm™, only a reduction of about o at an as can be seen 1n Figs. 3./b-
3 10% A cm™, only a reduction of about 25% at 8 T and 40 K b in Figs. 3.7b-d
[44].

3.4 Structural Properties of DyBa,;Cu3;O7

The DyBa,;Cu307.« (DyBCO) compound is an oxide with three perovskite-like cubes stacked
on top of each other as shown in Fig. 3.9. The central unit cell contains a Dysprosium (Dy)
cation and the other two contain Barium (Ba) atoms. Perpendicular to the c-axis CuO; planes
are found adjacent to the Dy layer which are known to be responsible for superconductivity.
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Figure 3.8: Grain boundary current in dependence on grain boundary misorientation angle [59].

The Cu-O chain layer acts as a charge carrier reservoir. The oxygen content can vary only in
the CuO chain layer. The total oxygen content can vary from DyBa;CuzOg (x = 1) to the fully
oxygenated phase DyBa;CuzO7 (x = 0). For 0 <x <0.5, the compound is orthorhombic (Fig.
3.9a) and superconducting, and for 0.5 < x < 1 it is tetragonal (Fig. 3.9b) and non-metallic.
The orthorhombic structure is described in space group Pmmm with the c-axis parallel to the
long cell dimension. The lattice parameters of the orthorhombic phase are: a = 0.3889 nm, b =
0.3849 nm, and ¢ = 1.1739 nm [62].

The tetragonal DyBCO structure is structurally almost identical to the orthorhombic form.
The most significant difference between the two forms occurs at the O(1) position of the insulat-
ing plane between adjacent BaO planes i.e. in the CuO chain layer. In the tetragonal structure
these sites are symmetrically equivalent and must be equally occupied. In the orthorhombic
structure, however, in the Cu-O chain layer oxygen atoms along the [100] direction (i.e. a-axis)
are completely removed, therefore, a is slightly longer than b.

3.5 Coated Conductors (CCs)

Coated conductors (CCs) (page 689 of [38]) are superconducting wires or tapes designed for
applications of superconductors in energy and magnet technologies. CCs consist of a metallic
substrate tape, in most cases a Ni alloy, coated with one or more buffer layers, and a super-
conducting layer on top (Fig. 3.10). The buffer layer prevents diffusion of metal elements into
the superconductor during high-temperature processing and provides the biaxial texture (i.e.
in-plane and out-of-plane texture) to the HTS film. In case of a textured substrate, the buffer
layer helps to transfer the biaxial texture of the substrate to the HTS film. Whereas in case of
an untextured substrate, the buffer layer itself provides a biaxial textured film, such that a HTS
film can be grown epitaxially on top of it. Note that the biaxial texture of the superconduct-
ing layer is necessary for obtaining high superconducting transport currents. A biaxial texture
yields small-angle grain boundaries that do not show the weak-links behavior, which is a major
problem of untextured cuprate HTS materials [63].

3.5.1 Requirements for applications

DyBCO films can be used in high-field applications at 77 K such as (i) fault current limiters,
(i1) motors, and (iii) generators. For the full utilization of the potential of HTS, however, many
technological and economical aspects have to be taken into consideration.

For building superconducting coils for magnets, superconducting tapes should be mechan-
ically flexible along with high-mechanical strength and relatively inexpensive to scale up to
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Figure 3.9: DyBa,Cus;O7.« (DyBCO) crystal structure: (a) orthorhombic and (b) tetragonal phase. The O(1) site in
the tetragonal phase is not fully occupied [37].

long lengths. This immediately highlights the great advantage of metallic substrates (or metal
alloy) and this requires a film deposition technology which provides almost single crystalline
(or biaxially-textured) superconducting films over kilometers of length. The substrate manu-
facturing and the film deposition technique should be cheap and easy to realize. Further dif-
ferent losses (AC and DC losses) should be minimized for improving the function/cost ratio.
It is essential to obtain losses as low as possible, especially in AC applications, in which the
magnetization losses are much higher than transport current losses due to flux flow resistance
[64].

Note that if the applied magnetic field, B, exceeds the lower critical field, B.,, which is
usually the case particularly for the anisotropic HTS such as YBCO, an AC current can no
longer be carried without loss.

A transport current in a superconductor generates a magnetic field around the conductor,

1-6 ym DyBCO
layer

2-3 um ISD MgO
buffer layer

80-100 pm

Hastelloy Substrate

Figure 3.10: A schematic diagram (layer structure) of coated conductors.
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which is called the self-field. With an AC transport current, the alternating self-field penetrates
the superconductor during each current cycle. Even if there is no external magnetic field, the
variation of the self-field inside the material causes a hysteresis loss, which is called self-field
loss. The dissipated energy is converted into heat that must be removed by the cooling system.
AC loss is therefore an undesirable phenomenon [65].

CCs rely on the development of low cost preparation methods, especially towards the pro-
duction of long lengths (few thousand meters). Over the past years various methods have been
investigated to achieve the long length CCs goals. To date 2G CCs can be formed by a variety
of processes such as: (i) ion beam assisted deposition (IBAD) [40], (ii) rolling assisted biaxially
textured substrate (RABITS) [41], and (iii) inclined substrate deposition (ISD) [24]. However,
in all cases, the manufacturing process comprises a series of steps. In the following sections
these three important technologies are explained in more detail.

3.5.1.1 TIon beam assisted deposition technology (IBAD)

The ion beam assisted deposition (IBAD) technology (page 691 of [38]) is based on untex-
tured metallic substrates and yields biaxially-textured buffer layers on an untextured substrate
by simultaneous ion beam bombardment to the film surface during growth. lijima and Fujikura
in Japan developed this technology in 1991 [40]. The biaxially textured templates by IBAD
solved the weak-link problem of the YBCO and yielded high critical current superconducting
tapes. However, the deposition of biaxially textured buffer layers is slow, since a predominant
fraction of the material deposited is removed by the impinging ions which generate the biaxial
texture and ensure that unfavorable orientations in the buffer layer are sputtered away. Further-
more, scale-up of this process to long lengths is complicated, however, has been realized by
SuperPower in the United State and companies in Japan [66].

3.5.1.2 Rolling assisted biaxially textured substrate technology (RABITS)

The rolling assisted biaxially textured substrate (RABiTS) (page 693 of [38]) is a technology
used by American Superconductors [67] a leading manufacturer for obtaining cube-texture of
a Ni (or alloy) substrate tape by utilizing the recrystallization behavior of Ni. The texture is
generated by conventional rolling of a Ni tape with heavy deformation (> 95%) to a roll texture
tape, followed by an annealing step which results in a recrystallization into the desired biaxi-
ally textured cubic phase of Ni. However, superconductor science and technology imposes two
challenges: (i) very pure starting material for the deformation processing, and (ii) an adequately
smooth surface. To meet these conditions, a multi-layer buffer system has been utilized. How-
ever, the use of a multi-layer buffer not only introduces significant complexity to the fabrication
process, but also increases the cost. Furthermore, the Ni (or alloy) substrate is a ferromagnetic
material, which affect the ac losses in these tapes due to magnetic hysteric loss and has a major
impact to the overall AC loss [68].

3.5.1.3 Inclined substrate deposition technology (ISD)

ISD technology yields biaxial texturing of the buffer layer by appropriate inclining the metal
substrate with respect to the incoming flux (Fig. 3.11). ISD was discovered by Smith in 1959
during the evaporation of permalloy on rather large substrates. By using ISD, Fujino and
Hasegawa [69] successfully textured yttrium stabilized zirconia (YSZ) templates on Ni alloy
tapes by PLD. In 1999, Bauer et al. [24] grew biaxially textured MgO buffer layers on Hastelloy
substrate by reactive thermal evaporation of Mg.

The ISD approach combined with thermal evaporation allows a very high deposition rate for
MgO at room temperature, which yields biaxially textured buffer layers for long lengths wire
technology on untextured (randomly oriented) substrate. Furthermore, ISD is independent of
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Figure 3.11: Schematics of (a) growth geometry and (b) growth chamber of the ISD technology [24].

recrystallization properties of the metallic substrate, therefore, untextured Hastelloy can be used
as a substrate material, i.e. a high strength non-magnetic untextured material.

Many efforts have been focused on understanding the mechanism of texture formation in
the ISD deposition. It is commonly accepted that the texture develops by an evolutionary shad-
owing process where only oriented columns survive [70]. Bauer et al. [25] reported a concept
of directional diffusion along with the concept of shadowing to explain the growth mechanism
and facets formation of the ISD MgO.

For thermal evaporation, the source materials are heated by some source of heat such as
resistive (thermal evaporation), electron-beam, or laser beam to melt or sublimate the material
into the vapor state. High vacuum is required to allow the molecules to evaporate freely in the
chamber, subsequent condensation on the substrate surface and to avoid condensation of atoms
of the gas. Multiple sources can be used to deposit alloys and composite materials.

CCs tapes studied in this thesis were grown using reactive thermal evaporation technique by
THEVA [25]. The metal species of the superconductor are evaporated in high vacuum ambient
by thermal evaporation and simultaneously an oxygen flow is introduced. Since HTS require
an elevated oxygen pressure for their oxide formation, the introduction of oxygen is essential.
To control the film chemical composition, the evaporation rate of the metal species and the flow
of oxygen have to be monitored inline and controlled precisely.

3.6 Flux-line Pinning in DyBa,;Cu307 based Coated Conductors

Flux lines could be pinned to energetically favorable sites (pinning centers) such as inhomo-
geneities or normal conducting precipitates. However, a short coherence length (¢, = 1.8 nm
atT =0 Kand £ = 2.7 nm at T = 77 K) of DyBCO requires defects (pinning centers)
as small as 3.6 nm to 5.4 nm (2£,;). Therefore, a high critical current density for wide range
of magnetic fields and temperatures could be achieved for HTS materials by maximizing the
homogeneity at the macroscopic level, i.e. the uniformity, alignment, and phase purity of the
macroscopic building blocks (DyBCO grains), while optimizing the inhomogeneities within
the building block to create flux pinning centers.

3.6.1 Intrinsic pinning centers

In cuprate materials (DyBCO or YBCO), there is strong anisotropy due to their layered structure
which produces noticeable pinning effects. The layered oxide materials have strong supercon-
ductivity in the CuO planes and are weakly linked in the c-direction. Hence, the structure of
the superconductor itself produces intrinsic pinning [71]. If a magnetic field is applied in the
ab-plane, the vortices will try to form in the layered structure. A Lorentz force in the c-direction
would try to force the vortices to move from one ab-plane to the nearby ab-plane, which is much
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Figure 3.12: Development of the in-field J. of high-temperature superconductors (HTS) at 77 K, B 11 ¢, as com-
pared to the performance of conventional superconducting wires such as Nb—Ti and NbsSn at 4.2 K [72].

more difficult, making the intrinsic anisotropy a powerful pinning force in cuprate materials.
Due to intrinsic pinning, the critical current density is strongly anisotropic with respect to the
applied magnetic field. Higher critical current densities are obtained with the magnetic field
lying in the ab-plane and lower values for the magnetic field parallel to the c-axis [71].

3.6.2 Artificial pinning centers

Intrinsic pinning will neither improve the overall (isotropic) pinning performance nor the pin-
ning for the magnetic field applied along the c-axis. However, practical applications require
a dramatic improvement of .J. for magnetic fields along the c-direction. This can be achieved
only by introducing artificial pinning centers (APCs) (page 699 of [38]). Lattice defects such as
lattice strain, dislocations, stacking faults, twin boundaries, nano-precipitates, and point defects
are examples of artificial pinning centers.

The introduction of APCs with controlled dimensionality and orientation is indispensable to
achieve a high J.. The APCs can be classified according to their dimension as follows: one di-
mensional APCs (1D-APCs) such as dislocations and columnar defects; two dimensional APCs
(2D-APCs) such as small-angle grain boundaries and anti-phase boundaries; three dimensional
APCs (3D-APCs) such as nano-particles, and secondary phases of the scale of £ or more. Ad-
ditionally, the defects smaller than &, such as vacancies, and cation disorder can be classified
as zero dimensional APCs (0D-APCs). The great improvements of J, in YBCO films were
obtained by 1D-APCs, such as dislocations, BZrO3 nano-rods, and by 3D-APCs, such as Y,03
nano-precipitates [73, 74].

The efficiency of the APCs is judged by the pinning performance of superconducting films.
In this sense, high-quality samples (maximum pinning force Fj,q. = 22 GN m3at 77T K, B ||
c¢) were recently obtained by Gutierrez et al., where YBCO films with BZO nano-rods were
synthesized. Fig. 3.12 shows the progress of critical current density of the YBCO based coated
conductors from the recent advances in the biaxial texturing technique and in APC technology
[72]. It has already been confirmed experimentally that the critical current density of YBCO at
77 K greatly exceeds that of commercial Nb—Ti wires at 4.2 K [72].

This success in increasing critical current densities in YBCO based superconductors is due
to detailed analysis of the materials by TEM and detailed analysis of anisotropic superconduct-
ing properties.



Chapter 4

Hastelloy-MgO Interface and
Diffusion Phenomena at Elevated
Temperatures

4.1 Introduction

The diffusion behavior of elements constituting Hastelloy-C276 (Mo, Cr, Fe, W, Co, Mn, and
Ni) in MgO films was investigated using scanning electron microscope (SEM) and transmission
electron microscope (TEM). The MgO films were deposited by inclined substrate deposition
(ISD) technology on Hastelloy substrates for the coated conductors (CCs) tape technology.

CCs are superconducting wires and are a key component for implementing superconduc-
tivity in a large range of application requiring high critical currents in presence of magnetic
fields. High critical current superconducting wires require almost single crystalline (biaxially-
textured) material over kilometer of length and the CCs technology is a key technology to
achieve this goal. The CCs technology consists of a flexible metal (alloy) substrate, a buffer
layer, and a superconducting thin film [24]. The buffer layer plays important roles such as pro-
viding a biaxially-textured template for the superconducting layer, and blocking the diffusion
of substrate elements at elevated temperatures [75]. Several technologies such as ISD [24], ion
beam assisted deposition (IBAD) [40], and rolling assisted biaxially-textured substrate (RA-
BiTS) [41] were developed with great success to achieve the biaxial texturing either in the
substrate itself (RABITS technology) or in the buffer layer (ISD and IBAD technologies). Sev-
eral studies could be found in the literature on texture analysis, however, only few studies were
reported on the diffusion barrier efficiency of the MgO buffer layer grown on a Hastelloy sub-
strate [75, 76]. All the reported studies are for IBAD deposited MgO buffer layers. For IBAD
technology, it was found that a thin amorphous alumina buffer layer on the Hastelloy substrate
acts as an efficient barrier for the Hastelloy transition metals diffusion in the MgO buffer layer
[75]. No study is available for the diffusion barrier efficiency for MgO buffer layers grown on
Hastelloy substrates by the ISD technology.

It is reported that at elevated temperatures (larger than 500 °C) and in an oxygen environ-
ment, super alloys such as Hastelloy-C4 [77], Hastelloy-X [78], and Hastelloy-C276 [79] form
a Crp O3 scale at the surface by thermally activated solid state reaction (SSR) or inter-diffusion
reaction (Kirkendall effect) [80]. In ISD technology, such a SSR or Kirkendall effect at the
Hastelloy-MgO interface may lead to a formation of voids at the interface, resulting in a poorly
adhering film interface. It is also reported that deviations in stoichiometry of DyBCO (YBCO)
and/or the presence of even small amount of impurities may have major effects on its supercon-
ducting properties. Therefore, a study of the Hastelloy-MgO interface is of utmost importance
with respect to the microstructure and diffusion barrier efficiency for ISD CCs technology.

Hastelloy-C276 is a Ni based alloy. It has a nominal composition of 18Cr, 11Mo, 8Fe,

45
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0.5Co, 0.5Mn, 4W, and 58Ni (at%) [78]. As discussed above, it forms a Cr, O3 scale at elevated
temperatures. The oxide scale formed at 800 °C were found crystalline with an average grain
size of 0.5-1.0 um [79].

To understand the thermodynamics of phase formation, void formation and diffusion at
the Hastelloy-MgO interface, understanding self-diffusion and inter-diffusion of the Hastelloy-
MgO system is important. Therefore, a set of diffusion data relevant for the Hastelloy-MgO
interface study were extracted from the references [81, 82] and presented in this study. Though,
the Hastelloy contains many transition metals, it forms almost a pure Cr, O3 scale at the surface,
so understanding the Cr diffusion data is of great importance. The diffusion coefficients of Cr**
ions were reported to be of the order of 107" cmZsec’!, 107!® cm?sec™!, and 10718 cm?Zsec! in
the Ni, Cr,03, and MgO matrices, respectively [82].

All the diffusion data available in the literature is for single crystalline bulk MgO materials.
In ISD technology, the MgO buffer layer is a thermally grown thin film, it has small (20-30 nm)
grain sizes along with porosity. Therefore, diffusion data for grain boundary and surface diffu-
sion should be considered. In addition, diffusion data is often not available for the temperature
range of interest, so extrapolation is the only choice.

Study of the Hastelloy-MgO interface revealed a diffusion layer and void formation at the
interface. Void formation at the interface resulted in a poorly adhering film interface. A study
of an additional layer of different materials that serves as a diffusion barrier for the Hastelloy
transition metal ions at the Hastelloy-MgO interface is presented in this chapter.

4.2 Experimental

Six ISD CCs samples from three different series were studied in this work, namely sample 2
(MgO series), 3 (DyBCO series), and 6-9 (Blocking layer series). Analyzed samples are listed
in Table 2.1 along with their layer structure and transport properties. A schematic drawing of the
layer structure for the relevant series for this work are also shown in Fig. 4.1. A more detailed
description about ISD CCs technology can be found in Chapter 3 and in references [24, 25].
For a fully-processed sample, the sequence of layers starting from the Hastelloy substrate was:
the ISD MgO bufter layer, the MgO cap layer and the DyBCO layer as shown in Fig. 4.1b.
All samples were grown by ISD technology using thermal evaporation for all deposited layers.
Among the layers, only the MgO buffer layer was deposited at room temperature and at an
inclined geometry, i.e. tilted with respect to the evaporation source. All the subsequent layers
were deposited in an untitled position and at elevated temperatures. A more detailed description
of the used setup and the deposition parameters are found in [24, 25].

The MgO series (sample 2) is a series of semi-processed samples and has only MgO buffer
layer on the Hastelloy substrate. Since the MgO buffer layer was deposited at room temperature,
samples of the MgO series were not exposed to high temperatures at all. Whereas, the DyBCO
series (sample 3) is fully-processed, i.e. all layers were deposited (see above paragraph). Since
the MgO cap layer and the DyBCO layer were deposited at an elevated temperature (around
700° C), samples of the DyBCO series were exposed to high temperatures during processing.

The blocking layer series (samples 6-9) are also fully-processed and were prepared in a
similar way as the DyBCO series, except that it had an extra buffer layer (of Y, Ag, Si, or Zr)
at the MgO-Hastelloy interface.

4.2.1 SEM and TEM specimen preparation

This study was intended to analyze the Hastelloy-MgO interface. Therefore, SEM and TEM
analyses were done in cross-section. Two types of SEM cross-section samples were prepared
by a Focused Ion Beam (FIB) workstation (Zeiss cross-beam 1540): one in a cross-section and
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Figure 4.1: Schematic of the layer structure of analyzed samples: (a) the MgO series i.e. a series of semi-processed
samples exposed to ambient temperature only, (b) the DyBCO series i.e. a series of fully-processed samples exposed
to high temperatures and (c) the blocking layer series i.e. a series of samples having an intermediate buffer layer at
the Hastelloy-MgO interface and exposed to high temperatures.
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Figure 4.2: Low-loss EELS of Cr and positions of energy window for acquiring Cr phase map by using superim-
posed energy-filtered (RGB) imaging technique.

the other in a longitudinal-section. The cross-section is a section perpendicular to the direction
of the tape direction and the longitudinal-section is along the tape direction (Fig. 2.7a).

TEM cross-section samples were prepared by either FIB technique (Fig. 2.10) or by con-
ventional cross-section technique, which was first established by Eyidi et al. [30] and recently
improved by Aabdin et al. [23] for ISD coated-conductors (Fig. 2.7). A more detailed descrip-
tions about the sample preparation can be found in Chapter 2.

4.2.2 SEM and TEM analysis

SEM and TEM conventional images were acquired for the study of the microstructure of the
MgO-Hastelloy interface. Whereas, low-loss energy-filtered TEM (EFTEM) images were ac-
quired for the Cr diffusion study in the MgO buffer layer at the MgO-Hastelloy interface. Low-
loss EFTEM imaging were performed by acquiring three energy-filtered images. The EFTEM
images were acquired at energy losses of 21 eV (Plasmon peak), 43 eV (Cr-My;, My edge) and
65 eV (21+43 = 65 eV, considering multiple scattering effect) with an energy slit aperture of 10
eV width as shown in Fig. 4.2 and the acquired images are shown in Figs. 4.3a-4.3c. Then, the
three EFTEM images were superimposed by assigning a false color to each of the EFTEM im-
age as 21 eV (Red), 43 eV (Green), and 65 eV (Blue) (Figs. 4.3e-4.3g) to yield a superimposed
energy-filtered image (Fig. 4.3h). For a detailed description of the EFTEM imaging technique,
see the first section of discussion of this chapter (Sec. 4.4.1). From now we will call low-loss
superimposed EFTEM images as RGB image, for simplicity.
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Figure 4.3: Energy-filtered TEM images of the Hastelloy-MgO interface acquired at energy losses (a) 21 eV, (b) 43
eV, (c) 65 eV, and (d) 0 eV with an energy slit of 10 eV width. False color coded images of EFTEM image: (¢) 21 eV
image as red, (f) 43 eV image as green, (g) 65 eV image as blue and (h) superimposed energy-filtered image (RGB).
Line scan profiles along the substrate normal (indicated by black dotted arrow) of the Hastelloy-MgO interface for
(1) 21 eV, (j) 43 eV, (k) 65 eV, and (1) RGB image.

4.3 Results

4.3.1 Microstructure of the Hastelloy-MgO interface of fully-processed sample

Figs. 4.4a and 4.4b show secondary electron images of sample 3 in cross-section and in lon-
gitudinal section, respectively. Note that all samples studied in this work had several layers,
here we show only the Hastelloy-MgO interface, as only this interface is relevant for this study.
Secondary electron images revealed voids (see white arrows) being 50-100 nm in sizes at the
Hastelloy-MgO interface. Voids formed at the end of the Hastelloy grain boundaries were about
400 nm in size (Figs. 4.4a and 4.4b). Voids had “V” shaped geometry and indented into the
Hastelloy substrate. Since the “V” shaped geometry was observed in both (cross-section and
longitudinal-section) two perpendicular directions, the voids had pyramidal or conical shape
with the base parallel to the Hastelloy-MgO interface and the tip indented in the Hastelloy sub-
strate.

Figs. 4.4c and 4.4d show RGB images of sample 3 of two different specimens prepared from
the same tape. The specimen shown in Fig. 4.4c was prepared by the conventional cross-section
technique, whereas specimen shown in Fig. 4.4d was prepared by the FIB technique. Consistent
with SEM results, the “V” shaped voids were also observed in TEM images, particularly in
Fig. 4.4d. A diffusion zone (bluish green colored layer indicated by black arrows in Figs. 4.4¢
and 4.4d) of about 20-50 nm thickness in the MgO buffer layer was observed. The diffusion
zone extended further (up to 300-400 nm) into the MgO buffer layer as the voids got bigger. The
core-loss EELS shown in Fig. 4.4e were acquired at the Hastelloy substrate (1), the diffusion
layer (2), and the MgO buffer layer (3). The EELS reference points are marked by small circles
in Fig. 4.4d. Spectrum 1 shows small chromium (Cr-Ly; 1i1) edge and no oxygen (O-K) edge,
while spectrum 2 shows a large Cr-Ly ii; edge along with the O-K edge, indicating that the
diffused zone is a Cr-rich oxide. Note that the Cr diffusion layer in Fig. 4.4c appeared as green
color, whereas in Fig. 4.4d it appeared bluish green. This is due to more pronounced multiple
scattering effect as the FIB prepared sample (Fig. 4.4d) was found to be thicker (80-100 nm)
than the conventionally prepared sample (Fig. 4.4c), which had a thickness of about 50-60 nm.
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Figure 4.4: Secondary electron images of the Hastelloy-MgO interface of sample 1 in: (a) cross-section and (b)
longitudinal-section. RGB images of the Hastelloy-MgO interface of sample 1 in cross-section prepared by (c)
conventional technique and (d) FIB technique. (e) core-loss EELS of the interface layers acquired at the points
indicated by small circles in (d).

4.3.2 Microstructure of the Hastelloy-MgO interface of semi-processed samples

Figs. 4.5a and 4.5b show secondary electron images of sample 2 in cross-section and in lon-
gitudinal section, respectively. In contrast to sample 3, no void formation was observed at the
Hastelloy-MgO interface.

Fig. 4.5c shows a TEM bright-field image of sample 2 in cross-section and Fig. 4.5d shows a
RGB image of the same area. Consistent with SEM results no voids were observed in the TEM
images. The RGB image also ensured that no Cr diffusion occurred at the MgO-Hastelloy
interface.

For comparison, high-magnification images of the rectangular areas at the Hastelloy-MgO
interface shown in Figs. 4.4 and 4.5 are shown in Fig. 4.6. Figs. 4.6a and 4.6b show a secondary
electron image and a RGB image of sample 3 at high magnification. The Hastelloy-MgO in-
terface was found to be rough and a roughness of about 135 nm was measured over several
microns of the interface length.

Figs. 4.6c and 4.6d show a secondary electron image and a RGB image of sample 2 at high
magnification. Both images show that the interface is void free and flat. A roughness of less
than 25 nm was measured over several microns of the interface length.
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Figure 4.5: Secondary electron images of the Hastelloy-MgO interface of sample 2 in (a) cross-section and (b)
longitudinal-section. TEM (c) bright-field and (d) RGB image of the Hastelloy-MgO interface of sample 2 in cross-
section.

4.3.3 Microstructure of the Hastelloy-Yttrium-MgO interface of fully-processed
samples with an Yttrium (Y) buffer layer

Figs. 4.7a and 4.7b show a TEM bright-field image and the corresponding dark-field image of
sample 7 in cross-section, respectively. Note that for sample 7 an additional layer of Yttrium
(Y) was deposited at the Hastelloy substrate yielding a Hastelloy/Y ttrium/MgO layer sequence.
The bright-field image shows that the MgO buffer layer had a flat interface with the substrate.
The interface roughness was measured to be less than 20 nm, no void was observed at the
interface. An 80 nm thick Y-buffer layer (marked by white dotted lines) was observed in the
dark-field image (Fig. 4.7b). The observed Y-buffer layer had a flat and sharp interface with the
MgO buffer layer but a rough interface with the Hastelloy substrate. A complex phase layer of
thickness around 150-200 nm was observed in between the Y-layer and the Hastelloy substrate.
The complex phase at the Hastelloy interface had a wavy nature as marked by the black dotted
line in Fig. 4.7b. Fig. 4.7d shows a selected area diffraction pattern (nearly two-beam condition)
of the interface. Since no amorphous ring was observed in the diffraction pattern, all the layers
and phases at the interface exist in crystalline phase.

Fig. 4.7c¢ shows a RGB image of the same area shown in Fig. 4.7a. Void formation and
Cr diffusion were not observed at the Y-MgO interface. On the other hand at the Hastelloy-
Y interface, no void formation was observed, however, Y-diffusion and formation of Cr-rich
phases in the Hastelloy near the interface were observed.

Fig. 4.8a shows a RGB image of another area of sample 7. Similar results as for the first
area (Fig. 4.7) were observed, i.e. a complex phase formation at the Hastelloy-Y ttrium interface
and a flat void free interface in between the Yttrium and the MgO buffer layer.

Similar to sample 3, core-loss EELS (Fig. 4.8c) were acquired for sample 7 at the points
indicated in Fig. 4.8a. Spectrum 1, which was acquired at the Hastelloy substrate, shows a
small chromium (Cr-Lyp,;1) edge but no oxygen (O-K) edge, while spectrum 2, which was
acquired at the Hastelloy-Yttrium interface, shows a large Cr-Ly,i;; edge along with the O-
K edge, indicating that a complex oxide phase formation occurred near the interface in the
Hastelloy substrate. Absence of Cr-Ly,iir edge in spectrum 3 confirmed that there is no Cr
diffusion in the MgO buffer layer.
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Figure 4.6: High-magnification images of the areas enclosed by dotted rectangles shown in Figs. 2 and 3: (a)
secondary electron image, (b) RGB image of the interface of sample 1 and (c) secondary electron image, (d) RGB
image of the interface of sample 2.

Table 4.1: TEM EDX quantitative analysis of sample 7 in cross-section. The reference points are indicated in
Fig. 4.8c and some of the spectra are shown in figure 9.

Spectrum Ni [at.%] Cr [at.%] Y [at.%] Mg [at.%] O [at.%]

Series Ni-K Cr-K Y-K Mg-K 0O-K
k-factor 1.32 1.15 2.77 1.08 1.77
Spectrum 1 58.8 17.6 0.0 0.9 22.5
Spectrum 2 63.2 17.8 0.0 0.8 18.1
Spectrum 3 5.7 30.1 15.8 0.0 48.5
Spectrum 4 8.1 10.5 5.4 1.4 74.4
Spectrum 5 5.1 26.5 13.9 0.0 54.5
Spectrum 6 1.1 0.8 40.3 0.0 57.6
Spectrum 7 0.8 0.5 0.0 42.2 55.9
Spectrum 8 0.7 0.6 0.0 42.2 56.3

Fig. 4.8b shows a ratio image of two energy-filtered images acquired at 46 eV and 24 eV
energy losses with an energy slit aperture of widths 10 eV. Y-rich phases appears bright, the
bright contrast down to the Y-buffer layer shows the complexity of the Hastelloy-Y interface
with respect to the Y-phase.

EDX point spectra (TEM) were acquired along the perpendicular direction of the interface to
quantify the chemical composition of each layer (reference points are indicated in Fig. 4.7¢). A
detailed quantitative analysis of the acquired spectra is summarized in Table 4.1 and some of the
spectra are shown in Fig. 4.9. Comparison of spectrum 2 and 3 (Fig. 4.9a and 4.9b) yielded that
there is an increase in Cr-content (decrease in Ni-content) at the Y-Hastelloy interface compared
to the Hastelloy substrate. Spectrum 6 (Fig. 4.9¢) confirmed that the Y-layer consisted of an
Y03 phase. Note that Y-layer was deposited as metallic Yttrium. Spectrum 7 (Fig. 4.9d)
confirmed that no Cr diffusion occurred in the MgO at the Y-MgO interface. The varying
chemical composition of Ni, Cr, and Y listed in Table 4.1 shows the complexity of the Hastelloy-
Y-MgO interface with respect to chemical composition. Small peaks of Al, Fe and Ti are due to
re-sputtering of the aluminum ring and the BaTiO3; dummy used for cross-section preparation.
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Figure 4.7: TEM cross-section (area 1) of sample 7: (a) bright-field image, (b) corresponding (002) dark-field
image, (c) RGB image of the area shown in (a) and (d) selected area diffraction pattern of the interface. The small
black circles in (c) show the EDX reference points.
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Figure 4.8: TEM cross-section (area 2) of sample 7: (a) RGB image (b) ratio-image of two energy-filtered images,
one acquired at 46 eV and the other at 24 eV with an energy slit of widths of 10 eV and (c) core-loss EELS of the
interface layers acquired at the points indicated by small circles in (a).

4.3.4 Microstructure of the Hastelloy-Ag-MgO interface of fully-processed sam-
ples with a Silver (Ag) buffer layer

Fig. 4.10a shows a low-magnification bright-field image of sample 6 in cross-section. In con-
trast to sample 7, the interface contained a high density of voids (white arrows in Fig. 4.10a)
of size 30-200 nm. Figs. 4.10b and 4.10c show RGB images of two different areas of sample
6. In both images no layer of Ag or AgOx was observed at the interface, instead, a CrOy layer
and a complex phase with wavy interface (black dotted line in Fig. 4.10c) were observed at the
interface. A high density of voids (white arrows) and Cr diffusion (black arrows) in the MgO
buffer layer at the interface were observed.

Similar to sample 7, a detailed quantitative analysis of EDX point spectra acquired at the
Hastelloy-Ag-MgO interface is summarized in Table 4.2 for sample 6. Some of the spectra
are shown in Fig. 4.11 and reference points are indicated in Figs. 4.10b and 4.10c. Spectrum 2
(Fig. 4.11a) shows an Ag containing complex phase at the interface. Spectrum 4 (Fig. 4.11b)
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Figure 4.9: TEM EDX spectroscopy of sample 7: EDX spectra of (a) the Hastelloy substrate (spectrum 2), (b)
the Cr-rich complex phase (spectrum 3), (c) the Y-layer (spectrum 6) and (d) the MgO buffer layer (spectrum 7).
Reference points are given in Fig. 4.7c.

Table 4.2: TEM EDX quantitative analysis of sample 6 in cross-section. The reference points are indicated in
Fig. 4.10b and 4.10c and some of the spectra are shown in Fig. 4.11.

Spectrum Ni [at.%] Cr [at.%] Y [at.%] Mg [at.%] O [at.%]

Series Ni-K Cr-K Y-K Mg-K 0O-K
k-factor 1.32 1.15 2.77 1.08 1.77
Spectrum 1 76.8 21.1 0.0 2.0 0.0
Spectrum 2 73.5 13.6 6.6 1.8 4.2
Spectrum 3 355 8.11 0.0 2.7 53.5
Spectrum 4 5.1 29.0 0.0 13.6 52.2
Spectrum 5 10.5 10.0 0.0 31.0 48.3
Spectrum 6 4.9 1.4 0.0 48.9 44.6
Spectrum 7 7.5 30.4 0.0 2.4 59.4

shows Cr diffusion in the MgO buffer layer at the Ag-MgO interface. The varying chemi-
cal composition of Ni, Cr, and Ag listed in Table 4.2 shows the chemical complexity of the
Hastelloy-Ag-MgO interface.

4.4 Discussion

4.4.1 Cr analysis by electron energy loss spectroscopy (EELS) and energy-filtered
TEM

EDX spectroscopy in the TEM is the method of choice for quantitative chemical analysis for a
large class of nanomaterials because of high lateral resolution of 10 nm and detection limit of
150 pmm. Elemental distribution by EDX elemental maps, however, requires a scanning unit,
which is not available in our instrument. Intead, we used EFTEM or electron spectroscopic
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Figure 4.10: TEM cross-section of sample 6: (a) overview bright-field image of the Hastelloy-Ag-MgO interface,
(b) and (c) RGB images of the interface of two different areas. Black arrows indicate the Cr diffusion in the MgO
buffer layer and small black circles show EDX reference points.
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Figure 4.11: EDX spectroscopy (TEM) of sample 6: EDX spectra of (a) the Ag-layer (spectrum 2) and (b) Cr
diffusion in the MgO buffer layer (spectrum 4). Reference points are given in Figs. 4.10b and 4.10c.

imaging (ESI) elemental maps.

The physical processes of electron energy loss spectroscopy (EELS) and ESI are same i.e.
inelastic scattering of electrons. Understanding the key features of the EELS is important for
optimizing acquisition of ES/EFTEM images. Though many features of the EELS (plasmon
peaks, ionization edges) can be used for energy-filtered imaging, the low-loss region has par-
ticularly great potential for imaging of chemical phases and obtaining phase maps, due to high
signal-to-noise ratio and images can be recorded within a few seconds. Therefore, identifying
the key features of the low-loss EELS related to the elements of interest and establishing the
corresponding finger prints in the spectrum is of crucial importance for obtaining a phase map.
The plasmon peak and ionization edges of Cr were identified in the low-loss spectra shown in
Fig. 4.2 and found Cr-1% plasmon peak at 21 eV, Cr-Myy,;; edge at 43 eV and Cr-M; edge at
74 eV. A complete list of ionization edge energy for relevant elements present at the Hastelloy-
MgO interface is listed in Table 4.3.

Since a Cr diffusion was identified by EDX spectroscopy, acquisition of Cr elemental maps
by EFTEM would have been a natural choice. However, acquisition of Cr-M elemental maps
by the three window method is difficult because of unfavorable peak to backgroud signal of
the Cr-Myp,1r1 ionization edge at 43 eV and the very steep background due to a plasmon peak at
21 eV. This slope of signal yields always too small number of contrast (intensity) in the final
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Table 4.3: Key features of the low-loss EELS of the ISD MgO buffer layer, the Cr diffusion layer, the Y-layer and
the Hastelloy substrate.

Phase/Layers Ionisation peaks/edges Peal/ionization edge

position (eV)
ISD MgO 15t, 2" plasmon peaks 11.5,23
buffer layer =~ Mg-Ly i, Mg-L; edges 52,89
Cr diffusion 15! plasmon peak 24
layer Cr-Mp i1, Cr-My edges 43,74
1% plasmon peak 14
Y_Iayer Y'NII,HI: Y—NI edges 26, 46
Hastelloy 15t plasmon peak 24
substrate Ni-Myp i, Ni-Mj edges 68, 112

elemental map. Therefore, we acquired three energy-filtered images at 21 eV (plasmon), 43
eV, and 65 eV and then superimposed them to yield a RGB image.

Note that this is a very fast technique (few minutes for one colored phase map). However,
large area mapping by EFTEM imposes stringent requirements on sample preparation. In order
to extract reliable quantitative information, specimen thickness must be smaller than a fraction
of the mean free path of inelastic scattering (A ~ nominally few tens of nm) and uniform over
the whole area of interest.

For quantification of the acquired phase maps, a line-scan intensity (grey value) profile
perpendicular to the interface was made for each EFTEM image as shown in Figs. 4.3i-4.31.
For the diffusion layer, there is a jump in the intensity in 43 eV and 65 eV EFTEM images
due to Cr diffusion. The increased intensity in 43 eV EFTEM image is due to the Cr-Myp,ii1
ionization edge and confirmed that the diffused layer is rich in Cr. Note that increased intensity
in 65 (21 + 43 = 64) eV EFTEM image is due to multiple scattering effect. Our results were
confirmed by acquiring few EDX spectra of the Cr diffusion layer (Fig. 4.11b), in which a high
peak of Cr can be seen.

4.4.2 Metal-oxide interface thermodynamics

Cross-section TEM analysis of the Hastelloy-MgO interface (Figs. 4.4 and 4.6) revealed that
the high temperature processing steps involved in the fabrication of thin films CCs introduced
structural and chemical changes at the interface. Note that neither void formation nor Cr diffu-
sion was observed at the interface for the samples processed at room temperature (Figs. 4.5 and
4.6). The void formation at the interface and the Cr diffusion from the Hastelloy substrate in
the MgO buffer layer will be discussed by considering the Kirkendall effect and the Ellingham
Diagram [83].

Certain metals have a high affinity to oxygen, i.e. a large negative enthalpy of oxide for-
mation. At a metal-oxide (oxygen rich medium) interface, the metal species starts diffusing
towards the oxide and oxygen towards the metal. Particularly at a sufficiently high tempera-
ture, an intermediate layer of metal-oxide is formed at the interface. This phenomena is called
thermally activated oxidation of metals and may lead to Kirkendall effect, yielding a porous
layer on the side of the more rapidly diffusing component [80].

Oxidation of alloys is much more complicated than a metal oxidation, as many different
effects can occur during oxidation of the alloy. Progression of the process depends on the alloy
composition, environmental conditions (temperature and pressure), free energy of oxide for-
mation of base metal and alloying element, concentration of alloying elements, and maximum
solubility of oxygen in the base metal.

The review of Wallwork [84] on the oxidation of alloys is worthwhile to discuss here to
understand the complex phase formation at the Hastelloy-Y interface and the Cr diffusion in
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Table 4.4: Free enthalpy of oxide formation of relevant elements present at the Hastelloy-MgO interface [83].

Oxidation reaction Free enthalpy A H (in joule/mole) of oxide
Element + O, = Oxide formation at 800 °C and Po; =1 atm. [83]

4Ag+ 0, =2Ag,0 Unstable, decomposed
4/3Cr + 0, = 2/3Cr,03 5.65x10°
Si + 0, =Si0, 7.08x10°
Zr + O, = ZrO, 9.50x10°
2Mg + O, = 2MgO 9.90x10°
4/3Y + 0, =2/3Y,0; 11.2x10°

the MgO buffer layer. The author reviewed the oxidation of Ni-Cr based alloys and reported
that oxidation of Ni-Cr alloys yield a full Cr,O3 layer formation on the alloy surface, only if
the alloy contains 15-20 wt.% Cr. The Cr,03 layer does not develop at once, initially NiO and
Cr,03 both nucleates on the surface, but due to its defect state the NiO grows more rapidly
and envelops the Cr,O3. This leads to rapid depletion of nickel in the surface and promotes
the formation of Cr,O3. Due to relatively low negative free energy of oxide formation, NiO
can react with Cr,O3 and produce some NiCr,O4 spinel. Therefore, presumably all diffusion
phenomena occurred at the Hastelloy-MgO interface proceeds with the formation of an oxide
layer of Cr (Cr,03) at the interface.

Let us assume a thin Cr,O3 layer formation at the Hastelloy-MgO interface and then con-
sider the work reported on the MgO-Cr, O3 system by Greskoich and Stubican [85]. The authors
showed that at higher temperature a SSR occurred, resulting in a spinel MgCr,O4 formation.
The growth of the spinel occurred by a counter diffusion of Mg?* and Cr3* cations through the
spinel layer i.e. the Cr*" cations of Cr,Oj layer are diffusing in the MgO and the Mg?* cations
of MgO in the Cr,O3 through the spinel layer (MgCr,0O4) and the rate defining cation is the
slowly diffusing Cr*" cation.

In spite of the higher diffusion coefficient of Ni in the MgO compared to Cr (Table 4.5), no
Ni diffusion was observed in the MgO. The reason for this might be the lower affinity of Ni to
oxygen compared to Cr [83] and formation of thin Cr, O3/ MgCr, 4, which acts as a blocking
layer for Ni diffusion in the MgO buffer layer.

A diffusion length of 2.4 nm for the Cr in the MgO was determined by assuming ¢ =
1 h, whereas the observed length was 20-50 nm. By considering the general trend of surface
diffusion, grain boundary diffusion and volume diffusion [86]:

Dsurface > Dgrain boundary > Dvolume
and the small (10-20 nm) grain size of MgO grains in the MgO seed layer reported by Duerrschn-
abel et al. [87], which is a typical feature of ISD growth, the long range Cr diffusion was
assigned to grain boundary diffusion in the MgO.

Furthermore, the observed big V-shaped void formation (Figs. 4.4a, 4.4b, and 4.4d) at the
Hastelloy grain boundaries ending at the interface can be understood by considering the grain
boundary diffusion of Cr in the Hastelloy and a Cr,O3 layer formation at the interface. We
showed and indicated the grain boundaries of the Hastelloy substrate in Fig. 4.4a (black arrows).
The Hastelloy substrate grains were found to be 2-4 um in size. Fast Cr diffusion along the
Hastelloy grain boundaries compared to the Hastelloy bulk, accumulate Cr at the interface and
at the Hastelloy grain boundaries near the interface. Therefore, the Cr diffusion in the MgO near
the Hastelloy grain boundaries occurred under a constant source of Cr [88] (Fig. 4.16)]. The
fast rate of diffusion of Cr in the Cr,O3 compared to the oxygen, results in a Kirkendall effect
[83], i.e. formation and accumulation of vacancies at the interface towards the fast diffusing
element (Cr) i.e. Hastelloy side, resulting in a big V-shaped void formation and the Cr diffusion
profile extended more deeply in the MgO as observed in Fig. 4.4d.

Loudjani et al. [89] studied the interface diffusion of Y,Oj3 films on the Ni (30 wt.% Cr)
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substrate and concluded that, the alloy substrate formed a Cr,O3 layer at the interface. After
oxidation, Y3' ions from Y,O; layer subsequently diffused in the Cr,O3 and finally in the
alloy substrate. A similar result was observed in our Y-layer deposited samples. As shown
in Fig. 4.7c a complex oxide phase with Cr-rich agglomerates was formed at the Hastelloy-Y
interface after the high temperature processing. A diffuse layer of Y in the Hastelloy substrate
near the interface can also be seen in Fig. 4.8b.

In contrast to Cr diffusion, no Y diffusion occurred at the Y-MgO interface, though, Berard
[90] showed that both Y and Cr had comparable diffusion coefficients (Table 4.5) in MgO. This
might be due to the fact that the Y-diffusion in the MgO requires Y,0O3 should decompose in
metallic Y, which is energetically unfavorable process [91].

4.4.3 Technological solution

CCs require biaxial texturing of the superconducting thin film over large length scale to ensure
maximum critical currents. Out of many well developed techniques such as RABITS, IBAD
and ISD, only the ISD technique is independent of substrate properties i.e. the texture and re-
crystallization properties of the metallic substrates. It only requires that the substrate should be
hard and non-magnetic. The surface of the substrate should be flat, free from voids (pits). Fur-
thermore, during the successive processing steps, it is important to ensure that no SSR should
occur between the substrate (Hastelloy) and the buffer layer (MgO) to avoid diffusion and voids
at the interface. Note that any SSR or inter-diffusion reaction (Kirkendall effect) at the inter-
face may lead to formation of a porous layer (voids) at the interface [80], resulting in a poorly
adhering film interface as observed in the present work for sample 3. From the above discus-
sion, it is clear that a planar layer of a passivating oxide of suitable thickness is necessary at the
Hastelloy-MgO interface to avoid Cr diffusion and void formation.

Yttrium buffer layers were deposited as metallic Y on top of the Hastelloy substrate. A
planar Y,03 layer was found at the interface after high temperature processing. The Y,03
layer acts as a blocking layer for Cr (Ni, Mo etc. present in the Hastelloy substrate) diffusion
and thus avoids void formation at the interface. The reason for this is that Y,Oj3 is an extremely
stable compound: Y,Os3 has one of the highest free energies for oxide formation. No multiple
valences exist, only the trivalent oxidation state is known. Structural stability is evidenced by
the lack of any phase transformations [92]. Y,0O;3 layers were also used as diffusion barrier
layers in Si-YSZ-Y,03-YBCO structures [93].

On the other hand, due to small negative enthalpy of oxide formation, Ag was found an
inefficient buffer layer. So in principle, any other material which has a high enthalpy of oxide
formation, i.e. ZrO,, SiO, (Table 4.4) might act as an efficient barrier layer at the Hastelloy-
MgO interface.

4.5 Summary

Diffusion phenomena at elevated temperatures of Hastelloy-MgO interfaces were studied by
SEM and TEM using specimens prepared in cross-section. Energy-filtered imaging was demon-
strated and utilized to image the Cr diffusion profile in the MgO buffer layer at the MgO-
Hastelloy interface. A 20-50 nm Cr diffusion zone in the MgO buffer layer was observed for
the interfaces that were exposed to high temperatures (700-800 °C) during processing. On the
other hand, no diffusion of any of the Hastelloy transition metals were observed for samples
that were grown at ambient temperature and were not exposed to high temperatures. There-
fore, it was concluded that the diffusion phenomena was thermally activated. The diffusion
phenomena yielded void formation of sizes 50-100 nm at the interface. The formation of voids
was explained by considering the diffusion data of relevant elements and Kirkendall effect. The
void formation at the interface yielded a rough and poorly adhering film interface.
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Table 4.5: Self and inter diffusion data of the relevant elements present at the Hastelloy-MgO interface [82, 83].

Diffusing Diffusion Dy Q T D Diffusion
ion matrix  (cm?sec’!) (kcal mole!) (°C) (cm?sec!) length (cm)
Cr 9.80x10%  6.80x10™ 760 3.88 x107'® 2.4
Ni*2 1.80x10°  4.83x10™ 760 1.06x10713 39.1

Mg*™? MgO 2.49x10°1  7.90x10™* 760 4.61x107'3 2.6
0?2 4.80x10*  3.02x10™ 760 1.93x107'0 1.7 x10™
Y*3 2.11x102%  7.04x10™ 760 2.59x107'7 6.1
Cr 4.00<107  1.00x10™° 760 2.64x10718 2.0
0?2 Cr,03 15.9 1.01x10% 760  7.11x107?! 0.1
Y*3 - - 760  8.00x10°'8 3.4
0?2 Y,0;3 7.24 5.86x10™ 760 2.81x102  2.0x10"
Y Y503 2.40x10%  4.39x10" 760 1.21x10713  4.2x10"?
Cr . 3.00x107%  4.08x10" 760 6.85x10""  9.9x10"3
Ni*2 Pure Ni 2.59 701x10% 760  3.68x10°15 72.8

To suppress or block the diffusion at elevated temperatures at the interface, a thin interme-
diate buffer layer of different elements such as Yttrium (Y), Silver (Ag), Silicon oxide (Si0O5),
and Zirconium oxide (ZrO,) were deposited at the interface. In this study we reported only the
two Y and Ag intermediate buffer layer. The Y buffer layer being 100 nm thick was found to be
an efficient barrier layer, as no diffusion and voids were observed at the interface. The metallic
Y formed an oxide at elevated temperatures, which acts as a blocking layer for the Hastelloy
transition metals diffusion. On the other hand Ag was found to be an inefficient buffer layer.
Therefore, on the basis of an Ellingham diagram, it was concluded that in principle any other
material which has a high negative enthalpy of oxide formation, i.e. SiO,, ZrO; would also
act as an efficient barrier layer for Cr (Ni, Mo etc. present in the Hastelloy substrate) at the
Hastelloy-MgO interface. It was found that the samples with Y-buffer layer yielded much bet-
ter adhesion between substrate and buffer layer. Note that a few 100 nm deep diffusion in the
MgO buffer layer will not affect the properties of superconducting film, therefore, almost no
changes in critical current densities were observed.



Chapter 5

Growth Behavior of Superconducting
DyBa;Cu307_4 Thin Films Deposited
by Inclined Substrate Deposition for
Coated Conductors

5.1 Introduction

Superconducting DyBa;Cu3O7_« (DyBCO) films were grown on biaxially-textured MgO bufter
layers deposited by inclined substrate deposition (ISD) on Hastelloy substrates. Despite a large
lattice mismatch of 8.5% between DyBCO and MgO, the DyBCO grew epitaxially on the MgO
buffer layer and the biaxial texture of the MgO was well transferred to the DyBCO. Typical
critical current densities, J., of the DyBCO film were 2.1 MA cm? at 77 K in a self-field.
Biaxial texturing is the key for reaching the high critical current densities and was investigated
by transmission electron microscopy. DyBCO grains were found to be 130-500 nm in size, with
faceted grain boundaries. The c-axis of the DyBCO grains was tilted away from the substrate
normal by 29° such that it was perpendicular to the MgO (002) facets. A high dislocation density
of 7.4x10" c¢m? and stacking faults along the ab-planes were observed in the DyBCO film.
Interface, grain boundary and volume energies of the DyBCO film were calculated and a growth
model for the DyBCO film is discussed. ISD offers the potential for high-quality, biaxially
textured MgO buffer layers suitable for long-length superconducting coated conductors (CCs).

ReBa,;Cu307.x (ReBCO, Re: rare earth, i.e. Y, Dy etc.) thin films yielding high critical
current densities are usually deposited as either single crystalline or biaxially textured material.
CCs require biaxial texture alignment of the superconducting thin film to ensure maximum crit-
ical currents. Several techniques, including ion-beam-assisted deposition (IBAD) [40], rolling-
assisted biaxially-textured substrates (RABiTS) [41] and ISD [24], were developed to deposit
biaxially textured films. The ISD technique: (i) yields a highly biaxially textured MgO buffer
layers at high deposition rates (20-100 A s™') and (ii) is independent of recrystallization prop-
erties of the metallic substrates. Therefore, Hastelloy [94], a high-strength, non-magnetic and
non-textured material, can also be used. ISD is a deposition method that is simple and easy to
accomplish, without the need of an assisting ion source or a complicated heat treatment.

In ReBCO CCs, the critical current density is strongly anisotropic with respect to the applied
magnetic field due to intrinsic pinning produced by the layer structure. Higher critical current
densities are obtained with the magnetic field lying in the ab-plane and lower values for the
magnetic field parallel to the c-axis [95]. It was found that dislocations play a dominant role in
the pinning, but other extended defects and point defects were also considered to be important
[96]. Since small-angle grain boundaries contain dislocations, their role for flux pinning in
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type-1I superconductors is important. The density of small-angle grain boundaries in RABiTS
and IBAD CCs is determined by the grain size of substrate (such as Ni), which is usually 40
pum.

Of all the CC technologies, the most detailed studies of growth and microstructure have
been published for the RABITS [40] and IBAD [97] technology. For both technologies, the
orientation of the c-axis is parallel to the substrate normal. Detailed comparisons of the mi-
crostructure with the critical current densities can be found in Refs. [96, 97]. Grain boundaries
are considered as being weak-links in ReBCO. However, if the misorientation angle is small (<
6°), the degradation of the critical current density is small. It was reported that the critical cur-
rent density across a grain boundary decreases drastically with increasing misorientation angle
and the boundary behaves as a weak-link for misorientation angles greater than 10° [59]. The
strong dependence of the critical current density on the grain boundary misorientation angle
is well documented for most families of CCs and is the primary factor limiting the fabrication
of high critical current density CCs. There are several investigations in the literature on the
weak-link behavior of grain boundaries, such as deviation from ideal stoichiometry [58] and
the presence of a strain field at the grain boundary due to edge dislocations [59].

CCs grown by the ISD technology are of great interest due to their unique growth properties:
the c-axis is inclined with respect to the substrate normal [98]. Furthermore, ReBCO supercon-
ductors are highly anisotropic [95]. Therefore, ISD CCs using ReBCO superconducting film
are expected to reveal a significantly different microstructure and superconducting properties
compared to IBAD or RABITS CCs.

So far, no detailed study exists for the ISD CCs. Transmission electron microscopy (TEM)
analysis of ISD CCs is demanding and requires careful sample preparation. In this chapter, for
the first time, we report the results of a detailed microstructural characterization and quantitative
chemical analysis of DyBCO films grown by the ISD technology. We present a calculation of
energies relevant for DyBCO and discuss the texture and growth mechanism of DyBCO films.

5.2 Experimental

5.2.1 Tape fabrication process

The DyBCO films studied in this work were grown by ISD technology. Critical current density
was measured by the contactless self-inductance method [99] at 77 K in a self-field and found
to be 2.1 MA cm?. Samples were grown by thermal evaporation for all deposited layers. The
sequence of layers starting from the Hastelloy substrate was ISD MgO buffer layer, MgO cap
layer and DyBCO layer as shown in Fig. 5.1a. Samples had a critical temperature of 87 K.

The MgO buffer layer was deposited on a Hastelloy substrate at room temperature by tilting
the substrate with respect to the evaporation source and using a deposition rate of 20 A s!.
After depositing the buffer layer, a MgO cap layer was grown at an elevated temperature in an
untilted substrate configuration and with a lower deposition rate. Subsequently, a DyBCO layer
was deposited. A more detailed description of the setup used and the deposition parameters are
found in Ref. [100].

5.2.2 SEM and TEM specimen preparation

Scanning electron microscopy (SEM) and TEM samples were prepared using either a focused
ion beam (FIB) [23] workstation (Zeiss cross-beam 1540) or conventional grinding and pol-
ishing followed by ion etching (Fischione 1010). TEM cross-section samples were prepared
in two different directions: one in cross-section and the other one in longitudinal section. A
cross-section is a section perpendicular to the tape direction whereas a longitudinal section is
along the tape direction (Fig. 5.1b).
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Figure 5.1: Schematics of (a) layer structure of the ISD CCs, (b) overlapped punching (notch formation) of CC tape
to retain the direction information in the punched out circular disk for cross-section and longitudinal-section TEM
specimen preparation and (c) crystallographic geometry of ISD films.

As cross-sections were prepared in two special directions, the samples were punched out
by overlapping the successive punches to retain the directional information in the punched-out
disks (Fig. 5.1b). This ensured that for the cross-section the c-axis and for the longitudinal
section the [110] direction, i.e. the tape direction (Fig. 5.1c), of the DyBCO was lying in the
plane of the TEM specimens. A more detailed description of the specimen preparation and ion
etching can be found in Ref. [23].

5.2.3 SEM and TEM analysis

Samples were investigated using a dual beam FIB [23] equipped with a secondary electron
detector and a Zeiss 912 omega TEM operating at 120 kV equipped with an in-column omega
energy-filter and an energy-dispersive X-ray (EDX) detector. All images were acquired using
a slit aperture of 10 eV width to increase the image contrast by eliminating the inelastically
scattered electrons.

5.3 Results

Several CCs of varying DyBCO film thickness were grown by ISD technology. Critical current
densities of DyBCO films were measured and a linear increase of the critical current with film
thickness was observed up to 7.5 um. The critical current density of DyBCO films with a
thickness of 6 um is close to that of thinner DyBCO films (DyBCO thicknesses up to 1 pm),
for which critical current densities range from 1.6 to 2.6 MA cm™. This indicates that the critical
current density does not decrease significantly with increasing film thickness [101]. For ISD-
DyBCO films thinner than 1 um, .J, remained below 2.6 MA cm™ at 77 K in a self-field. Other
technologies, such as RABITS and IBAD, yield .J, values up to 4 MA cm™ [102]. In a self-field
the magnetic field does not lie parallel to the ab-plane of DyBCO for ISD CCs (Figs. 5.6 and
5.7). In contrast, for CCs prepared by RABIiTS or IBAD technology, the self-field is always
parallel to the ab-plane, which is the favorable condition for highest J.. We assume this to be
the most relevant reason for the lower J. of ISD CCs in a self-field. Note that monolithic thick
ISD-DyBCO films yield high critical currents at 77 K in a self-field and almost no degradation
in J. with increasing film thickness was observed.

A detailed analysis of the microstructure of more than eight such CCs was carried out for
understanding the growth mechanism. In this chapter we report the microstructure of thin (<
1 um) DyBCO films; a detailed microstructural study of thick (1-6 um) DyBCO films can be
found in Ref. [101] and the references therein.

Fig. 5.2a and 5.2b shows secondary electron (SE) images of an ISD CC sample in cross-
section and in longitudinal section, respectively. The SE images revealed that sample had a well
defined faceted MgO-DyBCO interface. The DyBCO surface was also found to be faceted and
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Figure 5.2: Secondary electron images of an ISD CC in (a) cross-section and (b) longitudinal-section. All specimens
were prepared by FIB.

had a surface roughness of 110 nm. The ISD buffer layer grew in columns and the columns
were found to be tilted by an angle of 3°-5° with respect to the substrate normal.

Fig. 5.3a shows a low-magnification bright-field TEM image of the ISD CC sample in
cross-section prepared by the conventional cross-section preparation method. For image acqui-
sition samples were tilted such that the (001) direction of DyBCO was lying in the image plane.
Under such conditions all the layers from the Hastelloy substrate to the DyBCO surface were
imaged; these are the Hastelloy substrate, the MgO buffer layer, the MgO cap layer and the
DyBCO layer. The thickness of each layer was measured and matched well with the deposited
nominal thicknesses.

Fig. 5.3b shows a bright-field image of the DyBCO film, which revealed the facets at the
MgO-DyBCO interface similar to those seen in SE images (Fig. 5.2a). Compatible with SEM
results, a faceted DyBCO surface was observed. Fig. 5.3c shows a high-magnification dark-
field image using (001) reflection of the DyBCO. The DyBCO grain boundary is marked by
white arrows and found to be faceted and tilted with respect to the substrate normal. A high-
resolution image of the MgO-DyBCO interface is shown in Fig. 5.3d. In the DyBCO film,
(001) lattice fringes were observed (white parallel lines in Fig. 5.3d) and it was found that (001)
planes are parallel to the larger edges of facets, i.e. the c-axis of the DyBCO is perpendicular
to the facets. The facet height was measured to be 70—130 nm and the facet wavelength was
130-350 nm. Fig. 5.3¢ shows a selected area electron diffraction pattern (SAED) acquired at
the MgO-DyBCO interface, which revealed that the (007) reflections i.e. the c-axis of DyBCO,
is parallel to the (002) of MgO.

Fig. 5.4a shows a low-magnification bright-field TEM image of the ISD CC sample in
cross-section prepared by FIB. The DyBCO layer was imaged over few microns and showed
similar (as seen in Fig. 5.3) facets at the MgO-DyBCO interface and a faceted DyBCO top
surface. Figs. 5.3 and 5.4 show similar results, proving that the microstructure of the CC is
very homogeneous over the length of the CC tape. The DyBCO grains in the lower part of the
film were found to be 130-350 nm in size, which is a typical size of the MgO facets. Grain
boundaries of the DyBCO grains were found to be faceted and the succeeding facets at the
grain boundaries had a tendency to tilt away from the substrate normal (Fig. 5.4b). The overall
tilt of the grain boundaries with respect to the substrate normal was found to be 20°—40°. Fig.
5.4c shows a high-resolution dark-field image using the (001) reflection of DyBCO. Stacking
faults along ab-planes and threading dislocations running along the c-axis were observed (Fig.
5.4c). The inset in Fig. 5.4c shows a SAED of the MgO-DyBCO, which shows exactly the
same results as observed in Fig. 5.3e. Since the (00]) direction of the DyBCO layer and (002)
of the MgO were parallel as observed in the diffraction patterns (Figs. 5.3e and 5.4c inset), the
biaxial texturing of the MgO buffer layer was well transferred to the DyBCO layer. Lattice
fringes and the SAED in Fig. 5.4c show that the c-axis was tilted with respect to the substrate
normal by 29°. Note that both the c-axis and the overall grain boundary are found to be tilted
with respect to the substrate normal, the former in the left direction and the latter in the right
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Figure 5.3: TEM cross-section (conventionally prepared) analysis of a high J. ISD CC: (a) low-magnification
bright-field image, (b) bright-field image of the DyBCO layer, (c) g = (001) dark-field image of a DyBCO grain
boundary, (d) high-resolution bright-field image of the MgO-DyBCO interface and (e) diffraction pattern of the
MgO-DyBCO interface.

direction for the present case i.e. in opposite directions. Since the diffraction pattern shows a
small spread in (001) reflections of 3°, DyBCO grains form small-angle grain boundaries. A
high dislocation density of 7x10!'! ¢cm™ was determined in the DyBCO film in cross-section
near the MgO-DyBCO interface, i.e. at the lower part of the film.

Fig. 5.5a shows a bright-field image of the DyBCO of the ISD CC sample in plan view. Fig.
5.5b shows a corresponding dark-field image acquired in a (110) two-beam condition. DyBCO
grains and their grain boundaries could be clearly identified. DyBCO grains were found to
be 130-500 nm in size. Diffraction contrast images were heavily dominated by dislocation
contrast due to the high dislocation density. Fig. 5.5c shows a SAED in false color of the
DyBCO film in plan view. A radial intensity plot of the diffraction pattern is shown in Fig.
5.5d. Although an overall spread of 16° in the (110) reflection was measured (Fig. 5.5d), the
fine structure in the polar plot yielded that the adjacent DyBCO grains had a 4°-6° in-plane
misalignment with each other and hence formed small-angle grain boundaries. Note that the
[110] direction is the current direction within the tape. Fig. 5.5¢ shows a high-magnification
dark-field image of the same area using a different (111) two-beam condition. Rotational Moire”
fringes and dislocations at grain boundaries can be seen in the enlarged view shown in Fig. 5.5f.
Rotational Moire” fringes along the (111) diffracting vector (§) with a fringe spacing (|Ag| _1)
of 2.32 nm were observed as shown in Fig. 5.5f. Since the g vector is perpendicular to the Ag
vector, the observed fringes are of rotational Moire” fringe type. Therefore, using the formula
B = 2sin~" (4/2d,,) [9], where 3 is the rotation angle between grains, d,, = |Ag |1 is the
separation between Moiré fringes and d is the interplanar spacing of the DyBCO, a small-angle
of rotation 6.5° was calculated between adjacent DyBCO grains in the ab-plane. Note that
the quantitative analysis of plan-view diffraction pattern discussed in the above paragraph also
revealed similar results (4°—6°) for in-plane grain orientations. Therefore, grain boundaries are
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Figure 5.4: TEM cross-section (FIB prepared) analysis of a high J. ISD CC: (a) low-magnification bright-field
image, (b) g = (001) dark-field image of the DyBCO layer and (c) high-resolution g = (001) dark-field image of
the MgO-DyBCO interface. The inset in (c) shows the diffraction pattern of the MgO-DyBCO interface. Some
of the dislocation, dislocation loops and stacking faults are indicated by white, black and black (triangular) arrows,
respectively.

small-angle grain boundaries. Similar to cross-section analysis, a high dislocation density (10!!
cm) was observed in plan view, i.e., at the top part of a 330 nm thick film.

5.4 Discussion

5.4.1 Inclined substrate deposition (ISD) technology

In ISD CCs a biaxial texturing is found with a tilt of the crystal axis with respect to the sub-
strate normal [24]. Together with the anisotropy of DyBCO the critical current density of ISD
CCs behaves very differently as compared to RABiTS and IBAD CCs. Keeping the magnetic
field along the same crystallographic directions as in RABITS or IBAD CCs, the critical cur-
rent density dependence follows the trend of the anisotropy of the crystal structure. Besides
the difference in orientation of the film with respect to the substrate normal, the grain size is
significantly smaller in ISD CCs as shown by our results.

5.4.2 DyBa,Cu307, film growth mechanism and origin of microstructure ob-
served

In Figs. 5.3 and 5.4, we showed that the MgO—DyBCO interface is periodically faceted. The
surface of the facets is parallel to the (200) plane of MgO. MgO is known as an ionic compound,
the (200) planes are stoichiometric and not charged. The facets appear to be planar, even atom-
ically flat, and the average length and height of the facets are 250 nm and 85 nm, respectively.
The size of the MgO facets (i.e. facets length and height) scaled with the ISD-MgO thickness.
Facets form only beyond a critical thickness of the ISD—-MgO layer. The size of facets increases
with MgO thickness up to a thickness of 2 um, and stays constant for thicker films [103].

The observed faceted surface in ISD MgO yields an increase of surface area of 1.3 in one di-
mension with respect to an unfaceted surface. The MgO surface energies are highly anisotropic,
i.e. the ratio of the {111} to {100} surface energies is 1.29, as reported by Wander et al. [104],
corresponding to the increase of surface area. Thus, we consider the driving force for the MgO
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Figure 5.5: TEM plan view (conventionally prepared) of a high J. ISD CC: (a) bright-field image of the DyBCO,
(b) corresponding dark-field image using g = (110), (c) diffraction pattern of the DyBCO in false color and (d) polar
intensity plot along the shown white dotted arc in (c), i.e. of the (110) reflection. (¢) High-magnification dark-field
image using g = (111) and (f) an enlarged view of rotational Moire” fringes observed at DyBCO grain boundaries
in (e).

surface faceting to be the anisotropy of the MgO surface energy together with the directional
diffusion.

ReBCO thin films grown on single crystalline (002) oriented MgO showing epitaxial growth
were reported in literature. It is reported that epitaxy occurs under strain due to the significant
lattice mismatch (8.5%) between MgO and DyBCO. This strain is accommodated by the gen-
eration of misfit dislocations playing an important role in the growth mechanism. It was found
that screw dislocations were a general feature of the epitaxial growth of c-axis ReBCO films
[96]. In most of the cases the operating growth mode was suggested to be screw dislocation
mediated island growth [105].

Electron diffraction revealed that the DyBCO (00/) direction was parallel to the (002) MgO
direction, both being perpendicular to the facets. In the facet plane, the (hk0) crystallographic
axes of the MgO were parallel to the (hk0) crystallographic axes of the DyBCO. Thus, the
DyBCO films grew epitaxially on facets and biaxial texturing transferred well from the MgO
to the DyBCO, despite the large misfit in lattice parameters. The misfit of DyBCO with respect
to MgO is 8.5%, the lattice parameters being 0.388 nm and 0.421 nm for DyBCO and MgO,
respectively. It was pointed out by Aguiar et al. [106] that any misorientation of the ReBCO
with respect to the MgO substrate would yield a significant increase of interface energy, larger
than for SrTiO; and CeO,. Thus, MgO will strongly force DyBCO to grow at precisely the
same orientation.

5.4.3 Considerations of relevant energies in DyBa, Cu;07 films

The observed microstructure in DyBCO thin films can be understood by considering surface,
grain boundary and volume energies due to strain; the total energy per volume is the sum of
these quantities. Since elastic strain contributes significantly to the interface, grain boundary
and volume energies, elastic constants for ReBCO were used according to Ref. [107]. ReBCO
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is reported to be elastically highly anisotropic: markedly different values for Cy; (218.5 GPa)
and Cs3 (61.1 GPa) were reported, and Cgg (65.5 GPa) was about twice as large as Caq (32.8
GPa). The anisotropy is also seen in the off-diagonal elements C;, (87.6 GPa) and C;3 (52.5
GPa). However, for simplicity the DyBCO film was still considered to be elastically isotropic
and we used the shear modulus (1 = 42.32 x 10° N m™) and Poisson’s ratio (v = 0.356).

Surface energies were measured by nanoindentation for different crystallographic planes
of YBCO by Miletto et al. [108] and will be used here for DyBCO. As expected, the smallest
surface energy (Y, fqce = 0.56 7 m2) was found for the (001) planes. This value is small
compared to other compounds, e.g. MgO, and favors the formation of faceted surfaces.

We estimated the interface energy of MgO and DyBCO assuming complete misfit relaxation
by misfit dislocations at the MgO—-DyBCO interface. The density per area of such dislocations
was calculated using the formula (eq. 2.171 in [109]):

2
;2 = <£) (5.1)

where D is the spacing between misfit dislocations, b = |B| is the Burgers vector and f (=
8.5%) is the lattice misfit between MgO and DyBCO. Thus, by assuming a Burgers vector of
type [100] and excluding the energy of the dislocation core, which is usually assumed to be
equal to the energy of the strain field [110], the total energy of the interface is given by (eq.
2.169 in [109]):

ub? h
inter face — In— 1 5.2
Yinter 27r(1—y)D<nb+> (52)

where, h is the DyBCO film thickness. As a result we obtained an interface energy of 2.8 J m~
(assuming p = 42.32 x 10 Nm?2, b = 0.38 nm, v = 0.356, D = 4.47 nm and h = 500
nm). Thus, this interface energy is significantly larger than the (001) surface energy of the
DyBCO, which is 0.56 ] m2. The MgO-DyBCO interface energy is fairly independent of the
film thickness.

The DyBCO film is strongly biaxially textured. Therefore, grain boundary energies, vgp, of
small-angle grain boundaries are relevant and were calculated using the Read—Shockley formula
[eq. 2.142, [109]]:

YaB = 00t(A — In); (5.3)
where,
_ . mb
o9 = (1 =) (5.4)
and
A= M —Ina (5.5)
jb?

where, § = b/ D' is the tilt angle of the small-angle grain boundary, D’ is the spacing between
edge dislocations forming the grain boundary, F is the energy per unit length of the dislocation
core, and « is a constant of the order of unity. With these assumptions, the grain boundary
energy of a 5° tilt grain boundary yields 0.31 J m™.

The ratio of surface energy and grain boundary energy will determine the amount of groov-
ing, i.e. surface roughness. The observed angles can be related to the energies by the equation
[111]:
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Figure 5.6: Schematic drawing of growth modes for (a) the IBAD and/or RABITS and (b) the ISD. (¢) A non-zero
component of DyBCO growth along the ab-plane of DyBCO only exists in the ISD grown CCs.

YGB _ Ys1 _ YS2 (5.6)
sin (0s1—g2)  sin(0so—gB)  sin(0s1—gB) '

where, 51 and g2 are surface energies, 051 — g2 is angle between the two surfaces, sin (0s1-gp)
and sin (Aso—gp) are angles between the respective surfaces and grain boundary. Note that

planar surfaces with little grooving (roughness) are expected for small-angle grain boundaries.

The amount of grooving of DyBCO surface was studied by cross-section TEM and allows to

estimate the energy of the grain boundaries if the surface energy was known.

The high dislocation density observed in the DyBCO films was surprising. Therefore, we
calculated the volume strain energy for such configurations. A dislocation density of 7.4x10!!
cm was determined by TEM. The line energy of the dislocations was 1.98x107 J m™!, re-
sulting in a volume energy, F,;, of 2x107 J m™. These basic energies for DyBCO films are
summarized in Table 5.1. Considering that only grain boundaries with angles less than 10°
appear in the films, the relation hold:

MgO-DyBCO interface energy (2.8 I m>) > DyBCO surface energy (0.56 J m?) > DyBCO
small-angle grain boundary energy (0.31 I m2)

We calculated energies of DyBCO grains as a function of thickness to understand which
of the energies, volume or interface energies (surface, interface, grain boundary), were domi-
nant. A functional for the energy per grain, Fy,qin, as a function of the grain size, x, and film
thickness, h, can be expressed as:

Egrain = A$2 + Bxh + szh = (’Ysurface - ’Yinterface)xQ + 4’)’(;3%]1 + Evol$2h (57)
Thus, the energy per unit volume of the DyBCO grains can be represented as:

Byrain _ (ourfoce + Yinterfoce) | 4068 | g (5.8)
z2h h €T

In Table 5.1 energy values are listed for a grain size of 500 nm which is a typical size
observed by TEM. The ratio of volume energy vs. interface energy yields unity for a film
thickness of 185 nm.

The work of Aguiar et al. [106], indicates that the misorientation of YBCO with respect
to MgO dramatically increases the MgO-DyBCO interface energy. As a consequence, at the
MgO-DyBCO interface the DyBCO grain size was found to be equal to the MgO grain size (250
nm). Thus, the misorientation of the MgO columns is directly transferred into a misorientation
of the DyBCO grains, fixing the grain size of DyBCO.
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Figure 5.7: Growth mechanism of DyBCO films for the ISD technology: (a) secondary electron image of the
DyBCO layer in cross-section with overlay schematics. The schematic shows shape and tilt of facets at the
MgO-DyBCO interface and of DyBCO top surface with respect to substrate. (b) A schematic drawing of the
growth mechanism of the DyBCO film on a tilted geometry (faceted MgO buffer), the tilting mechanism of the
grain boundaries and the c-axis out of the substrate normal.

Table 5.1: Calculated energies for DyBCO films grown by the ISD technology.

Energy Energy/grain*
Interface energy (Yinterface)  2.87 m?? Yinter face A= 0.7 1012 J
Surface energy (Vsurface) 0.56 J m™ Ysur face = A =0.14 1012
Grain boundary energy (v,;) 0.31] m dyop-A=0311012]

Volume energy of strain
dislocations (Eyq; )

* we assumed that the basal area of DyBCO grain (4) = z - y = 500 - 500 nm*=0.25 102 m?
and thickness of the DyBCO film (z) = 500 - k. nm = 0.5 - h 10"'> m?, where h is a factor.

202107 Tm3 E, ;- A 2=252-h1012]J

5.4.4 Comparison of the microstructure of inclined substrate deposition (ISD)
grown films with films grown by other technologies

It is well documented that both IBAD [97] and RABITS [41] can produce high quality biaxially
textured ReBCO films with an in-plane alignment better than 10°. However, ReBCO is highly
anisotropic with respect to growth, i.e. it shows a slow growth along the c-axis and a fast growth
along the ab-axes (Fig. 5.6a), which makes the growth process unstable with respect to a-axis
growth for RABITS and IBAD technologies, i.e. once a-axis grains are formed they quickly
grow. Note that a-axis growth breaks the biaxial-texturing and introduces large-angle grain
boundaries, which dramatically limit the critical current density in CCs [59]. On the other hand
in the case of ISD, well defined MgO facets provide a tilted geometry for the DyBCO growth as
shown in Fig. 5.6b. Due to the tilted geometry the growth direction has a non-zero component
parallel to the ab-plane of DyBCO (Fig. 5.6c), which makes the growth process stable with
respect to a-axis growth. The results presented in this chapter showed that no a-axis grains
exist for DyBCO films grown on faceted MgO buffer layers.

Furthermore, due to the tilted geometry and highly anisotropic nature of DyBCO with re-
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spect to growth, faceted grain boundaries appeared in ISD CCs as shown in Figs. 5.3c and 5.4b.
The facets of the grain boundaries are aligned along the ab-plane of DyBCO. The nonzero com-
ponent of growth along the ab-plane of DyBCO and the grain boundary facet formation tilts the
grain boundary away from the substrate normal, as seen in Fig. 5.4b. The faceted structure of
the substrate is not found for RABITS or IBAD technology, for which ReBCO is deposited on
planar and unfaceted surfaces [41][97]. The grain boundaries always appear roughly parallel
to the substrate normal [95]. By considering the above discussion, a growth model for DyBCO
is presented as shown in Fig. 5.7.

5.5 Conclusions

DyBCO films were grown on biaxially textured MgO buffer layers deposited by ISD technology
on Hastelloy substrates and were analyzed by SEM and TEM in cross-section and plan-view.
Typical critical current densities of DyBCO films were 2.1 MA cm™ at 77 K in a self-field.
The MgO-DyBCO interface was found to be faceted; the smooth and planar MgO facets were
found to be parallel to the MgO {200} planes. Facets had an average length of 250 nm and
a height of 85 nm. The c-axis of the DyBCO film was tilted away from the substrate normal
by 29° such that it was perpendicular to the MgO facets. A maximum misalignment of 3° was
found in the c-axis and a maximum misorientation of 6° was determined in the (110) direction
of adjacent DyBCO grains. Therefore, the DyBCO film had a good in-plane and out-of-plane
biaxial texture. In the DyBCO film grains were found to be 130-500 nm in size; no a-axis
grains and only small-angle grain boundaries were observed. A high dislocation density of
7x10'" em™ was found in the DyBCO film.

The driving force for faceting of the MgO surface is the anisotropy of MgO surface energies
together with the directional diffusion due to ISD. Grain boundary, interface and volume ener-
gies of the DyBCO film were calculated. It was found that the MgO—-DyBCO interface energy
has the largest value amongst all calculated energies. Misorientation of DyBCO with respect to
MgO dramatically increases the interface energy and favors the epitaxial c-axis growth of Dy-
BCO on MgO facets. The lowest energy was found for surface energies, which allows faceted
DyBCO surfaces.

In summary, optimized growth conditions for the MgO films yielded a well-faceted surface
and a highly biaxially textured growth behavior of the DyBCO in ISD technology. This is due to
the faceted structure of the MgO surface yielding a non-zero component of the DyBCO growth
parallel to the ab-plane. The growth velocity is larger in the ab-plane for this compound. A
growth model for DyBCO is presented.






Chapter 6

Microstructure of BaZrQO3 Doped
DyBa,Cu3z0~_4 Coated Conductors
Deposited by Inclined Substrate
Deposition

6.1 Introduction

Microstructure engineering provides an effective way to improve the magnetic vortex pinning
via addition of nano-precipitates into a superconducting matrix. Precise control of these nano-
precipitates, including their dimension and alignment, is critical to obtain optimal pinning.
BaZrOj3 nano-precipitates (BZO-NPs) in inclined substrate deposition (ISD) grown DyBa; Cus-
07« (DyBCO) films were introduced by electron beam evaporation of DyBCO powder with
3.5 wt.% BZO addition. A critical current density (J.) of 1.1 MA cm™ at 77 K in self-field was
measured. Alignment and size of the BZO-NPs were investigated using transmission electron
microscope (TEM). The alignment of NPs was greatly affected by the tilted geometry of ISD
growth.

For most of the large-scale applications of coated conductors (CCs), a high critical current
(1) in the presence of high magnetic fields is required. The layered structure of YBCO (or Dy-
BCO) provides sufficiently strong natural pinning for the fields applied in the ab-plane. These
natural pinning sites, however, are ineffective for the applied magnetic field along the c-axis of
DyBCO. In the last few years, particularly, for the ion beam assisted deposition (IBAD) and the
rolling assisted biaxially-textured substrate (RABiTS) technologies a significantly enhanced /.
for high magnetic fields applied along the c-axis was achieved by introducing columnar defects
aligned along the c-axis of YBCO [112, 113]. Recently, for a 2 pm thick YBCO film grown
by IBAD technology, an 7. of 1010 A cm™! at 75.6 K in self-field and a minimum /.. of 234 A
cm™! at 75.6 K and at 1T field was achieved [114].

Due to the tilted geometry, ISD grown DyBCO films showed significantly different /. de-
pendence on the angle between applied magnetic field and substrate normal. The maxima of /,
were found for the field applied along the ab-plane, not parallel to substrate [100] as for other
technologies. ISD grown DyBCO films showed reduced anisotropy in /., most probably due
to high density of small-angle faceted grain boundaries and dislocations. It is well known that
defects such as vacancies, stacking faults, twin boundaries, low angle grain boundaries, disloca-
tions, and precipitates act as natural pinning centers. In this chapter we report the microstructure
of BZO doped DyBCO films grown by the ISD technology.

71



72 Chapter 6. Microstructure of BZO-doped DyBCO CCs deposited by ISD

005) 7%
. ©03) 7% N
. 1001) 7"
DyBCO film Substrate ' '
normal
c-axis %
r? H

\30"

DyBCO seed layer
| 300 nm

\4

005) 7",
(003) 7 &

MgO cap layer 500 nm (001) 7'

(002) MgO 7™

DyBCO film DP2

2 T/nm
Figure 6.1: (a) A low-magnification bright-field image of the DyBCO film, (b) a dark-field image of the DyBCO

top surface from a thick region showing the surface roughness, (c) and (d) are selected area electron diffraction
patterns acquired at the top part and lower part of the DyBCO film, respectively.

6.2 Experimental

In this chapter the DyBCO+BZO series samples were studied (Sample 10, Table 2.1). MgO
buffer layers were deposited on Hastelloy substrates at room temperature by tilting the sub-
strates with respect to the evaporation source. Subsequently, BZO-NPs in DyBCO films were
introduced by electron-beam evaporation of DyBCO powder with 3.5 wt.% BZO addition. A
more detailed description of the used setup and the deposition parameters are found in reference
[100]. The layer structure of the analyzed sample is listed in Table 2.1 and shown in Fig. 2.1e.
A typical critical current density of 1.1 MA cm at 77 K in self-field was measured.

TEM cross-section samples were prepared by mechanical grinding and polishing [30]. TEM
plan-view samples were prepared by dimpling the sample down to 20 um thickness, followed
by ion-milling (Fischione 1010). More detailed descriptions about the sample preparation can
be found in Chapter 2.

Conventional microscopy was done at a Zeiss EM912Q TEM operated at 120 kV equipped
with an in-column energy filter and an energy-dispersive X-ray (EDX) detector. All TEM im-
ages and diffraction patterns were acquired using a 10 eV energy slit aperture to reduce inelas-
tically scattered electrons contributing to the image background. A more detailed description
about the used microscope and acquisition conditions can be found in Chapter 1. For nanos-
tructural information, a FEI Titan TEM with probe and Cs corrector having a resolution of 0.08
nm in scanning TEM (STEM) mode was used. High resolution high angular annular dark field
(HR-HAADF) images were acquired using either a camera length of 145 mm or 70 nm.

6.3 Results

Fig. 6.1a shows a low magnification bright-field image of the DyBCO film (Sample 10). A
faceted MgO-DyBCO interface was observed as reported for other series of ISD CCs in the
previous chapters. On top of MgO buffer layer a 300 nm thick DyBCO seed layer (i.e. pure
DyBCO film without any BZO-NPs) and a 1000 nm thick DyBCO film with BZO-NPs were
observed. Fig. 6.1b shows a (001) dark-field image of the DyBCO top surface from a thick
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Figure 6.2: A STEM image of the MgO-DyBCO interface of sample 10 in cross-section acquired by a FEI Titan
microscope using a camera length of 145 mm. In the image planar defects (black arrows) and grain boundaries
(white arrows) are marked.

region to image the DyBCO film surface roughness as in the thin part shown in Fig. 6.1a the
top surface is partially etched out. A flat DyBCO surface having a surface roughness less than
70 nm was observed. Selected area diffraction patterns (Fig. 6.1c and 6.1d) acquired from the
upper and lower part of the DyBCO film showed that the DyBCO grew epitaxially on the MgO
buffer layer. The c-axis of the DyBCO film enclosed an angle of 30° with the substrate normal
and retained its orientation over the total DyBCO film thickness. We observed a spread of 3°
in the (00/) direction of DyBCO over several microns, i.e. the DyBCO grains form small-angle
grain boundaries.

Fig. 6.2 shows a STEM image of the lower part of the DyBCO film i.e. the seed layer of
sample 10 in cross-section acquired by a FEI Titan TEM using a camera length of 145 mm.
Similar to conventional bright-field and dark-field TEM images, the faceted MgO-DyBCO in-
terface and faceted grain boundaries were observed in the STEM image. In contrast to the
conventional microscopy, planar defects along the ab-plane of the DyBCO can be seen in the
STEM images. Fig. 6.3a shows a HAADF image of the MgO-DyBCO interface, showing the
(00/) lattice fringes parallel to the facets. A magnified image of the lattice fringe is shown in the
inset of Fig. 6.3a, showing some dark fringes marked by black arrows. The dark fringes/lines
show the extra Cu planes along the ab-plane of DyBCO. Fig. 6.3b shows a HR-HAADF of the
DyBCO grain boundary. Faceting of the DyBCO grain boundary at nano scale (5 nm) can be
seen in the HR-HAADF. Inset in Fig. 6.3b shows a magnified image of one of such facets. No
bending, only a slight shift (Iess than 0.5 nm) in the ab-plane of DyBCO was observed at grain
boundary.

Fig. 6.4 shows a high magnification bright-field image of sample 10 in cross-section. The
inset shows a selected area diffraction pattern of the area shown. DyBCO grains were found to
be 1000x300 nm? in size in cross-section. BZO-NPs in the DyBCO matrix were identified by
the translational Moiré fringe contrast. They were aligned along the ab-plane instead of along
the c-axis of DyBCO, as reported for the YBCO based CCs on a flat geometry.

Figs. 6.5a and 6.5b show bright-field image and corresponding g = (110) dark-field image
of the sample in plan-view, respectively. Similar to the cross-section, BZO-NPs were identi-
fiedwere identified in the DyBCO matrix by the translational Moiré fringe contrast. A high
magnification image of the BZO-NPs is shown in the inset in Fig. 6.5a. DyBCO grains were
found to be 200-500 nm in size in plan-view. A high dislocation density of about 2x10'! cm™
was observed in the DyBCO film in plan-view.

The combined analysis, i.e. plan-view and cross-section analyses, confirmed that BZO-NPs
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Figure 6.3: A HR-HAADF image of (a) the MgO-DyBCO interface and (b) a DyBCO grain boundary. Inset in (a)
shows a magnified view of lattice fringes and inset in (b) shows a magnified view of the DyBCO grain boundary
facets. Images were acquired by a FEI Titan microscope using a camera length of 70 mm.

Table 6.1: TEM EDX quantitative analysis of the DyBCO film in plan-view.

Spectrum Dy [at.%] Ba[at.%] Cu[at.%] Zr [at.%]

k-factor 2.304 2.050 1.457 2.967
Spectrum 1 18.8 349 44.6 1.7
Matrix Spectrum 2 19.3 34.6 443 1.8
Spectrum 3 19.6 333 453 1.8
Spectrum 4 19.8 33.6 449 1.7
Secondary phase Spectrum 5 48.8 28.3 17.9 5.0

exist in form of rods of around 35 nm in length, 5-15 nm in diameter, and separated by 10-20
nm from each other.

Inset in Fig. 6.5b shows a selected area diffraction pattern of the DyBCO in plan-view. A
good in-plane biaxial texturing was found in the DyBCO film, as we observed a maximum
spread of 6° in (110) reflection in the diffraction pattern.

EDX spectra were acquired at selected points of the plan-view sample in the TEM and
were quantitatively analyzed as listed in Table 6.1. Some of the spectra are shown in Fig.
6.6, a 1.7 at.% Zr was observed in the DyBCO matrix. Dy-rich and Cu-rich secondary phases
were observed in form of platelets along the ab-plane and at grain boundaries. Remarkably, a
significantly increased amount (5 at.%) of Zr was observed in the Dy-rich secondary phases at
grain boundaries.

6.4 Discussion

Conventional TEM images as well as the HR-HAADF images showed a lot of planar defects
along the DyBCO ab-plane. However, defects such as stacking faults are planar defects parallel
to the ab-plane and are only effective if the magnetic field is applied near the ab-plane. Instead
of the stacking faults itself, dislocations formed at the boundaries between the stacking faults
and the DyBCO matrix act as a strong linear pinning centers parallel to the ab-plane, because the
strain field surrounding a dislocation core produces a local depression in the superconducting
order parameter [115]. Chisholm and Pennycook [59] investigated the origin of the J. reduction
due to tilt grain boundaries and estimated the radius of the depressed region as 7, = 2.9| b |,
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Figure 6.4: High-magnification bright-field image of a DyBCO grain in cross-section, showing the size and orien-
tation of the BZO nano-precipitates. Inset is a selected area diffraction pattern of the shown DyBCO grain.

where \?\ is the Burgers vector of the dislocation. For DyBCO, this yields ry, = 0.8 nm, i.e. the
region of depressed order parameters surrounding a dislocation core is substantially larger than
the thickness of a CuO chain layer. Note that, the most frequently observed stacking faults are
Y 124-type with double CuO chains [116, 117]. Thus, the dislocations associated with stacking
faults are much stronger pinning centers than the stacking faults itself. We believe that the
reduced anisotropy in the /., of ISD DyBCO films is due to high density of defects.

We showed that BZO-NPs in ISD DyBCO were aligned along the ab-plane and not along
the c-axis as seen in majority of YBCO films grown by the IBAD or the RABITS technology
[112, 113]. Therefore, these BZO-NPs will work as pinning only for the fields applied parallel
to the ab-plane of DyBCO. They will not help much for the fields applied along the substrate
normal or along the c-axis of DyBCO, which is required to enhance the overall /. and reduce
anisotropy in /. with respect to the direction of applied external magnetic fields.

The growth behavior of BZO-NPs in ISD DyBCO can be understood by considering the
growth mechanism of pure DyBCO grown by the ISD technology reported by Aabdin et al.
[118] or Chapter 5. Due to the tilted geometry, ISD growth yields a non-zero component of
DyBCO growth along the ab-plane of DyBCO. The non-zero component and highly anisotropic
nature of the DyBCO yields a laminar (plane-by-plane) growth mechanism. That forced the
BZO-NPs growth along the ab-plane. Note that for the IBAD or the RABITS geometry for
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Figure 6.5: (a) A bright-field image and (b) the corresponding g = (110) dark-field image of the DyBCO film in
plan-view. Inset in (a) is a high-magnification image of the enclosed area and in (b) is a selected area diffraction
patterns of the DyBCO film. In both images the BZO-NPs could be identified by Moir¢ fringe contrast.
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Figure 6.6: TEM spectroscopy results in plan-view: point EDX spectra of (a) the DyBCO matrix (spectrum 3 in
table 1) and (b) Dy-rich secondary phases observed in the DyBCO matrix (spectrum 5 in Table 6.1).

which the in-plane component is zero only a component along the substrate normal exist, that
forced the BZO growth along the substrate normal [119].

6.5 Conclusions

The microstructure of ISD grown DyBCO films doped with 3.5 wt.% BZO were studied by
TEM. The BZO were found to be grown in form of rods of around 35 nm in length, 5-15 nm
in diameter and separated by 10-20 nm from each other. They were identified by translational
Moiré fringe contrast and found to be aligned along the ab-plane of DyBCO. They were found
to be homogeneously distributed in the DyBCO matrix in form of rods. The ab-plane of the
DyBCO itself was found to be tilted by 30° with respect to the substrate. The c-axis of DyBCO
enclosed an angle of 30° with the substrate normal. A maximum misalignment of 3° in the
(00/) direction of DyBCO was observed over several microns, i.e. DyBCO grains form only
small-angle grain boundaries. A good in-plane biaxial texturing was observed in the DyBCO
film. DyBCO grains were found to be 200-500 nm in size. A large number of dislocations, dis-
location loops, extra Cu planes and planar defects along the ab-plane of DyBCO were observed
improving the overall anisotropy in the /. of ISD DyBCO films.

In summary, the BZO-NPs alignment was greatly affected by the tilted geometry of the ISD
growth. The BZO-NPs observed in ISD grown DyBCO matrix are not optimum pinning centers
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for the fields applied along the c-axis of DyBCO. Therefore, the ISD growth needs to optimized
with respect to the BZO-NPs growth, particularly, the growth direction of BZO-NPs.
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Chapter 7

Thermoelectricity

7.1 Introduction

In 1823 T. J. Seebeck reported that a compass needle was deflected if placed in the vicinity of a
closed loop, formed from two dissimilar conductors, when one of the junction was heated (Fig.
7.1) [120]. After few years, Seebeck accounted that the phenomena observed was caused by
an electric current flowing in the circuit and he had discovered a thermoelectric effect so called
the Seebeck Effect.

Thermoelectric materials have many applications in the conversion of thermal to electrical
energy and in solid-state cooling [121, 122]. Although, thermoelectric devices have found
specialized applications where their high reliability, lack of moving parts, and ability to be
scaled to small sizes provide key advantages relative to competing technologies, the energy
conversion efficiencies of these devices remain generally poor. Over the past decades, there has
been interest in the field of thermoelectrics to identify more efficient compounds and materials.

G. Slack et al. [123][124] suggested that the best thermoelectric material would behave
as a “phonon glass/electron crystal” (PGEC); i.e. it would have the electrical properties of a
crystalline material and the thermal properties of an amorphous or glass-like material.

The challenges to develop thermoelectric materials with superior performance is to tailor
the interconnected thermoelectric physical parameters: electrical conductivity, Seebeck coef-
ficient and thermal conductivity for crystalline system. Nanostructures provide a possibility
to disconnect thermal and electrical transport (Wiedemann-Franz law) by enhancing phonon
scattering and thereby reducing the lattice thermal conductivity without significantly affecting
the electrical conductivity and, thus, increasing the figure of merit.

The PGEC approach more recently led to advanced engineering of thermoelectric nanoma-
terials [125, 126, 127, 128], yielding thermal conductivities less than 1 W m™' K! as shown for
AgPb,,SbTe; ., bulk [125].

S B: | e
Fig. 1. Nadel’ "mus

CqHg0H
Figure 7.1: Thomas Johann Seebeck experiment, reproduced from Treatise of the Royal Prussian Academy of

Sciences in Berlin (Abhandlung der Kéniglichen Preussischen Akademie der Wissenschaften zu Berlin, p265-375,
1822-1823).

81



82 Chapter 7. Thermoelectricity
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Figure 7.2: Schematics of thermoelectric effects: (a) the Seebeck effect and (b) the Peltier effect.

In this chapter, basics of thermoelectricity and criterion for materials with high thermoelec-
tric figure of merit (Z7) will be discussed. More details about the thermoelectricity can be
found in references [121, 129, 130].

7.2 Basic Thermoelectric Phenomena

7.2.1 Seebeck and Peltier effects

In 1821 Thomas Johann Seebeck discovered that a circuit composed of two different metals
could deflect a compass needle when a temperature gradient was applied across it (Figs. 7.1 and
7.2a). This effect termed as the Seebeck effect. The ratio (AV/AT) of the voltage developed to
a temperature difference is related to an intrinsic property of the materials called the Seebeck
coefficient or thermopower, S.

dv
— 7.1
o7 (7.1)

Fig. 7.2a shows a schematic diagram of Seebeck effect. A larger temperature is applied to the

S

right end (T, > T)) i.e. a temperature gradient (| V7T |= Ty — T7) from left to right exists.
Therefore, if we assume that material is n-type (electron conducting), electron will diffuse an
accumulate to the left end yielding an electric field (| |) from right to left. Since, | VT ]
and | E | are in opposite direction, S will be negative. On the other hand for p-type (hole
conducting) material .S will be positive because positive charges will accumulate at the left end
and in this case both | V7' | and | E | will be in the same direction ([131], page 63).

After few year of the discovery of the Seebeck effect, a related effect, the Peltier effect, was
discovered by J.C.A. Peltier, who observed that when an electrical current is passed through
the junction of two dissimilar materials (Fig. 7.2b), heat is either absorbed or rejected at the
junction, depending on the direction of the current passed through the junction. Thus heating
(heat generated) or cooling (heat absorbed) of the junction area will take place. The ratio of the
heat current density, jq, to the electrical current density, j, is defined as the absolute Peltier
coefficient, m, of the material:

ﬂ:%w— (7.2)
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For semiconductors, similar to Seebeck coefficient, the sign of the Peltier coefficient depends
on the type of majority charge carriers, being negative for n-type and positive for p-type semi-
conductors. The net Peltier heat at the junction (A-B) is given by m4p = m4 — wp. Peltier
coefficient of the junction will be positive if heat is generated and negative if heat is absorbed
at the junction when the current flows from A to B (Fig. 7.2b). This effect is largely due to
the difference in Fermi energies of the two materials and the fact that with an electrical current
there is always associated the transport of thermal energy. For Bi;Tes m# = 80 mV assuming
E,=0.16¢V.

Thomson recognized that the Seebeck and Peltier coefficient are related to each other and
from thermodynamic arguments, he derived the relation:

=TS (7.3)

however, a rigorous description of thermal influences on the electrical current and vice versa
has been presented by Onsager in 1931 [132]. His theory discusses the relations of reciprocity
of reversible and irreversible processes, where the coupling of the electrical and the thermal
subsystems are investigated. Due to the phenomena of electron and phonon transport in con-
ductors and semiconductors, electrical current density (j) and heat current density (jq) are, in
general, coupled and linear functions of the electric field and the gradient of temperature [121],
ie.

jo=0E —0aVT (7.4)
7 =njg-kVT (7.5)

where E and T are the electric field and temperature, respectively, « is the Seebeck coefficient,
7 is the Peltier coefficient, o is the electrical conductivity and « is the thermal conductivity.

It is clear from equations 7.4 and 7.5 that in any material which allows both electrical and heat
conduction: (i) a temperature gradient causes an electric field to develop in the absence of
electrical current and (ii) an electric field causes a thermal gradient to develop in the absence
of thermal current.

7.3 Definition and Description of the Figure of Merit

The potential of materials for thermoelectric applications is determined by the figure of merit,
ZT [129]:

2 2
S*o T_ So T

A )\latt + )‘el
where S, o, T and A are the Seebeck coefficient (or thermopower), electrical conductivity, ab-
solute temperature, and total thermal conductivity, respectively. The total thermal conductivity,
A, is the sum of the lattice thermal conductivity, \;4s, and the electronic thermal conductivity,
Ael- Therefore, a good thermoelectric material requires a high thermopower, .S, a high electrical
conductivity, o, and a low thermal conductivity, A.

Only a small increase in the thermoelectric figure of merit was achieved in the last decades.
The reason for this is that the thermopower, S, the electrical conductivity, o, and the thermal
conductivity, A, depend on each other and it is difficult to improve one transport coefficient
without significantly changing the others as shown in Fig. 7.3a. However, the power factor
S%a (or 5%/p, where p is the electrical resistivity), is typically optimized in narrow-gap semicon-
ducting materials as a function of carrier concentration (typically ~ 10'? carriers/cm?), through
doping, to give the highest ZT'. The ZT for a single material is somewhat meaningless for
device point of view, since an array of thermoelectric couples is utilized in a device or module.

7T — (7.6)
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A device or module can only be made by utilizing a junction concept of two types of materials,
namely n-type and p-type as shown in Fig. 7.4.

7.4 Transport Properties and High Figure of Merit Criteria

The thermopower S, the electrical conductivity, o, and the electronic thermal conductivity,
Ael, of crystalline solids can be determined by using the band theory of solids and the linearized
Boltzmann equation [130]. Note that all these quantities are anisotropic for most of thermoelec-
tric materials, however, only simplified equations for isotropic materials will be presented and
discussed in the following sections. A more detailed explanation can be found in the Ref. [129].
A more detailed information about thermoelectric properties of anisotropic semiconductors can
be found in reference [133].

7.4.1 Seebeck coefficient or thermopower

The thermopower or Seebeck coefficient can be thought of as the heat per carrier over temper-
ature, or more simply, the entropy per carrier. For metals it can be approximated as:

Ce kg\ kT
| S — = <e) Er (7.7)
where, C¢;, Er, kp, and q(e) are the electronic specific heat, Fermi energy, Boltzmann constant,
charge of carrier (of electron). The quantity k5/e ~ 87 4V K ~! is a constant that represents the
thermopower of a classical electron gas. Metals have much smaller thermopower values than
87 1V K~ (in the order of 1 — 10 4V K ~! ) and it decreases with decreasing temperatures,
Er > kpT.

In a semiconductor, a carrier should be first exited across an energy gap E,. In this case,
the thermopower can be approximated by using equations 7.2 and 7.3:

N — R (7.8)

Thus, the thermopower is higher than the characteristic value of 87 4V K ~! and increases
with decreasing temperature. Semiconductors can exhibit either electron conduction (nega-
tive thermopower) or hole conduction (positive thermopower). Typical thermopower values
required for good thermoelectric performance are in the order of 160 — 250 V' K ! or greater
[134]. For Bi;Tes S = —160 'V K ! assuming E;, = 0.16 ¢V and T = 300 K. A much
more detailed information about Boltzmann transport and Seebeck can be found in Ref. [135].

7.4.2 Electrical conductivity

Metals have have a large charge carrier density, typically n =~ 1022 em 3. Therefore, the elec-
trical conductivity, o, is very high for metals, in the order of 10° Q~! em~!. However, the
Seebeck coefficient is very low for metals (Fig. 7.3). On the other hand, for intrinsic semi-
conductors, the carriers must be (thermally) excited across the band gap for conduction. For
semiconductor, the temperature dependent behavior of electrical conductivity, o, can be ex-
pressed as:

—F
o = 0gexp <k5ﬂg“> and, o9 = nqp (7.9)

where, u is the mobility of charge carrier. Therefore, there are two primary ways to achieve
a high conductivity in intrinsic semiconductors, either by having a small gap to excite charge
carriers across the band gap or by having very high-mobility carriers. Optimally doped (n =~
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Figure 7.3: (a) Schematic plot of the thermopower, S, the electrical conductivity, o, the power factor, S%o, the
lattice thermal conductivity, Az, and the electronic thermal conductivity, A., in dependence of the carrier density.
(b) Thermoelectric figure of merit Z7 in dependence of the temperature for various bulk thermoelectric materials
[134].

10* em~3) extrinsic semiconductors are good candidates of high performance thermoelectric
materials (Fig. 7.3). Typical values of the electrical conductivity for a good thermoelectric
material are in the order of about 103 Q= em 1.

7.4.3 Thermal conductivity

The thermal conductivity, A, is related to the transfer of heat through a material. Heat transfer
can occur either by electrons (electronic thermal conductivity, ;) or by phonons (lattice ther-
mal conductivity, A\;4s+) and the total thermal conductivity is given by the sum of these two, i.e.
A = Ae; + Ajate- The electronic thermal conductivity of metals and the electrical conductivity
are interrelated by the Wiedemann-Franz relationship:

At = LooT (7.10)

where, Lo = 2.451078 W Q K2 is the Lorentz number.
The lattice thermal conductivity is given by:

1
Aatt = gUsClph (7.11)

where, v, is the velocity of sound, C is the total specific heat, and [, is the phonon mean
free path. At high temperatures (1" > 300 K), the sound velocity and the heat capacity are
essentially temperature-independent in typical materials. Therefore, the magnitude and the
temperature-dependence of A, are basically determined by the mean free path of the phonons.
Slack defined the minimum thermal conductivity, A,,n, as the thermal conductivity when the
mean free path is essentially limited by the interatomic distance between the atoms within the
crystal [123]. Typical analysis of ), results in values of A\i, = 0.25 — 0.5 W m~! K1,
Typical thermal conductivity values for a good thermoelectric material are A < 2W m~! K1,
and typically A\jq¢r & Mg

7.4.4 Criterion for High-ZT or high performance thermoelectric material

As shown in Eq. 7.6 a high-ZT value requires a high thermopower, .S, a high electrical con-
ductivity, o, and a low thermal conductivity, A. Due to the fact that S, o, and A depend on each
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other, it is difficult to improve the overall performance of pure thermoelectric materials. How-
ever, alloying would allow to overcome these barriers. The following criteria can be derived
for high performance thermoelectric materials:

1. Charge carrier control: Beyond a certain level of charge carriers, the thermopower, S,
decreases with increasing carrier density, n, whereas the electrical conductivity increases
with increasing carrier density, n. Therefore, the power factor, S 25, and hence the ther-
moelectric figure of merit, Z7', show a maximum for a carrier density of about 10 ¢m =3,
This means only heavily doped extrinsic semiconductor are suitable for high-Z7 mate-
rials. Note that .S will be zero for intrinsic semiconductors. The electrical conductivity o
would be too small for insulators and the thermopower .S for metals.

2. Temperature range and Materials: Fig. 7.3 shows the thermoelectric figure of merit,
Z'T, dependence on the temperature for various materials. This figure shows that a par-
ticular material is only suitable for a particular temperature range. For example Bi, Te;
shows a maximum Z7 value of about 1 at 300 K and is therefore widely used for Peltier
devices at room temperature.

3. Minimum required values for S, o, and \: For a high performance, the material should
have a minimum thermopower of about 160 2V K 1, a typical electrical conductivity of
about 102 Q~! e¢m =1 or larger, and a thermal conductivity smaller than 2 W m~' K1,

7.5 Thermoelectricity in Bi,Tes

7.5.1 Crystal structure and thermoelectric properties of bulk Bi,Te;

Bi, Te3 has a rhombohedral unit cell with space group R3m. This space group can also be rep-
resented by a pseudo-hexagonal unit cell, which is easier to understand. The pseudo-hexagonal
cell consists of a layered structure with three five-layer-groups with the sequence:

—Te) — Bi — Te® — Bi — TeM -

This sequence is called a quintet and the superscripts refer to the two types of bonding. The
Te) — TeM) bonds are considered to be of Van der Waals type , whereas the Te(!) — Bi and
Bi — Te? are of ionic-covalent type [136]. The lattice parameters of the pseudo-hexagonal
unit cell are

a = 0.438 nm, c=3.04nm

The lamellar structure of Bi; Tes and the weak Te™) — Te(!) bonds between two quintets
are responsible for the easy cleavage along the planes perpendicular to the c-axis (i.e. along
the basal planes). Besides this striking mechanical anisotropy, most of the transport properties
also possess a strong anisotropy. For example, the thermoelectric figure of merit is by a factor
of 2 higher for a current direction parallel to the basal plane compared to a current direction
parallel to the c-axis [121]. The reasons are a smaller carrier mobility and a smaller thermal
conductivity in a direction parallel to the c-axis.

Bi,Te; is known for its large thermopower, S = 200 .V K1, high electrical conductivity,
o~ £1000 Q 'em ™!, low thermal conductivity, A = +1.5 WmK —1 and high thermoelec-
tric figure of merit, Z'T' = 1, at room temperature. At higher temperatures, the thermopower
and thereby the figure of merit decreases drastically due to increasing minority carrier effects
(Fig. 7.3b). A more detailed about the thermoelectric properties and material parameters of
Bi; Tes are given in the textbook of Goldsmid [129].
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Figure 7.4: Schematic diagram of a single-couple thermoelectric (a) refrigerator and (b) power-generator. [137]

7.5.2 Motivation of this work

In the mid 1990s, research in the field of thermoelectric material experienced a revival due
to theoretical predictions of L.D. Hicks and M.S. Dresselhaus [138] that the power factor and
thereby thermoelectric efficiency could be greatly enhanced in nanowires and quantum well
systems. This was shown once by R. Venkatasubramanian et al. [139] for Bi, Tes/Sb,Tes su-
perlattices with period of 6 nm, yielding a spectacular Z7 value of 2.4.

On the other hand, phonon scattering was also increased in these superlattices, resulting in
a lattice thermal conductivity of less than 1 W m™! K'!. Goldsmid and Penn [140] already pro-
posed that phonon-grain-boundary scattering could be an effective way for Z'T" enhancement
as one possibility. Ultrafine grains would substantially scatter low frequency phonon having
long mean free path. Recently, thermal conductivity of less than 1 W m™! K! and Z7 val-
ues beyond 1 were reported in a large number of nanostructured Bi,Tes based bulk materials
[141, 142, 143, 144, 145], e.g. for samples prepared by ball milling of ternary compounds and
subsequent hot pressing [145].

This work will focus on TEM investigations and microstructure-property correlation of
nanostructured Bi, Tes materials prepared by two different routes:

1. A nanostructure with a wavelength of 10 nm was generated by Ar" ion irradiation. This
nanostructure was found to be a sinusoidal displacement field superimposed to the av-
erage structure as shown by N. Peranio [146]. It was referred to as natural nanostruc-
ture (nns). The displacement field of the nns could be successfully characterized by N.
Peranio with respect to wavelength, wave vector, displacement vector, and displacement
amplitude by detailed TEM investigations using two-beam diffraction contrast condi-
tions. However, the formation of the nns remained unclear and will be in focus in this
work.

2. Artificially nanostructured bulk were prepared from commercially (Peltron GmbH) avail-
able ternary compound samples by ball milling and subsequent compaction by spark
plasma sintering (SPS). In the literature similar synthesis approaches were reported yield-
ing grain sizes between 50 nm and 1 pm and a Z7" enhancement to values between 1 and
1.5 for p-type material [141, 142, 143, 144, 145] and ZT = 1.1 for n-type material. In
this work n-type and p-type nanostructured bulk prepared by the SPS process will be pre-
sented with grain sizes less than 100 nm. The nanostructure was characterized by TEM
and results will be correlated to transport properties.






Chapter 8

Switching of the Natural
Nanostructure in Bi, Tey Materials by
Ton Irradiation

8.1 Introduction

For 60 years, increasing the efficiency of thermoelectric materials has remained a major chal-
lenge in research and technology. A high thermopower S and electrical conductivity o, but
a low thermal conductivity A are required for a high thermoelectric figure of merit ZT =
(S%¢/x) T beyond 1. Crystalline semiconductors yield an optimum balance between high ther-
mopower (200 pV K-) and high electrical conductivity (1000 Q'cm™), which are determined
by the charge carrier density (10'°-102° cm™).

The phonon-glass electron-crystal (PGEC) approach introduced by G. Slack et al. [124]
was a significant step forward for the understanding of thermoelectric materials properties. It
more recently led to advanced engineering of thermoelectric nanomaterials [ 125, 126, 127, 128],
yielding enhanced phonon scattering and thermal conductivities less than 1 W m™' K-! as shown
for AgPb,,SbTe, i, bulk [125].

Bi, Te; compounds reveal the highest Z7" at room temperature and its bulk alloys are inten-
sively used in technological applications. Their transport properties fulfill the PGEC criterion,
in particularly, the low thermal conductivity was attributed to a high structural disorder mainly
due to alloying [147]. However, another type of structural disorder was found recently in these
materials, referred to as the natural nanostructure (nns) [146]. This nns was investigated in
detail by transmission electron microscope (TEM) and can be understood as a sinusoidal dis-
placement field superimposed to the average structure. It has a wavelength of 10 nm and a
wave vector parallel to the {1,0,10} reciprocal direction, being inclined by 39° with respect to
the crystal c-axis [146]. The amplitude of the sinusoidal displacement W was found to be 10
pm and its direction was parallel to the < 5, —5,1 > direction. Note that the nns has a strong
crystallographic signature that can be explored in two-beam diffraction contrast experiments
by TEM. The contrast depends on the excited reflection 7 and strong contrast is observed for
J - W different from zero, which is well understood from the dynamical diffraction theory.
The strong diffraction contrast already implied that the nns is a volume effect rather than being
restricted to the surface.

The nns was shown to be of general character for Bi; Tes-based materials; we found it with
identical wavelengths and wave vectors in n- and p-type Bi, Tes—based bulk materials [146], in
thin films [148, 149], and superlattices [148]. The nns competes with artificial nanostructures
such as multilayers that are grown for reducing the thermal conductivity [139], since it appears
on the same length scale. The nns would be an ideal structural phenomenon for realizing the
PGEC concept and should scatter phonons effectively.

&9
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In our previous work, TEM samples were prepared with a Gatan Duomill ion etching ma-
chine using standard etching parameters: Ar" ion etching with an energy of 4 keV and an etching
angle of 12° for obtaining a hole, and 2 keV and 8° etching angle for reducing the thickness of
amorphous layers. This standard etching procedure yielded TEM samples which showed the
nns and others that did not [146]. Therefore, formation of the nns could neither be controlled
nor understood. However, control would be of utmost importance for technical applications
since the strain field associated with the nns should significantly decrease thermal conductivity
and thereby increase the thermoelectric figure of merit. The nns was also identified by other
groups in bulk, thin films, and nanostructured bulk [150, 151, 145, 152, 153]; whereas some
reports revealed no evidence for the nns [154, 155, 156].

More recently, we used an improved low-angle, low-energy ion etching equipment (Fis-
chione 1010) for n- and p-type Bi; Tes—based bulk materials with energies in the range of 0.5
keV to 3 keV and etching angles between 6° to 30°. This machine is known to give artefact-free
TEM samples, Miiller et al. [157] used it for imaging single Sb dopant atoms in Si. Recently,
Ar" ion etching in Si was investigated in detail. The thickness of amorphous surface layers
introduced by the ion etching can be kept small and was less than 2 nm [158] for conditions
similar as applied in this work.

We realized that the nns can be switched ON and OFF in a controlled way by ion etching,
the range of etching parameters and minimum dose for switching the nns ON and OFF will be
presented in this work. It is known, that low energy (100 eV) ion beam irradiation during film
deposition is an effective method for modifying the grown film properties of various materials
such as Ta thin films [159]. Ion irradiation would yield and elegant and effective technological
route for improving thermoelectric nanomaterials on a large scale.

8.2 Experimental

The same specimens and the same experimental procedure were applied as in Peranio and Eibl
[146], and will, therefore, not be repeated here in full detail. The samples were strongly textured
n-type Biz(Teg.91Seq.09)3 and p-type (Big.26Sbg 74)2 Tes bulk materials synthesized by the Bridg-
man technique into pellets. We realized that forming and removing the nns by ion irradiation
depends on the orientation of the crystal c-axis (space group R3m) with respect to the plane
of the TEM samples. In this work, only samples close to a < 1,1,0 > orientation were used
in which the c-axis lay in the plane of the sample (Fig. 2a). Samples were first mechanically
polished to a thickness of 25 um. Then, samples were ion etched with a Fischione 1010 ion
etching machine using 3 keV Ar" ions and an ion source current of 3 mA. The samples were
irradiated at a shallow angle of 12° with a continuously rotating sample holder (Fig. 8.2a). A
hole with diameter of typically 100 pm was obtained after several hours, using two oppositely
arranged ion guns (Fig. 8.2a). After this, large electron transparent regions were obtained and
the samples were investigated in the TEM and re-etched at different etching conditions as ex-
plained in Table 8.1. Ion energies, etching angles, and ion source currents as quoted in this
work were inserted at the panel of the etching machine. Beam currents as listed in Table 8.1
were measured with respect to ion source currents and ion energies [20]. The stability of the
nns was briefly addressed in Peranio and Eibl [146], more detailed results will be presented
elsewhere. A detailed explanation how to image the nns in the TEM was given in Peranio and
Eibl [146], only the most important details will be repeated here: i) two-beam cases with one
strongly excited reflection have to be established, ii) a sinusoidal strain contrast due to the nns
appears with the {0,1,5} reflections, iii) the nns goes out of contrast with a strongly excited
{1,0,10} reflections. Only these two reflection conditions (g = {0,1,5} and g = {1,0,10})
need to be used to prove the presence or absence of the nns. If present, the nns contrast will
be visible over large (several 100 um) regions of the TEM sample. Altogether 6 TEM samples
were investigated in detail, for each the chemical composition was measured by quantitative
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Table 8.1: Ion etching parameters for completely forming and removing nns in n-type Biz(Teo.91Seo.00)3 and p-type
(Bio.26Sbo.74)2 Tes bulk materials. The etching angle was 10°.

Ion energy  Ion source  Beam current Etching

[keV] current [mA] [nA] time [min.]| Result
3.0 3 80 1 nns switched ON
2.0 3 55 2 nns switched ON
1.5 3 35 5 nns switched ON
1.0 3 25 5 nns switched OFF

energy-dispersive X-ray spectroscopy [160].

8.3 Results and Discussion

It was realized that ion irradiation of the samples yielded the possibility of forming (switch-
ing ON) and removing (switching OFF) the nns: A TEM specimen was prepared from p-type
(Big.26Sbg.74)2 Tes bulk material with the c-axis lying in the plane of the specimen. The nns was
clearly observed in the TEM after the initial etching at a ion energy of 3 keV, see experimental
section for other etching parameters. After this initial etching the specimen was subjected to
a re-etching series; the specimen was repeatedly etched at 1 keV and 3 keV, the other etching
parameters are given in Table 8.1. First, the sample was re-etched at 1 keV and the image in
Fig. 8.1a was acquired. It proves that the nns disappeared. After second re-etching at 3 keV the
nns re-appeared (Fig. 8.1b), and a third re-etching at 1 keV removed the nns again (Fig. 8.1c).
Finally, a fourth re-etching at 3 keV yielded the nns once again (not shown). The same ion
irradiation procedure was applied on a TEM specimen obtained from n-type Bix(Tep.91Seg.09)3
bulk material, yielding identical results (Fig. 8.1d-8.1f). Controlled formation and removal of
the nns was, therefore, proved for n- and p-type TEM specimens for two cycles (ON/OFF). In
more detailed experiments we could prove that ion energies as low as 1.5 keV form the nns
(Table 8.1). We emphasize that the presence or absence of the nns could be seen both in the
images and also in the diffraction patterns (insets in Fig. 8.1).

In switching ON the nns by ion irradiation at 3 keV we noticed that it would first be seen
after etching for 30 s in thicker regions of the samples, and then it would also appear in the
very thin region after prolonged etching for 1 min. Forming and removing the nns could be
verified for TEM samples prepared from different batches of pellets. In total the results could
be reproduced for three n-type specimens obtained from two pellets and three p-type specimens
also obtained from two different pellets. Finally, the same results were obtained with a Gatan
PIPS 691 ion etching equipment: i) the nns was removed for an ion energy of 1 keV, beam
current of about 15-25 pA, and an etching angle of 10°; ii) it was formed for an ion energy of
5 keV, beam current of about 35-50 pA, and an etching angle of 10°.

The ion etching of BiyTes at 3 keV yielded an amorphous edge with a distance of 30 nm
between vacuum and the crystalline part of the specimen (Figs. 8.1b and 8.1e). After etching
at 1 keV for several hours this edge can be reduced to 8 nm to 15 nm. Thus, Bi;Te; samples
behave like most other crystalline compounds under ion etching. This indicates that the surface
layers of the TEM samples consist of amorphous BiTes due to the ion irradiation. Thus, the
nns was not present at the surface but in the inner part of the sample as proved by the TEM
images.

As a final point the effect of the etching angle was studied. One n-type sample was etched
at energies between 0.5 keV to 3 keV; for each energy the etching angle was increased in steps
of 2° to 5°. The results are summarized in Fig. 8.2, showing that with decreasing ion energy
larger etching angles are required for forming the nns. As an example, the nns was removed
at 1 keV and an etching angle of 10° as shown above, but was formed at the same energy and
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1st etching at 1 kV 2nd etching at 3 kV 31 etching at 1 kV
nns swjtched OFF nns sitched O nns switched OFF

1 kV, 3 mA, 10°, 5 min.

Figure 8.1: TEM dark-field images acquired under g = {0, 1,5} two-beam conditions for imaging the nns in p-
type (Bio26Sbo.74)2Tes (a-c) and n-type Bix(Teo.o1Seo.09)s bulk materials (d-f). Etching at 3 keV (b,e) revealed the
nns with a wavelength of 10 nm parallel to (1,0,10) planes. After etching at 1 keV the samples did not show the nns
along the (1,0,10) planes and no contrast is seen (a,c,d). Only in (f) is a residual contrast seen with fringes parallel
to (001) planes. The inserts in the upper right corner show the {0,1,5} reflections with satellite reflection due to the
nns in (b) and (e).

an etching angle of 15°. Hence, formation and removal of the nns can also be controlled by
increasing or decreasing the etching angle, respectively.

The crystallographic nature of the nns was confirmed in this work as it was described by
Peranio and Eibl [146]. Two simple experimental conditions can be set up in a TEM to verify
the presence of the nns. Imaging the nns requires controlled tilting of the TEM sample and
establishing well defined two-beam diffraction conditions with {0,1,5) and {1,0,10} type of
reflections. The maximum tilt needed is about 12° out of the < 110 > pole. These experiments
prove that the nns is not a simple surface roughening effect, which might be thought to appear
due to ion irradiation, but has a crystallographic nature linked to the volume properties of the
Bi,;Tes sample. Also note that the nns gives a very strong experimental answer, both in the
diffraction contrast images and in the diffraction patterns.

The results show that switching ON and OFF the nns is a process on a time scale of a few
minutes (Table 8.1) and sensitively depends on the energy of the ions. Ion irradiation with
1.5 keV will form the nns and ion irradiation at 1 keV will make the nns disappear (Table
8.1). Thus, only a small change in ion energy and etching time results in formation or removal
of the nns. Therefore, for obtaining reproducible results an ion etching machine operating at
stable conditions with respect to ion energy (AE < 0.5 keV) and time (At > 5 min) is essential;
however, in our previous report [146] an ion etching machine (Gatan Duomill) was used for
which instability occurred when operated at low energies (< 2 keV) and ion source currents
(0.25 mA), yielding random formation of the nns [146]. The control of the nns by simple ion
etching yields new possibilities for optimizing materials properties.

The formation or removal of the nns was achieved with a typical dose of 10'® Ar* ions (per
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Figure 8.2: (a) Schematic of TEM sample orientation and etching angle applied for Ar" ion etching. (b) Dependence
of formation and removal of the nns on ion energy and angle by Ar" ion irradiation for n-type Bix(Teo.01S€0.00)3 and
p-type (Bio26Sbo.74)2Tes. The ion source current was 3 mA and the etching time was 5 min.

minute value) and a beam diameter of 1 mm was estimated. The temperature during ion etching
does not seem to play an essential role for the nns formation. It is assumed that no significant
temperature increase is produced in the first minutes of the ion etching.

TEM investigations clearly proved that i) the nns appeared first in thicker regions of the
sample, ii) that an amorphous layer is present on the top surfaces, and iii) the nns has a crys-
tallographic signature; i.e., it has a displacement field with defined amplitude and wave vector
[146]. Diffraction contrast images probing the volume of the sample prove the presence of the
nns. Therefore, it is clearly proved that the nns is a volume property of the Bi,Tes and can be
switched ON and OFF by ion irradiation.

The effect of the nns on thermal conductivity was discussed in Peranio and Eibl [146]. It
represents a structural modulation and should yield effective phonon scattering, reducing the
thermal conductivity. Venkatasubramanian [161] summarized the phonon scattering on arti-
ficially nanostructured Bi,Tes, and similar arguments should hold for the nns. The present
understanding of the thermal conductivity in Bi;Tes is poor, since the low temperature data
published in the literature differed significantly: lattice thermal conductivities showed peak
values of about 60 [162], 250 [163], and 6 W m™'K'[164]. In principle, the nns could also
be formed by other methods than ion irradiation and thereby give rise to the wide spread of
data. The nns of BiTes was previously described and would be ideal for decreasing the ther-
mal conductivity and realizing a phonon-glass electron-crystalline material for thermoelectric
applications.

8.4 Conclusions

The nns of Bi, Te; was previously described and would be ideal for decreasing the thermal con-
ductivity and realizing a phonon-glass electron-crystalline material for thermoelectric applica-
tions. The nns was observed by TEM in a large number of Bi, Te; based materials containing
different stoichiometry; it consists of a sinusoidal displacement field with amplitude of 10 pm
and periodicity of 10 nm. Here we proved that the nns can be formed and removed by Ar* ion
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irradiation in a controlled way. Its formation and removal by Ar" ion irradiation is sensitive to
the ion energy and the etching angle; for example, the nns was formed at ion energies larger than
1.5 keV (switch ON) whereas it was removed at 1 keV (switch OFF), using an etching angle of
10°. Control was demonstrated by reproducing the results in six n- and p-type samples prepared
from different batches, switching the nns ON and OFF twice, and verifying the results on two
different ion etching machines. Controlled formation of the nns has potential for reducing the
thermal conductivity and could increase the thermoelectric figure of merit in Biy Te; materials.
This relates particularly to nanomaterials since ion irradiation can be applied very effectively
in this case.



Chapter 9

Spark Plasma Sintered
Nanostructured Bi,Tes; bulk with Low
Thermal Conductivity

9.1 Introduction

Bi, Tes is the compound with the highest thermoelectric figure of merit Z7' at room tempera-
ture, has a large number of structural and chemical degrees of freedom that affect thermoelectric
properties, and requires a systematic approach in terms of materials synthesis, structural charac-
terization, thermoelectric characterization and theory. An increase of Z T is predicted for nano-
materials with lower dimensionality [123] and was shown once for Bi; Te3/Sb, Tes superlattices
[161]. After this breakthrough, fabrication of Bi,Tes; based nanowires [125, 126, 127, 128],
thin films [146, 123, 148, 149, 139] and nanostructured bulk [150, 151, 145, 152] has become
a main topic of research on thermoelectric materials.

In this chapter we will present the results obtained on n-type Biy(Teg 91 Sep.09)3 and p-type
(Big.26Sbg.74)2 Tes nanostructured bulk materials prepared by the high potential spark plasma
sintering (SPS) technique. Powder X-ray diffraction investigations (XRD) were performed by
partners on the as cast, ball milled and SPS samples to monitor the crystallite size. Thermoelec-
tric properties were measured for as cast and SPS samples. The SPS samples were analyzed by
energy-filtered TEM (EFTEM) combined with energy-dispersive X-ray spectroscopy (EDX)
for nanostructural characterization and quantitative chemical analysis. Microscopy results will
be linked to synthesis and thermoelectric characterization and ZT" limiting mechanisms relevant
for these nanomaterials will be discussed.

9.2 Materials and Methods

9.2.1 Material synthesis and transport properties measurements

Bi, Te; has a rhombohedral crystal symmetry with space group R3m. The lattice parameters
of the pseudo-hexagonal unit cell are a = 0.4386 nm and ¢ = 3.0497 nm [136] resulting in
a density of 7.86 g cm?3. The precursor samples were n-type Biy(Tego1Seg.09)3 and p-type
(Big.26Sbo.74)2Tes bulk materials synthesized by the Bridgman technique [26] with optimized
chemical composition for reaching high thermoelectric figures of merit Z7T. They were ob-
tained from commercially available Peltier devices [26].

The precursor material was ground by high-energy ball-milling for about 2 h. The fine
grained powder was compacted and introduced in a SPS process, the temperature was system-
atically varied between 130 and 400°C. Other synthesis parameters were pressure (15-25 M
Pas) and time (2-10 min.).
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Table 9.1: Results for n-type Bix(Teo.91Se0.09)3 and p-type (Big26Sbo.74)2Tes nanostructured bulk: SPS sintering temperature (Zs;ir+), SPS sintering force (Fsint), crystallite size (D), theoretical
density as compared to as-cast material (p), thermal diffusivity (7'D), heat capacity (C}), thermal conductivity (), thermopower (S), electrical conductivity (o) and thermoelectric figure of merit

(ZT). Transport properties were measured at room temperature (~ 25 °C).

T Fy; D P TD C, A S o
Samples sint - sint p 7T
P CC) (EN) (nm) (%) (mm°)s) (J/gr) (V/mK) (WV/K) (YQcm)
As cast 1.3361Lc 1.78Lc -2251c¢c 6091c
n-type 100y osae %170 140 ¢ -172)c 183 ¢
As cast 1.3251¢ 1.741c 2401lc 6271c
p-type 100 0913 || ¢ 0.202 1.21]|c 203||c 269|c
SPStreatment o5, s g0 907 0456 0035 044  -148 121 0.19
n-type
SPStreatment 55 55 54 926 0455 0142 041 121 57 0.062
p-type
Table 9.2: Phase analysis by EDX in the TEM of as-cast and SPS treated samples [160].
Sambples n-type materials p-type materials
p Bi [at.%] Te [at.%] Se [at.%)] Bi [at.%] Sb [at.%] Te [at.%)]
As cast samples Matrix 40.1+1.1  54.4+1.3 5.5+¢0.5 10.4+0.3  29.8+0.8  59.9+0.6
After SPS treatment Matrix 38.7£1.1  55.9+0.9 5.2+0.4 13.0£0.7 28.841.4  58.242.0
Grain boundary phase  45.1+1.2  50.0+1.1 4.9+0.2 7.0£2.3  62.6x£15.6 30.5%13.5
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Thermal diffusivity (17'D), thermopower (S) and electrical conductivity (o) were measured
in the temperature range of 40 °C to 90 °C and listed in Table 9.1. Thermal diffusivity was
measured in a direction parallel to the direction of pressure. Electrical conductivity and ther-
mopower were measured with a ZEM-3 measurement device from ULVAC Technologies Inc.
in a direction perpendicular to the direction of pressure. The density (p) and heat capacity (C))
were also measured and the thermal conductivity was calculated according to A = p.T'D.C),
. Finally, the thermoelectric figure-of-merit was calculated as ZT = (S?¢/x) T'. In this work
only n- and p-type samples with highest Z'I" values were selected for the TEM analysis. All the
electrical characterization and X-ray diffraction were done by the partners and microstructural
characterization were done at University of Tiibingen under the project DFG (SPP1386).

9.2.2 TEM specimen preparation and analysis

For TEM analysis, samples were conventionally prepared by grinding, polishing followed by
Ar" ion milling at 3 keV (Fischione 1010). A more detailed information about the sample
preparation could be found in Chapter 2.

A Zeiss 9122 TEM was operated at 120 kV yielding a point resolution of 0.37 nm and an
energy resolution of 1 eV. The size of crystallites was determined by TEM dark-field images
acquired in two-beam diffraction conditions with strongly excited Bragg reflections.

For phase mapping, EFTEM images were acquired. Three EFTEM images were acquired
at selected energy losses with a slit aperture of 5 eV width and then superimposed to make a
RGB (or phase amp) image. The first and third EFTEM image were acquired at 15 eV energy
loss and the second EFTEM image at 25 eV (or 31 eV) energy loss, the selected energy loss
being close to the plasmon energy and the Bi-Opyyv (Sb-Npvv) ionization edge, respectively.
A more detailed explanation about low-loss ESI/EFTEM technique can be found in Chapter 4
Sec. 4.2.2.

The TEM is equipped with an EDX detector and a low-background specimen holder for
chemical analysis with an energy resolution of 136 eV at the M'n — K, line and with an omega
energy filter for acquisition of EELS. A high-accuracy chemical analysis data was acquired for
Bi, Tes materials by EDX in the TEM by considering the following points: (i) a stray aperture
was introduced to reduce hole-count artifacts by a factor of five; (ii) the Cliff Lorimer k-factors
were calibrated such that the mean values of the mole fractions in Bi; Tes bulk materials mea-
sured by EDX in the TEM corresponded to those of electron probe microanalyzer (EPMA)
[160]. The EDX spectra were acquired with a spot size of 32 nm and an acquisition time of
300 s. For quantitative chemical analysis, the integrated counts under the Bi-L, Sb-L, and Te-L
X-ray lines were used. The integrated counts N were larger than 15000 yielding a minimum
statistical error of onv/N = 0.8% (Poisson statistics) for the determination of the local mole
fractions.

9.3 Results

9.3.1 Crystallite sizes and thermoelectric properties

Nanostructured n-type Biz(Teg.91Sep.09)3 and p-type (Big.26Sbg.74)» Tes bulk materials were pre-
pared using commercially available thermoelectric materials as precursors [146, 160]. Thermo-
electric properties and chemical composition of these materials are presented in Table 9.1 and
Table 9.2. The precursor material was ground by high-energy ball-milling for about 2 h. The
fine-grained powder was compacted and subjected to a SPS process with temperature varied
systematically between 130°C and 400°C.

Thermoelectric properties and chemical composition of the materials after SPS sintering
process are presented in the (Table 9.1 and Table 9.2) for a quick comparison with the as-cast
materials. Materials yielded a density in the range of about 90% to 92% of theoretical density
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Figure 9.1: XRD results of Bix(Teo.01Seo.00)3 material in as-cast state (black), after ball milling (blue), and finally
after SPS treatment (red). XRD analyses were done by a project partner under a DFG (SPP1386) project.

for low temperatures in the SPS treatment. Thermal diffusivities were reduced by up to 60%.
Thermal conductivity was less than 0.5 W m™! K! for 90.7% of theoretical density. Absolute
thermopower was about 150 uV K-!', which is about 30% less than as cast bulk material. Elec-
trical conductivity was more than 5 times smaller than the values of as cast bulk measured along
the basal plane (Table 9.1).

Fig. 9.1 shows a XRD pattern of Biy(Teg 9;Sep.09)3 material in as-cast state, after ball
milling, and after SPS treatment. The broadened X-ray diffraction peaks indicate that after
the ball milling as well as after the SPS treatment the particles are of smaller size compared to
as-cast material. The grain size after the ball-milling step was about 15 nm.

9.3.2 Nanostructure of p-type materials after spark plasma sintering

Figs. 9.2a-9.2b show low-magnification TEM bright-field and corresponding dark-field im-
ages using strongest reflections within the g = (015) diffraction ring (Fig. 9.2¢), acquired in
(Big.26Sbg.74), Tes nanostructured bulk after SPS treatment. Fig. 9.2¢ shows selected area elec-
tron diffraction (SAED) of the area shown in Fig. 9.2a-9.2b using a selected area aperture (SAA)
of 750 nm in diameter. Diffraction ring pattern can be seen in the SAED showing nano size
crystallites with random orientation. Grains of sizes 50-120 nm can be clearly identified in
the dark-field image as well as in the bright-field image (Figs. 9.2a-9.2b). Voids of sizes less
than 50 nm were identified by comparing bright-field and dark-field images. Fig. 9.3a and Fig.
9.3b show high-magnification bright-field and dark-field images, respectively, of the rectangu-
lar area shown in Fig. 9.2a. Twin boundaries (TB), superstructure (S) with a spacing of about
4 nm, grain boundary dislocation (GD), and Moiré fringes (M) were observed as indicated by
arrows and annotations in Fig. 9.3.

9.3.3 Advanced TEM and spectroscopy of p-type materials after spark plasma
sintering

EFTEM imaging was applied to image the nano-sized secondary phases at grain boundaries.
Fig. 9.4a shows a TEM bright-field image and Fig. 9.4b shows a superimposed energy-filtered
image (RGB image) of the same area acquired with an energy slit aperture of width 5 eV at
15 eV (Red, first plasmon peak), 31 eV (Green, Sb Ny 5 ionization edge), and 15 eV (Blue)
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Figure 9.2: (a) A low-magnification bright-field image, (b) the corresponding g = (105) dark-field image and (c) a
selected area electron diffraction pattern of (Big.26Sbo.74)> Tes nanostructure bulk after SPS treatment.

Figure 9.3: (a) A high-magnification bright-field image and (b) the corresponding g = (105) dark-field image of
(Bi0.26Sbo.74)2Tes nanostructure bulk after SPS treatment. Superstructure (S), Moiré fringes (M), twin boundaries
(TB) and grain boundary dislocations (GD) are indicated by arrows and annotations.

energy losses. lonization edges of Bi-O45 (25 €V), Sb-N4 5 (31 V), and Te-Ny 5 (40 eV) are
particularly well suited to image secondary phases with high lateral resolution by EFTEM. For
the present case using a 31 eV energy loss, Sb-rich phases were imaged in the (Big 26Sbg.74)> Tes
matrix. RGB image revealed grain boundary secondary phases (green phases in Fig. 9.4b) of
few tenth of nm in width, which might act as insulating layers severely reducing the charge
carrier mobilities and thus electrical conductivity and ZT" (Table 9.1).

High-accuracy EDX analysis in TEM [146] was carried out to determine the chemical com-
position of nanostructured bulk matrix and of the secondary phases observed at grain boundaries
(Table 9.2). The as-cast material revealed a mean chemical composition of 10.2 at.% Bi, 30.2
at.% Sb and 59.6 at.% Te with a standard deviation of 0.8 at.% (Table 2) [160]. After the SPS
treatment, the matrix revealed a mean chemical composition of 13.0 at.% Bi, 28.8 at.% Sb and
58.2 at.% Te with a standard deviation of 2.0 at.%. The grain boundary secondary phases were
found to be oxidized and revealed a mean chemical composition of 7.0 at.% Bi, 62.6 at.% Sb
and 30.5 at.% Te with a standard deviation of 15.6 at.%. Fig. 9.5 shows EDX spectra of the
matrix and grain boundary secondary phase in linear scale and also in logarithmic scale. In
contrast to the matrix, the grain boundary secondary phase clearly yielded enhanced peaks of
Sb-L41 at 3.6 keV and of O-K; at 0.52 keV (Figs. 9.5a and 9.5c¢).
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Figure 9.4: Energy-filtered TEM of (Bio26Sbo.74)2Tes nanostructure bulk after SPS treatment: (a) a bright-field
image and (b) a RGB image of the same area acquired using a 5 eV energy slit aperture at 15, 31, and 15 eV energy
window.

9.3.4 Nanostructure of n-type materials after spark plasma sintering

Figs. 9.6a-9.6b show low-magnification bright-field and corresponding dark-field image using
strongest reflections within the g = (015) diffraction ring (Fig. 9.6¢), acquired in Biz(Teg 91 Seg.09)3
nanostructure bulk after SPS treatment. Fig. 9.6¢ shows SAED of the area shown in Fig. 9.6a-
9.6b using a selected area aperture (SAA) of 750 nm in diameter. Similar to p-type sample, a
diffraction ring pattern with bright spots can be seen in the SAED showing nano size crystal-
lites with random orientation. Grains of sizes 50-130 nm, i.e. exactly the same size as observed
in case of p-type sample, can be clearly identified in the dark-field image as well as in the
bright field image. In contrast to p-type sample, in n-type sample less number of voids were
found. Fig. 9.3a and Fig. 9.3b show high-magnification bright-field and dark-field images of
the rectangular area shown in Fig. 9.6a. Dislocation (D) and Moiré fringes (M) were observed
as indicated by arrows and annotations in Fig. 9.3. However no twin-boundary or superstructure
were observed.

9.3.5 Advanced TEM and spectroscopy of n-type materials after spark plasma
sintering

EFTEM images were also acquired for the n-type sample. Fig. 9.8a shows a bright-field image
and Fig. 9.8b shows a RGB image of the same area acquired with a energy slit aperture of width
5eVat 15 eV (Red), 25 eV (Green), and 15 eV (Blue) energy losses. In this case we used 25
eV (Bi-O45) energy loss instead of 31 eV to image secondary phases rich in Bi-composition.
Almost same kind of grain boundary secondary phases rich in Bi (green phases in Fig. 9.8b)
were observed in the RGB image, but the secondary phase is not uniformly distributed over
grain boundaries as in case of p-type sample. Note that grain boundary secondary phases might
act as insulating layers, severely reducing the charge carrier mobilities and thus electrical con-
ductivity and ZT'.

High-accuracy EDX analysis in TEM of as cast sample revealed a mean chemical compo-
sition of 40.7 at.% Bi, 4.8 at.% Se and 54.6 at.% Te with a standard deviation of 0.8 at.% (Table
9.2). After the SPS treatment, the matrix revealed a mean chemical composition of 38.7 at.%
Bi, 5.2 at.% Se and 55.9 at.% Te with a standard deviation of 1.1 at.%. The grain boundary
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Figure 9.5: EDX spectroscopy (TEM) of (Big.26Sbo.74)2 Tes nanostructure bulk after SPS treatment: (a) and (b) EDX
spectra of the stoichiometric matrix (pink areas in Fig. 9.4b) with 31.0 at.% Sb in linear scale and in logarithmic
scale, respectively. (c) and (d) EDX spectra of the oxidized grain boundary phase (green areas in Fig. 9.4b) with
65.3 at.% Sb in linear scale and in logarithmic scale, respectively.

secondary phases were found to be oxidized and revealed a mean chemical composition of 45.1
at.% Bi, 4.9 at.% Se and 50.0 at.% Te with a standard deviation of 1.2 at.%. Fig. 9.9 shows EDX
spectra of the matrix and grain boundary secondary phase in linear scale and also in logarithmic
scale. Similar to p-type, the oxygen peak O-K,; at 0.52 keV observed in Fig. 9.9d confirmed
that the grain boundary secondary phases exists in oxidized form.

9.4 Discussion

Nanostructured thermoelectric materials can be a cost-effective and scalable alternative to the
custom nano-engineered systems, such as superlattices or quantum dots, in order to achieve high
ZT material. However, a number of different issues have to be fulfilled in order to overcome
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Figure 9.6: (a) A low-magnification bright-field image, (b) the corresponding g = (105) dark-field image and (c) a
selected area electron diffraction pattern of Bix(Teo.91Seo.09)3 nanostructure bulk after SPS treatment.
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Figure 9.7: (a) A high-magnification bright-field image and (b) the corresponding g = (105) dark-field image of
(Big.26Sbo.74)> Tes nanostructure bulk after SPS treatment. Moiré fringes (M) and dislocations (D) are indicated by
arrows and annotations.

the ZT-limiting mechanisms and to achieve benefits of nanostructured materials: (i) control
of grain size; (ii) stoichiometry, antisite defects, and optimum doping; and (iii) avoiding grain
boundary blocking layers.

A major result of this work is a significantly reduced thermal conductivity of about 0.5
W m™ K'!, being a factor of 2-3 less than in standard bulk materials (Table 9.1). Our mi-
croscopic investigations of SPS materials yielded ultra-fine crystallites of 50-130 nm in size.
Such nano-crystallites will give rise to increased phonon scattering and reduced lattice thermal
conductivity. The sintering temperature, pressure and time as applied here were essential for
obtaining densities > 90% of the theoretical densities while simultaneously avoiding substantial
grain growth during sintering process.

Table 9.2 lists the results of quantitative chemical analysis of as cast materials and nanos-
tructured bulk material after SPS. Note that the chemical composition of the as cast materials
are optimized for high-ZT'. A slight change in the chemical composition was observed in the
chemical composition of the matrix after SPS process. A Bi deficiency of about 1 at.% was ob-
served in n-type materials after SPS. For Bi, Te; materials it is known that slight deviations from
stoichiometry yields strong changes in the charge carrier density and thereby thermopower: Bi-
Te bulk materials with a Te content of 60 at.% revealed p-type character and a thermopower of
227 uV K!, whereas n-type conduction and a thermopower of -224 pV K-! was observed for
63.5 at.% Te [165]. The Bi deficiency will result in formation Tep; antisite defects [166], acting
as donors, and will increase charge carrier density and might explain the reduced thermopower
after SPS. A Te deficiency of about 1.7 at.% was observed in the p-type materials after SPS.
The Te deficiency will result in formation Bir. antisite defects [166], acting as acceptor; and
will increase charge carrier density and might explain the reduced thermopower after SPS. Note
that we have a larger deviation (1.7 at.%) from stoichiometry in p-type material than in n-type
(1.4 at.%), which yielded a larger reduction of thermopower in case of p-type (50%) compared
to n-type (34%) material as seen in Table 1.

TEM revealed oxidized Bi-rich or Sb-rich secondary phases at grain boundaries, which are
assumed to severely reduce charge carrier mobility [167, 168]. Similar results i.e. reduced
carrier mobility due to oxidized secondary phases at grain boundaries were observed by Horio
and Inoue [167] in hot pressed Bi-Te materials and in Bi,Tes thin films grown by molecular
beam epitaxy (MBE) [168]. Oxygen is known to turn p-type Bi,Tes into n-type bulk materials
[169], however, no detailed explanation was given, why this would be the case.
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Figure 9.8: Energy-filtered TEM of Bix(Teoo1Seo.09)3 nanostructure bulk after SPS treatment: (a) a bright-field
image and (b) a RGB image of the same area acquired using a 5 eV slit aperture at 15, 25 and 15 eV energy window.

Thermoelectric properties were measured systematically depending on the amount of oxy-
gen contamination in n-type Bi, Te; 7Seg 3 nanobulk material [170, 171]. As solidified material
yielded 0.04 at.% oxygen and a thermopower -232 uV K. As-sintered material yielded 1.8
at.% oxygen and a significantly reduced thermopower of -135 uV K-!. Subsequent reduction
of the sintered material by hydrogen yielded 0.25 at.% oxygen and a thermopower of -215 pV
K-! was recovered.

Also by alloying with other group 6 elements electrical properties of Bi, Tes are sensitively
affected. Biy(Te;xSey); and Biy(Te;xSx)s mixed crystal are known to switch from p-type and
n-type for 13.8 at.% Se and 7.2 at% S, respectively. According to Horak [172] the hole con-
centration decreases with increasing mole fraction of Se and S in the anion sublattice, which
increases the anion vacancy concentration (V; 2 donors) . This increase was explained by a re-
duced vacancy energy due to the smaller effective radius of the anions. Therefore, Biy(Te1.xSx)3
yielded higher anion vacancy concentrations and a transition from p- to n-type occurs at smaller
x than for Biy(Te;.xSex)s mixed crystals. Similar arguments could hold for Biy(Te;xOy)s, ex-
plaining why transport properties change so drastically [135].

In summary, these results show that thermoelectric properties are sensitive to oxidation and
require careful protection from contamination during synthesis and an accurate chemical anal-
ysis for understanding thermoelectric properties. The ZT" values could not be improved due to
the reduced charge carrier mobility despite the strong reduction of lattice thermal conductivity.
Optimization for the annealing and sintering temperatures might help to get rid of the grain
boundary phase and hence the low electrical conductivity problem.

9.5 Conclusions

In this chapter, we reported the XRD and microscopic results of n-type Biz(Teg 91 Seg.09)3 and
p-type (Big.26Sbo.74)2 Tes nanostructured bulk materials prepared from as cast materials by ball
milling followed by SPS process. The nanostructured bulk are cost-effective and scalable alter-
native to the custom nano-engineered systems, such as superlattices or quantum dots to achieve
high-ZT materials. A combination of XRD, EFTEM, and high precision EDX spectroscopy in
TEM were applied to understand the nanostructure and its correlation with the observed trans-
port properties. Peak broadening in XRD were observed after high energy ball milling and also
after SPS treatment, indicating smaller grain size. Crystallites of sizes 15-23 nm were found in



104 Chapter 9. SPS nanostructured Bi2Te3 bulk with low thermal conductivity

- 4,
2500 Bi Stoichiometric matrix grain  (Q) 10 Stoichiometric matrix grain  (b)
with 39.8 at.% Bi i Wwith 39.8 at.% Bi
2000
15001
12}
<
310001
o
500 1 01 ]
0 T T T : - : ; ] T r T T : T !
0 2 4 6 8 10 12 14 16 0 1 2 3 4 5 6 7
Energy (keV) Energy (keV)
- 4 -
1000 Bi  Oxidized grain boundary phase (C) 10 Oxidized grain boundary phase (d)
with 48.4 at.% Bi with 48.4 at.% Bi
800
i)
c
=}
5]
o

Energy (keV) Energy (keV)

Figure 9.9: EDX spectroscopy (TEM) of Bi»(Teo.01 Seo.09)3 nanostructure bulk after SPS treatment: (a) and (b) EDX
spectra of the stoichiometric matrix (pink areas in Fig. 9.8b) with 39.8 at.% Bi in linear scale and in logarithmic
scale, respectively. (c) and (d) EDX spectra of the oxidized grain boundary phase (green areas in Fig. 9.8b) with
48.4 at.% Bi in linear scale and in logarithmic scale, respectively.

the ball milled powder. After the SPS treatment, highly dense nanostructured bulk materials,
yielding very low thermal conductivities, were found. A thermal conductivity as low as 0.44
W m'K-'was found at room temperature for both n- and p-type materials, which is required
for high-ZT'. The grain sizes were about 50-130 nm as determined by TEM and thermal dif-
fusivity were reduced by 60%. Few tenth of nm thick Bi-rich (for n-type) and Sb-rich (for
p-type) oxidized phase were observed at the grain boundaries. These oxidized phase at grain
boundaries could reduce charge carrier mobility and hence electrical conductivities, yielding a
reduced ZT.

In summary SPS sintered materials, yielded a good thermal conductivity but a poor elec-
trical conductivity as a ZT' limiting factor. An optimization of the sintering and annealing
temperature is required to get rid of the grain boundary secondary phases to achieve a good
electrical conductivity and thereby high-ZT" materials.



Appendix A

Specimen Preparation Tools

In this appendix, you will find pictures (view graph) of specimen preparation tools, that are not
shown in Chapter 2. Many tools were made at the Institute of Applied Physics departmental

work shop.
Specimen exchange
holder

D

A

Ar-ion Etching Machine
(Fischione 1010)

Figure A.2: A view graph of the circular ring and circular specimen punching tools.
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Figure A.3: A view graph of the pressing tool (Piano), front view and side view.

Figure A.4: A view graph of the diamond wire saw machine (Walter EBNER 3281) and ultrasonic circular disc
cutting machine (Gatan 601).

KNUTH-ROTOR

s

Figure A.5: A view graph of the grinding machine (KNUTH-ROTOR), with two SiC plates of different grit size.
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Figure A.6: A view graph of the diamond lapping polishing discs with different grit sizes (30 pm, 15 pm, 9 um, 3
pm, 1 pm and 0.5 pm).

Figure A.7: A view graph of the light microscope (OPTECH).
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