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ABSTRACT

SINGLE CRYSTAL GROWTH AND CHARACTERIZATION OF ZINTL PHASE
THERMOELECTRIC COMPOUNDS

By
David M. Smiadak

Zintl phases have been the focus of recent thermoelectric research due to their complex crystal
structures, which include covalently bonded anionic sub-structures in a lattice of electropositive
cations. The covalent bonds lead to high mobility, while strict electron-counting rules contribute to
the formation of complex structures, which in turn lead to low thermal conductivity. In this manner,
these compounds can fit the ideal phonon-glass and electron-crystal model for thermoelectric
materials. Although Zintl phases are a promising class of thermoelectric materials that have been
studied intensively since 2005, there are still several important fundamental questions that remain
unanswered. These include questions related to anisotropic transport and how it relates to the crystal
structure, and the role played by intrinsic defects in determining carrier concentration. Additionally,
the field of Zintl compounds is ever expanding; through the use of exploratory single crystal growths
and the careful selection of starting composition, novel compounds and structure types can be
discovered that may be promising thermoelectric candidates.

Zintls with the CasM;Sbg (M = Al, Ga, In) structure type, characterized by one-dimensional,
ladder-like polyanions, were previously predicted to have highly anisotropic electrical conductivity.
To investigate this anisotropic behavior, single crystals of CasM>Sbg (M = Al, Ga, In) were grown in
the current work via the self-flux method. These crystals grew preferentially along the polyanionic
"ladders" of the structure, but only measured a few millimeters long by tens of microns thick.
Characterizing the transport properties of these crystals both parallel and perpendicular to the
growth direction demanded a novel characterization technique, as placing contacts by hand was
infeasible in the perpendicular direction. Micro-fabrication techniques will be utilized whereby
micro-ribbons are extracted from crystals both perpendicular and parallel to the preferred growth

direction using a focused ion beam milling technique. Photolithography was then utilized to create



a circuit of sensors for transport measurements. The resistivity, carrier concentration, and mobility
of a micro-ribbon of CasIn,Sbg perpendicular to the preferred growth direction was successfully
characterized using this approach. Resistivity measured in the parallel direction using a four-probe
resistivity setup was found to be nearly 20 times higher than the perpendicular direction, confirming
theoretical predictions.

Experimental investigation of intrinsic defects in single crystals is also explored in the promising
Mg3Sb, system, accomplished using single crystal X-ray diffraction. The defect chemistry of
this system for both Mg- and Sb-rich single crystal synthesis is investigated, where vacancies and
interstitial sites are identified and quantified in collaboration with researchers at the Max Planck
Institute for Chemical Physics of Solids in Dresden, Germany.

Lastly, the discovery of a new quaternary Zintl phase, CagZns3 1Ing 9Sbg is reported, which
was discovered as a by-product during the attempted growth of Zn-doped CasIn,Sbg. The new
CagZnj3 1Ing 9Sbg structure was solved with the help of collaborators at the University of Delaware.
Measurements of the electrical resistivity of the CagZn3 1Ing 9Sbg crystals performed at Michigan
State University showed results similar to that of already-optimized CagZny4 5Sbg compounds,

pointing to promising thermoelectric performance.



I dedicate this work to my wife Saeeda,
my daughter Sofia, and all my friends and family.

Without you, none of this would be possible.
I'love you with all my heart.

v



ACKNOWLEDGMENTS

I would like to first acknowledge my advisor, Dr. Alex Zevalkink. Thank you very much for your
guidance, assistance, knowledge, and good humor. Secondly I would like to thank my doctoral
committee Dr. Carl Boehlert, Dr. Tim Hogan, and Dr. Jason D. Nicholas for their advice and
probing questions that helped shape this work for the better. I would also like to thank my friend and
colleague Mario Calder6n for his help in the laboratory and on the soccer pitch. Special thanks to
Mack Marshall and Megan Rylko for their assistance with single crystal growth synthesis. Also to
Dr. W. Adam Phelan, Research Scientist and Associate Director of the PARADIM Crystal Growth
Facility at Johns Hopkins University for his advise and assistance.

Single crystal growth projects would not be possible without proper characterization and for
that I would like to express my gratitude to Dr. Richard J. Staples, Manager of the Center for
Crystallographic Research in Michigan State University’s Department of Chemistry and Chemical
Biology, for his assistance with single crystal X-ray diffraction across all of our compositions and
projects. I would also like to thank Dr. Svilen Bobev and his post-doc Dr. Sviatoslav Baranets at the
University of Delaware for their assistance in resolving the CagZn3InSbg single crystal structure,
their expertise was invaluable.

I would like to thank Dr. Don Morelli and his group for providing assistance with electronic
transport characterization. This work would not have been a success if it were not for the assistance
of Dr. Vijay Ponnambalam and Corey Cooling.

I would also like to thank my colleagues at both the IFW and Max Planck Institute in Dresden,
Germany. I had the pleasure of working at the IFW Dresden as a Guest Scientist for three months,
across two research trips, and had a wonderful learning experience. I would like to thank Almut
Pohl for her invaluable work FIB cutting our crystal samples, Cindy Kupka for providing assistance
and training in the Microstructuring Lab, and to Lauritz Ule Schnatmann, Constantin Wolf, Sepideh
Izadi, and Vida Barati for providing day-to-day assistance. I would like to thank Dr. Guodong Li for

his helpful advice on photoresists and sample recovery techniques. I am grateful to Dr. Heiko Reith



for allowing me into his laboratory and using his equipment to complete my project. Special thanks
to Dr. Nicolds Perez Rodriguez, who was my main contact at the institute and helped in a number of
ways outside of his responsibilities of providing low temperature characterization assistance. Lastly,
I would like to thank Dr. habil. Gabi Schierning, Head of Department Thermoelectric Materials
and Devices for making everything possible and providing assistance in achieving our project goals.
This project was a success due to the wonderful team at the IFW and I am very grateful for my
experience there. I would also like to acknowledge the financial support provided by the National
Science Foundation, IFW Dresden, and Michigan State University.

My success would also not be possible without the love and support of my wife, Saeeda and
my young daughter Sofia. We have faced a number of challenges but we have done it together. I
am a stronger and better person because of their influence. I would like to thank my close friends
David and Lauren Luc, Benjamin and Stacey Crowgey, Sam and Simone Kauffold, Brett and
Rachel Justice, and Steve and Lila Hughey all for their continued love and support over the years,
you’ve made this experience so much better with your friendship. I would also like to thank my
family, especially my father Matt Smiadak, who as of this writing is continuing to work and provide
essentials to the community during the pandemic and to my mother Pamela Smiadak who continues
to shower love on us and our daughter. They have been pillars of support for me since I was born
and I can not thank them enough. I would like to thank my brother-in-law Sammy Usman Jr. and
his girlfriend Tiffany Savoie, my sister-in-law Carmel Scott-Emuakpor and her husband Onome all
for their loving support as well.

I would also like to thank John Brandenburg and John Plough from my East Lansing High
School days for instilling a love of math and science. And special thanks to Dr. Mehmet S6zen for
providing me with an independent study during my undergraduate at Grand Valley State University
and conference opportunities even after I had graduated. Reaching out to me, was motivation to
take a leap back into research and graduate school.

Lastly, thank you also to all of the front line worker and essential employees that are currently

risking their lives, many out of financial necessity, to provide for others during this time. I hope that

Vi



we learn from this experience and create a more fair and equitable society as a result.

vil



TABLE OF CONTENTS

LISTOFTABLES . @ v i it it e i e i e e i e e it ettt et te e n e xi
LISTOFFIGURES . . . . o it i it i e i e e i e e it e ittt et e e n e Xiii
CHAPTER 1 INTRODUCTION: THERMOELECTRICS . . . . . ... ..o v oo v oo 1
1.1 Thermoelectrics . . . . . . . . . . . . e 1

1.2 Thermoelectric Effects . . . . . . .. .. ... . 3

1.3 Electronic Transport . . . . . . . . . . . . . L e 6

1.4 Thermal Transport . . . . . . . . . . . . . o e 7
1.4.1 Electronic Thermal Conductivity . . . . . . . . .. .. ... ... ..... 7

1.4.2 Lattice Thermal Conductivity . . . . . . . . . ... .. ... .. ...... 8

1.5 Optimization of zT' . . . . . . . . . . 9
CHAPTER 2 ZINTL THERMOELECTRICS ... ... ... it 13
2.1 Zintl Phase Overview . . . . . . . . . .. e 13
2.1.1 Zintl-Klemm Concept . . . . . . . . . . ... 14

2.1.2 Thermoelectric Performance of Zintl Phases . . . . . . .. ... ... ... 16

2.1.3 AsMyPng Zintl Phases . . . . ... ... oo oo 16

214 AMpXpZintlPhases . . . . . . .. 17

2.1.5 AgMyPng Zintl Phases . . . . . .. .. ... oo 18

2.2 Summary of Research Direction . . . . . ... ... .. ... ... ....... 19
2.2.1 Anisotropic Transport . . . . . . . . ... Lo 19

2.2.2  Characterization of Defects . . . . . . . . ... ... ... ... 23

2.2.3 Unexplored Phase Space . . . ... ... .. ... .. ... ........ 24
CHAPTER 3 CRYSTAL GROWTH FROM MOLTEN METALFLUX . ... ....... 26
3.1 Introduction . . . . . . . . .. e e 26
3.1.1 CasAlaSbg . . . . . e 26

3.1.2 CasGapSbg . . . . . . . 27

3.1.3 Ca5In28b6 ................................... 27

3.14 CaSAlzBi6 .................................. 28

3.2 Background - Single Crystal Growth . . . . . . ... ... ... ... .. ..... 28
321 FluxGrowth. . . . . . ... . 30

3.2.2 Flux Growth of Zintl Phases . . . . . . ... .. ... ... ........ 32

3.2.3 Energy-dispersive X-ray Spectroscopy . . . . . . . . ..o oo . 36

3.2.4 Single Crystal X-ray Diffraction . . . . .. ... ... ... ........ 37

3.3 Experimental Methods . . . . . . . ... ... 38
33.1 FluxGrowth. . . . . . . .. . 38

3.3.2 Vapor Transport . . . . . . . . . . ... 39

3.3.3 Material Characterization Techniques . . . . . . ... ... ... ... .. 39

34 Results & Discussion . . . . . . ... 41

viii



3.4.1 Phase Diagram Determination and Crystal Growth Optimization . . . . . . 41

3.4.2 Crystal Structure and Composition . . . . . . . . .. .. .. .. .. .... 52

343 Crystal Morphology . . . . . . . . . ... 59

3.5 Concluding Remarks . . . . ... ... ... ... ... ... 62
CHAPTER 4 ELECTRONIC CHARACTERIZATION OF CasIn,Sbg SINGLE CRYSTALS 63
4.1 Introduction . . . . . . . .. L e 63
4.2 Background . . . . . .. e 64
4.2.1 Photolithography for Material Characterization . . . . . . ... ... ... 64
422 Focusedlon BeamMilling . . .. ... ... ... .. ... .. ..... 65

4.2.3  Selection and Treatment of Photoresists . . . . . . . ... ... ... ... 65
424 SpinCoating . . . . . . . . .. e 69

425 SoftandHardBakes . . . .. .. ... ... .. ... . 70

4.2.6 EXPOSUIE . . . . . . .. e 71

427 Flood Exposure . . . . . . . . . ... 71

4.2.8 Developer . . . . . . . e 71

4.2.9 Sputter Deposition and Lift-off . . . . . ... ... ... 0000, 72

4.3 Experimental Methods . . . . . . . ... . L L 72
4.3.1 FocusedIonBeamMilling . . . ... .. ... ... ... ........ 72
4.3.2 Substrate Preparation . . . . . . . .. ... L L L L 73

433 CircuitDesign. . . . . . . . . . e 73
4.3.4 Photoresist Application . . . . . . . .. ... e 74

43.5 Softand Hard Bakes . . . .. .. ... ... .. .. .. .. ... 74

4.3.6 Laser Lithography . . . . . .. ... .. ... ... ... ... ... 74

437 Flood Exposure . . . . . . . . ... 75

4.3.8 Photoresist Development and Evaluation . . . . . ... ... ... ..... 75

4.3.9 Sputter Deposition . . . . . . ... e 76
4.3.10 Lift-off . . . . . . . 77
4.3.11 Transport Characterization . . . . . . . . . .. .. .. . ... .. 77

4.4 Results & Discussion . . . . . . ... 78
4.4.1 RibbonProcessing . . . ... .. ... 78

442 CircuitDesign. . . . . . . . . . e 79

4.4.3 Photoresist Optimization and Selection. . . . . . ... ... ... ..... 81
4.44 Development Optimization . . . . . . . . . . . .. . oo 84

4.4.5 Line Width Repeatability . . . . . .. .. ... ... ... ... ... 87

4.4.6 Sputter Deposition Evaluation . . . . . ... ... ... ... ... 90

447 Liftoff . . . . .. 90

4.4.8 Final Optimized Process . . . . . . . . . . . ... ... ... .. ..... 93

4.49 Transport Characterization . . . . . . . . ... ... ... ......... 94

4.5 Concluding Remarks . . . . . . . . ... L 99
CHAPTER 5 CRYSTAL GROWTH AND CHARACTERIZATION OF Mg3Sb, ... .. 101
5.1 Introduction . . . . . . . . . . L 101
5.2 Experimental Methods . . . . . . . ... ... 103
5.2.1 Synthesis . . . . . . . . e 103

X



5.2.2  Structural Characterization and Metallography . . . . . . . . ... ... .. 103

5.2.3 Transport Characterization . . . . . . . . ... ... ... .. ....... 104

5.3 Results & Discussion . . . . . . ... 104

5.3.1 Crystal Growth and Morphology . . . . . . . .. ... ... ........ 104

5.3.2  Structure Description . . . . . . . . ... 105

5.3.3 Electronic Transport Properties . . . . . . .. .. ... ... ... ..... 108

54 Concluding Remarks . . . . . .. .. ... 111
CHAPTER 6 STRUCTURE AND ELECTRONIC PROPERTIES OF NEW ZINTL

PHASE Ca92n3,1In0'9Sb9 ........................... 112

6.1 Introduction . . . . . . . . . . L 112

6.2 Experimental Methods . . . . . . . ... ... ... .. 113

6.2.1 Synthesis . . . . . . . . 113

6.2.2 Structural and Thermal Characterization . . . . . . . . ... ... ..... 114

6.2.3 Resistivity Measurements . . . . . . . . ... 0.0l 115

6.3 Results & Discussion . . . . . . ... L 116

6.3.1 Crystal Morphology and Composition . . . . . ... ... ......... 116

6.3.2 Thermal Analysis . . . . . . . . . . . 117

6.3.3 Structure Description . . . . . ... ... 118

6.3.4 Comparison with the CagZny 5Sbg Structure Type . . . . . . . .. ... .. 119

6.3.5 Electronic Transport Properties . . . . . . . . .. ... ... ........ 121

6.4 Concluding Remarks . . . . . ... ... ... ... ... .. 122

CHAPTER 7 CONCLUSIONS & FUTUREWORK . ............. ... ... 123

7.1 Conclusions . . . . . . . L e 123

7.2 Future Work . . . . . . L e 125

7.2.1 Photolithography to Understand Anistropic Transport . . . . . . . ... .. 125

7.2.2  Flux Growths for Phase Diagram and New Compound Exploration . . . . . 127

APPENDIX . . ot i it it i e i e e e e e e e e e e e e 131

BIBLIOGRAPHY . . o v i it e i e e e i e e it e e e ittt et e nee s 155



Table 3.1:

Table 3.2:

Table 4.1:

Table 4.2:

Table 4.3:

Table 4.4:

Table 5.1:

Table 5.2:

Table 7.1:

Table A1l:

Table A2:

Table A3:

Table A4:

LIST OF TABLES

Viscosity data for selected flux elements along with density information for
single crystal target compounds. . . . . . ... ... L. 34

Crystal data collected from single crystal X-ray diffraction for the CasGa,_ In,Sbg
compositions. Programs used: APEX2, SAINT, SHELXS97, SHELXL97, and
OLEX?2. Unit cell dimensions are in good agreement with published data. . . . . 54

Optimized temperature and duration of soft bake for selected photoresists. AZ
9260 24 um is a two step application starting with AZ 9260 10 um layer. AZ

5214 E was optimized as a positive photoresist and in the image reversal state. . . 83
Development times for select photoresists. . . . . . . .. .. ... ... .. 84
Lift-off temperatures and times for select photoresists. . . . . . ... ... ... 90

Anisotropic thermoelectric properties at 220 and 300 K for selected one-
dimensional (1D) compounds, van der Waals (vdW) compounds, and covalently
bonded two-dimensional (Cov.-2D) compounds. . . . . . . ... ... ... .. 99

Atomic positions and occupancy data for Mgz Sb, single crystals grown from
both Mg- and Sb-richfluxes. . . . . . . . .. ... ... .. ... ........ 106

Crystallographic data for Mg3Sb, single crystals grown from both Mg- and
Sb-rich fluxes. . . . . . ... 107

List of element combinations for potential quaternary compounds in the form
Ag(T1_xMy)4Png. References are included for known AgT,4 Png ternaries

and known quaternary compounds taking the form Ag(T{_Mx)4Png. . . . . . . 129
Quantitative results: CasGaySbg single crystals from a Ga;3Sby, flux, Areas
A-Ffrom Figure Al. . . . . . . . . . . . 134
Quantitative results: CasInySbg single crystals from an Iny73Sby, flux, Areas
A-Ffrom Figure Ad. . . . . . . . . L 137

Quantitative results: CasGay_,InySbg single crystals from a Gazy 5In37 5Sbygo
flux, Areas A-E from Figure A7(left). . . . . . .. ... ... ... ... .... 141

Quantitative results: CasGay_,InySbg single crystals from a Gazy 5In37 5Sbygo
flux, Areas F-J from Figure A7(right). . . . . . . . ... ... ... ... .... 142

xi



Table AS5:

Table A6:

Table A7:

Table AS:

Quantitative results: CasAl;Sbg with Al73Sby; flux, Areas A-D from Figure A10.145
Quantitative results: CasAl;Sbg with Sbyg flux, Areas A-E from Figure A13. . . 148

Quantitative results: CasAlyBig single crystals from a Sn;5 flux, Areas A-G
from Figure A15-A16. . . . . . . . . ... 151

Quantitative results: CasAl;Big single crystals and flux components from a
Biyg flux, Areas A-G from Figure A18. . . . . .. .. ... ... ... .. 154

xii



Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

LIST OF FIGURES

Thermoelectric module (left) with detail of single junction (right). Charge
carriers diffuse to the cold side (7,q) for a given temperature gradient. . . . . . 2

Thermocouple circuit illustrating the Seebeck effect where a voltage differ-
ence, AV, appears across the terminal at T and T, (left). Modified circuit
illustrating the Peltier effect whereby an applied voltage produces a current, /,
creating a cooling effect at T, while expelling heat at T}, (right). . . . . . . .. 4

Layered thermoelectrics BiyTes (left), GeAs (center), and SnSe (right) with
low in-plane and high out-of-plane resistivity with more anisotropic behavior
observed for Seebeck coefficient. . . . . . .. ... oo 10

The NaSi unit cell with ionically bonded Na cations and covalently bonded
anionic Si tetrahedra ([Si4]4*) (left). NaTl unit cell with diamond network of
Tl atoms (right). . . . . . . . . . e 15

The figure-of-merit of CasIny_,Zn,Sbg samples, compared against Na-doped
CasAl,Sbg [1] (left). The figure-of-merit for select Zintl phase compounds
with respect to temperature after doping optimization (right). . . . . . . .. .. 17

The Mg3Sb, structure (left), CagZny Sbg structure (center), and the Ca5Al,Sbg
structures (right). . . . . . . .. L e e 18

The orthorhombic unit cell of Zintl phases CasM;Sbg (M = Al, Ga, In) (left)
with isolated one-dimensional polyanionic chains connected by Sb-Sb bonds
(right). . . . . o e e e 20

Previously reported band structures of CasM;Sbg (M = Al, Ga, In) com-
pounds, illustrating a high degree of anisotropy in the valence band. The
band mass (m}i ) parallel to the anionic structures is lighter than the other
perpendicular directions (my_gandmy ) [2]. .. ... ... ... 21

density functional theory (DFT) calculations for electrical conductivity (left),
Seebeck coefficient (center) and power factor (right) in different crystallo-
graphic directions along with the polycrystalline average [3]. . . . .. .. ... 22

Young’s modulus tensor with respect to crystallographic orientation for anisotropic

BiyTes (top) and approximately isotropic CasInySbg (bottom) [4]. Fermi sur-
face of CasInySbg, a pseudo one-dimensional electrical conductor [3] (right). . 23

Xxiii



Figure 2.8:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

(a) Crystal structure of Mg3Sb, with proposed interstitial sites. (b) Defect
formation energy for Sb-excess Mgz Sb, with Fermi level at 900 K. (c) Defect
formation energy for Mg-rich Mg3Sb, with undoped Fermi level at 900 K [5]. . 25

Comparison of the chain packing between the CasGay Asg (left) and CasAl,Big
(right) structure-types. The CasM;,Sbg (M = Al, Ga, In) compounds belong to
the CasGayAsg structure-type with the difference being how the polyanionic
chains are packed into the unitcell. . . . . . . .. ... ... ... ... .. 28

Schematic diagram of a flux growth ampule (left), containing quartz wool
for cushioning during transport and centrifuging, growth crucible containing
the compound and flux while the catch crucible is empty. The two crucibles
are separated by a alumina sieve to catch crystals and drain liquid flux. Flux
growth can be used off stoichiometry to grow incongruent melting compounds
(right). . . . . e e e e 32

Characteristic X-ray production from incident electrons for energy-dispersive
X-ray spectroscopy (EDS) analysis (left). Electron transitions of major lines,
characteristic of the emitting atom (right). . . . . .. ... .. ... ...... 37

Horizontal tube furnace with two ampules positioned opposite each other (left).
Illustrated temperature profile and vapor motion (top right) with deposited
flux elements visible on ampules surface after processing (bottom right). . . . . 40

(1) Oxford 600 low temperature device, (2) X-ray emitter, (3) Charge-Integrating
Pixel Array Detector (CPAD), (4) Camera for viewing crystal, (5) three-axis
goniometer, and (6) sample mounted on nylonloop. . . . . . . ... ... ... 41

Differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) data for CasGaySbg from room temperature to 1000°C shows in-
congruent melting beginning above 760°C. . . . . . . . .. ... ... .. ... 43

The Ca-Ga-Sb ternary phase diagram with known binaries (black), desired
Cas5GaySbg (blue), and other ternary phases (purple). Unsuccessful (red
squares) and successful (green square) flux growths were used to determine
the black tie lines. (upper right) A plausible pseudo-binary phase diagram was
developed based on the successful flux growth. (lower right) optical image of
grownecerystals. . . . ..o L L 46

The Ca-In-Sb ternary phase diagram with known binaries (black), desired
CasIn,Sbg (blue), and other ternary phases (purple). Unsuccessful (red
squares) and successful (green square) flux growths were used to determine
the black tie lines. A plausible pseudo-binary phase diagram for the successful
flux growth (upper right) and SEM image of grown crystals (lower right). . . . . 46

X1V



Figure 3.9:

Figure 3.10:

Figure 3.11:

Figure 3.12:

Figure 3.13:

Figure 3.14:

Figure 3.15:

Figure 3.16:

Figure 3.17:

Figure 3.18:

The Ca-Al-Sb ternary phase diagram with known binaries (black), desired
ternary phase Ca5Al,Sbg (blue), and undesirable ternary phases (purple). Un-
successful (red squares) and successful (green square) flux growths developed
black tie lines between compounds. A plausible pseudo- binary phase diagram
for the successful Sby( flux (upper right) and SEM image of grown crystals
(lowerright). . . . . . . . .

The Ca-Al-Bi ternary phase diagram with known binaries (black), desired
ternary phase CasAl;Big (blue). Successful (green square) flux growth de-
veloped black tie line between compounds. A plausible pseudo-binary phase
diagram for the successful Biyg flux (upper right) and SEM image of grown
crystals (lowerright). . . . . . . . . . .. . L

Large CasGay_,In,Sbg single crystal with well defined facets (left). Similarly
large crystal but constructed of a large number of smaller Ca5Gaj_,In,Sbg
single crystals grown in parallel (right). . . . . . .. .. ... ... ...

Aluminum vapor damage to the quartz ampule, concentrated at the gap be-
tween the crucibles and sieve prior to flipping (left). Carbon-coated quartz
ampules formed a protective barrier (right). . . . . . . . .. ... ... ... ..

Alloyed reference structure (left). Linear relationship between unit cell pa-
rameter dimensions between alloy phase CasGaj j2Ing ggSbg and unalloyed
ternary phases CasGaySbg and CaslnySbg (right). . . . . . . .. .. ... ...

(a) The CasGaj 13Ing ggSbg crystal structure with select atom labels. Polyhe-
dra bond length comparison between (b) CasGaj_ 12Ing ggSbg (c) CasGa,Shg,
and (d) CasInpSbg. . . . . . . oo

EDS analysis of (a) CasGaySbg crystal and flux elements, (b) CaslnySbg
crystals, (c-d) CasGaj_,In,Sbg single crystals, and (e-f) CasAl,Big single
crystals. . . . .

EDS analysis of Ca5Al,Sbg crystals grown from a (a) Al73Sbyy flux, (b) Sbyg
flux, (c) Sn;5 flux, back-scattered electron image to highlight flux, and (d)
Snjs flux, standard SEM. . . . . . ..o

Single crystals mounted at single crystal X-ray diffraction (SC-XRD) for (a)
Ca5GaySbg from a Ga;73Sby; flux and (b) CasInySbg from a Iny3Sby, flux.

Single crystals of (a) CasGaySbg from Gay3Sby, flux with rectangular cross

sections, (b-c) CasInySbg from same Ga73Sby, flux, and (d) Ca5Al,Sbg from
Sb20 lux. . . e

XV

60



Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11:

(a) False color image of the NbP micro-ribbon (green) with sputtered heater
line (upper left) and a pair of thermometers. (b) Configuration used to mea-
sure the electrical conductance G = J/E. (c) Configuration used to measure
thermoelectric conductance GT = J/|VT | with the red and green ends of the
color gradient representing hot and cold sides of the circuit [6]. . . . . . . . ..

The photoresist process sequence for positive, image reversal, and negative
resists. While chemically different through the development, deposition, and
lift-off phases they are structurally equivalent for low resolution structures,
combined here for simplicity. Resist profiles are based off large dose exposures.

Selected photoresists and their types: positive photoresist (left), image reversal
(center), and bi-layer (right). The gold layer represents the sputter deposition
prior to the lift-off process. . . . . . . ... ... ... o

Flood exposure apparatus (A =375nm). . . . . . . . . . ... ...

Sputter deposition device (left). Inside the chamber, with labeled Au and Cr
targets angled over the stage. Note the shutters over each, used to keep each
component isolated from each other (right). . . . .. ... ... ... .....

Summary of processed micro-ribbons through stages of development. . . . . . .

Successfully focused ion beam (FIB) milled micro-ribbon ready for extrac-
tion (left). Successfully FIB milled micro-ribbons ready for extraction both
perpendicular and parallel to growth direction (right). . . . . . ... ... ...

Prototype Hall circuit (left), and magnified view of sensors over the micro-
ribbon at center (right). . . . . . . . ...

Full characterization circuit design (left), and magnified view of sensors over
the micro-ribbon at center (right). . . . . . . . .. ... ...

Optimized spin coating profiles for select photoresists grouped by color. Ti
Prime is applied prior to AZ5214 E (purple). lift off resist (LOR) 3B is
applied prior to ma-P 1205 (blue). AZ 9260 10 um can be used singularly
or preceding the AZ 9260 24 um profile that is a second application of the
photoresist (black). . . . . . ...

Profiler paths across the photoresist surface for the LOR 3B and ma-P 1205

photoresists (left), and Ti Prime + AZ 5214 E photoresist (right). Pad numbers
correspond to Hall circuit labels in Figure 4.8. . . . . . .. .. ... ... ...

xXvi

64

66

86



Figure 4.12:

Figure 4.13:

Figure 4.14:

Figure 4.15:

Figure 4.16:

Figure 4.17:

Figure 4.18:

Figure 4.19:

Figure 4.20:

Profiler paths illustrated across a LASI7 designed Hall circuit (left). Each
contact pad is 0.4 mm square. Profiler data on AZ 9260, 24 um target
photoresist thickness shows significant thickness variability (right). . . . . . . . 87

Profiler analysis of the AZ 9260 photoresist after development with fully de-
veloped 10 pum (left), under-developed 10 pm (center), and under-developed
24 pum target thickness (right). The thickness of the resist was less than the
target thickness in all three case studies. Pad numbers correspond to Hall
circuit labels in Figure 4.8. . . . . . . . . . ... ... Lo o 88

Example power study for laser powers 2-100% with 2% increments (left).
Line width studies for power optimization with no ribbon for target thickness
of 2, 3, and 4 um line thicknesses. Slides were coated in Ti Prime and image
reversed AZ 5214 E resist. Power percentage is for the laser, 1x1 pass, filter
on, uni-directional and inverted with a buffer for image reversal (right). . . . . . 89

A Ti Prime + AZ 5214 E image reversal photoresist circuit with correct
undercut after the development stage (left) compared to a poorly undercut
LOR 3B + ma-P 1205 photoresist circuit that failed to lift-off correctly (right). . 89

Successful lift-off of Ti Prime and AZ 5214 E photoresist. Profiler paths
across the sputtered circuit pads after lift-off, measuring the thickness of the
sputtered chromium and gold stack (left). Optical image of the pads leading
to the Hall circuit at center (right). Pad numbers correspond to Hall circuit
labelsin Figure 4.8. . . . . . . . . . . ... .. 91

Poor lift-off of an AZ 9260 photoresist circuit with sidewall deposition adher-
ing to substrate surface (left) compared to an optimized circuit design using
Ti Prime + AZ 5214 E image reversal photoresist after successful lift-off (right). 92

Successfully printed full characterization circuit over a CasInySbg micro-
ribbon cut perpendicular to the c-direction. Sensors are labeled and enumer-
ated, with the two characterization configurations listed atright. . . . . . . . . . 94

CasIny Sbg micro-ribbon cut parallel to the c-direction (left). Micro-circuit
bonded successfully to surrounding physical properties measurement system
(PPMS) puck (right). . . . . . . . . 95

Four probe resistivity probes attached to single crystal CasIn,Sbg parallel to

the c-direction (left) with the resulting resistivity values for different input
currents (right). . . . . . . . ... 96

Xvil



Figure 4.21: Resistivity, resistivity ratio, carrier concentration, and mobility of CasIn,Sbg

Figure 5.1:

Figure 5.2:

Figure 5.3:

Figure 5.4:

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

Figure 6.5:

Figure 6.6:

Figure 7.1:

single crystal ribbon cut perpendicular to the c-direction compared to mea-
sured polycrystalline samples. Increased resistivity in the a-b plane is consis-
tent with DFT predictions of anisotropic behavior in single crystals. . . . . . . . 97

Scanning electron microscopy images of MgzSb, single crystal platelets,
note the hexagonal growth behavior. Crystal surfaces away from the growth
perimeter were flat and smooth. . . . . . . .. .. Lo oo 105

Crystal structure of Mg3Sb, from Mg-rich growth conditions with Mg inter-
stitial atoms and trace Sb(I) vacancies (left). Crystal structure from Sb-rich
growth conditions with partial Mg(I) occupancy (right). . . . . . ... .. ... 106

Resistivity values for select Mg3Sb, single crystals from Sb- and Mg-rich
growth conditions, compared to published values [7]. . . . ... .. ... ... 109

Inverse Hall coefficient of several Mg3Sb, samples, measured across three
batches. . . . . . . L 110

Representative SEM images of CagZns jIng 9Sbg single crystals. . . . . . . .. 116

EDS analysis area of single crystal CagZn3 1Ing 9Sbg (left). EDS spectra with
unique and isolated Zn and In peaks near the prominent Ca and Sb emissions
(right). . . . . o e e 117

Combined TG/DSC analysis on the single crystals of CagZn3 1Ing9Sbg.
Weight % and specific heat flow are shown in blue and red, respectively.
The heating sequence starts at 373K; the cooling sequence completes at 773 K. . 117

(a) Average crystal structure of CagZnj 1Ing9Sbg. (b) Local coordination
environment for Cal. (¢) Local coordination environment for Ca2. (d) Poly-
hedron coordination with mixed Zn1/In1 site. (e) Coordination for partially
occupied Zn2 Site. . . . . . ... Lo e e 118

Comparison of CagZny4 5Sbg, orthorhombic space group Pbam, and CagZn3 |Ing 9Sbg,
hexagonal space group PO2m. . . . . . . . .o 120

Four probe resistivity probes attached to single crystal CagZn3 1Ing 9Sbo,
Sample 1 (left). Resulting resistivity values were consistent for two different
crystals, showing low, linearly increasing resistivity (right). . . . . .. ... .. 121

Proposed solubility study between the two stable compounds Ca5Al,Sbg and

CasAl,Big. Dashed line represents possible flux growth melt compositions
with respect to extraction temperature. . . . . . . . ... ... ... 128

xviii



Figure Al:

Figure A2:

Figure A3:

Figure A4:

Figure AS:

Figure A6:

Figure A7:

Figure AS:

Figure A9:

Figure A10:

Figure A11:

Figure A12:

Figure A13:

Figure A14:

Figure A15:

CasGaySbg crystals from a Ga73Sbyy flux with superimposed EDS areas
highlighted. Corresponding EDS data is shown in Figure A3 and Table Al.. . . 132

Simulated EDS patterns for potential crystal candidates grown from a Ca-Ga-

EDS spectra for CasGaySbg with Ga73Sby, flux, Areas A-F from Figure A1. . 133

Casln,Sbg crystals from an In;3Sbyy flux with superimposed EDS areas
highlighted. Corresponding EDS data is shown in Figure A6 and Table A2. . . . 135

Simulated EDS patterns for potential crystal candidates grown from Ca-In-Sb flux.135

EDS spectra of Ca5InySbg single crystals from an In73Sby; flux, Areas A-F
from Figure A4. . . . . . . . e 136

CasGay_ . In,Sbg crystals from a Gaz; 5In37 5Sbyy flux with superimposed
EDS areas highlighted. Corresponding EDS data is shown in Figures A8-A9
and Tables A3-A4. . . . . . . .. 138

EDS spectra of Ca5Ga,_,InySbg single crystals from a Gazy 5In37 5Sby, flux,
Areas A-E from Figure A7(left). . . . . .. ... ... .. ... L. 139

EDS spectra of CasGaj_,In,Sbg single crystals from a Gay; 5In3y 5Sbyy flux,
Areas F-J from Figure A7(right). . . . . . . ... ... ... ... ... .... 140

CasAl,Sbg crystals from a Al;3Sbyy flux with superimposed EDS areas
highlighted. Corresponding EDS data is shown in Figure A12 and Table AS. . . 143

Simulated EDS patterns for known Ca-Al-Sb ternary phases. . . . .. ... .. 143

EDS spectra of CasAl,Sbg single crystals from a Al73Sby, flux, Areas A-D
from Figure A10. . . . . . . ... 144

CasAl,Sbg crystals from a Sbyg flux with superimposed EDS areas high-
lighted. Corresponding EDS data is shown in Figure A14 and Table A6. . . . . 146

EDS spectra of Ca5Al>Sbg single crystals from a Sby( flux, Areas A—G from
Figure A13. . . . . . o 147

Cas5Al,Sbg crystals from a Snys flux imaged using backscattered electrons
(left) to highlight flux coating the crystal. Superimposed EDS area highlighted
(right) with corresponding EDS data shown in Figure A17 and Table A7. . . . . 149

XiX



Figure A16: Ca5Al,Sbg crystals from a Sny5 flux with superimposed EDS areas high-
lighted. Corresponding EDS data is shown in Figure A17 and Table A7. . . . . 149

Figure A17: EDS spectra of CasAl;Sbg single crystals from a Sn 5 flux, Areas A—G from
Figure A15-A16. . . . . . . . . e 150

Figure A18: CasAl;Big crystals from a Biyq flux with superimposed EDS areas highlighted.
Corresponding EDS data is shown in Figure A19 and Table A8. . . . . . . . .. 152

Figure A19: EDS spectra of CasAl,Big single crystals and flux components from a Bij
flux, Areas A-G from Figure A18. . . . . .. .. ... ... ... 153

XX



CHAPTER 1

INTRODUCTION: THERMOELECTRICS

1.1 Thermoelectrics

As the energy needs of the United States and the world continue to increase, thermoelectrics
have come into focus as a possible environmentally friendly alternative. The estimated energy
consumption of the United States for 2017 was 97.7 Quads (1.03 x 1020 J) with 66.7% of this
consumption lost as rejected energy [8]. Thermoelectrics offer a solution for waste heat recovery
and have far-ranging applications in industry and space exploration. Applications include but are
not limited to thermal cycles for DNA synthesizers, car seat cooler/heaters, laser diode coolers, low-
wattage power generators, and military applications such as heat-seeking missiles and night-vision
systems [9]. Additionally, thermoelectrics can provide a clean energy alternative, replacing more
environmentally costly sources such as fossil fuels. Thermoelectrics are appealing for their small
size, robustness in difficult environments (solid-state devices), and rapid response times [10, 11].

A thermoelectric generator is capable of converting heat to electricity as shown in Figure
1.1. This device consists of thermoelectric junctions that are electrically in series and thermally
in parallel. Each junction consists of a p- and n-type material connected by shunts made of an
electrical conductor such as copper. In a p-type material, holes diffuse to the cold side while in
an n-type material, electrons diffuse to the cold side. This carrier motion generates a voltage that
drives a current through each junction, producing electricity [12]. The maximum thermoelectric

efficiency of a device can be expressed as

Thot - Tcold 1+ZT —1
Thow  THZT + 04
ot

where Tj,¢ is the hot side temperature, 7.4 is the cold side temperature, and Z7T is the thermo-

(1.1)

NMmax =

electric device figure-of-merit. The first term on the right side of this expression is the Carnot
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Figure 1.1: Thermoelectric module (left) with detail of single junction (right). Charge carriers
diffuse to the cold side (7;,)q) for a given temperature gradient.

efficiency (Ncamot = (Thot — Teold)/ Thot)» Which is the theoretical maximum efficiency of a heat
engine equivalent to zT" = co. The largest challenge facing the expansion of modern thermoelectric
utilization is performance; most commonly represented by the dimensionless figure-of-merit, z7',
for a specific compound,

a’cT

7T = , 1.2
o (1.2)

where « is the Seebeck coefficient, o is the electrical conductivity, 7T is the operating temperature,
Ke 1s the thermal conductivity contribution from electrons and holes transporting heat, and k; is the
thermal conductivity contribution from phonons traveling through the lattice. From Equation 1.2,
it can be observed that an optimal thermoelectric material would simultaneously possess a large
Seebeck coefficient, high electrical conductivity, high operating temperature, and minimal thermal
conductivity.

While every material possesses thermoelectric effects in some capacity, many are not well suited

to serve as a thermoelectric due to their prohibitively low z7'. For metals, & is usually prohibitively



small, with thermal conductivities are too large. Insulators, on the other hand, suffer from resistivity
(p = 1/0) values that are too significant to overcome. This narrows the field of thermoelectric
candidates to semiconductor-like materials.

The highest thermoelectric performance typically comes from heavily doped semiconductors
with peak performance across a variety of temperature ranges [13]. Near room temperature
applications (300-500 K) utilize promising Bi, Tesz-based [14—-16] and MgAgSb alloys [17, 18].
Medium-temperature range (500-900 K) thermoelectrics are numerous, including Pb(Te,Se,S) [19-
22], PbTe-AgSbTe, [23], GeTe-AgSbTe, [24], AgSbTe, [25], and SnSe [26]. More recent additions
to this temperature range include tetrahedrites [27], ZngSby [28, 29], InySez [30], Cuy(S,Se, Te)
[31, 32], and a number of Zintl phases discussed in greater detail in subsequent sections [29, 33-37].
High temperature applications (> 900 K) include half-Heuslers [38—40], SiGe [41-43], and Zintl

phases [44, 45] among others.

1.2 Thermoelectric Effects

The thermoelectric effects of a material can either create an electrical potential from a temper-
ature difference or produce a temperature difference given an electrical potential. These effects
manifest in three different ways: the Seebeck, Peltier, and Thomson effects.

The Seebeck effect was discovered by Thomas Seebeck in 1821 [46] when two electrically
conducting materials (A and B) were connected across a temperature gradient. A magnetic needle
was deflected when placed near the apparatus, the result of an electrical current flowing in the closed
loop rather than a magnetic polarization. The magnitude of this voltage difference, AV, was found
to be proportional to the temperature difference, AT,

AV

OAB = 37 (1.3)

where the proportionality coefficient, aag, is the Seebeck coefficient for the material couple. A
positive Seebeck represents a electromotive force driving an electrical current through material A

from the hot to cold junction. This loop can be separated, as shown in Figure 1.2(left), and the open



circuit voltage, AV, can be expressed as

)
AV :/ opdT, (1.4)
n
where
AV  AVyu
aAB:aB—aA:E—E. (1.5)

In this manner, apag can be decoupled into individual material Seebeck coefficients. The Seebeck
coefficient is commonly reported in uV /K and is evaluated at open circuit conditions. A voltage
difference is required, necessitating a coupling of two unlike materials.

Intrinsically, the Seebeck coefficient describes the response of electrons to a temperature gradient.
Materials that are n-type create a negative Seebeck coefficient in open circuit conditions where the
electric field points in the direction of the cold side when exposed to a temperature gradient. A
p-type material, in contrast, possesses a positive Seebeck coefficient with the opposite field effect.
A practical way to take advantage of this effect is in the construction of thermocouples. In the
traditional metal/metal-alloy thermocouple, two different electrical conductors are welded together
to form an electrical junction where the two conductors are electrically in series but thermally in

parallel as shown in Figure 1.2(left).

Material A i T4 Material A .
ot col
Teoid < > < I Q > < > I > Qn
Material B Applied Cooling Material B Expelled
heat effect heat
T T, T T,
Vo

+
V,

in

Figure 1.2: Thermocouple circuit illustrating the Seebeck effect where a voltage difference, AV,
appears across the terminal at T| and T, (left). Modified circuit illustrating the Peltier effect
whereby an applied voltage produces a current, /, creating a cooling effect at T, while expelling
heat at T}, (right).



The Peltier effect describes the reverse case of the Seebeck effect and was discovered by
Jean Charles Athanase Peltier in 1834 [47]. It is the fundamental effect governing thermoelectric
refrigeration. Peltier discovered that when a current was passed through two dissimilar but physically
connected materials, a heating or cooling effect occurs at their mating surface as shown in Figure

1.2(right). The cooling effect, Q¢, can be expressed as

Oc =IIaB/, (1.6)

where I1pp is the differential Peltier coefficient between material A and B, and [ is the applied

electrical current. Alternatively, the applied current flow can be reversed producing a heating effect
at T.o19- The Peltier coefficient is also related to the Seebeck coefficient,

OAB = %. (1.7)

The third thermoelectric effect is the Thomson effect, discovered by William Thomson, later

known as Lord Kelvin, in 1857 [48]. The Thomson coefficient, K, described the heating or cooling

of a conductor in a temperature gradient given an externally applied current and is related to the

Seebeck coefficient,

K
oA = /%dT (1.8)

where the difference between the Thomson coefficients of the two materials is the rate of heating
per unit length that is the result of the applied current [49].

For thermoelectric power generation, the Seebeck effect is critically important as described in
Equation 1.3, which describes how well a material transforms thermal energy to electrical power due
to the electrical bias generated in a material under a temperature gradient. The Seebeck coefficient

is a quadratic term in the z7" equation, illustrating its large influence on thermoelectric performance.



1.3 Electronic Transport

Electrical conductivity, o, is the reciprocal of resistivity, p, and is a measure of how well a

specific material conducts electricity. For semiconductors it can be expressed as,

o =nell,, (1.9)
where n is the carrier concentration, e is the electron charge, and u,; is the drift velocity. This drift
velocity is the average velocity of the electrons divided by the applied field in the direction of travel,
which relates to the effective mass of the electron itself. Drift velocity can be expressed as,

et

Hy = (1.10)

m_za
where 7 is the mean free time between collisions (i.e., mean scattering time, relaxation time)
and m} is the effective mass of the electron. The mean free time multiplied by the mean speed
of the electrons, v, yields the mean free path, /. The mean free time is of critical importance
in thermoelectrics as it relates directly to the processes that scatter electrons. These scattering
mechanisms include thermal lattice vibrations (i.e., phonons), 77, and impurities, 77, among others.
The overall frequency of scattering can be expressed as,
1 1 1

= — ... (1.11)
T T T

It is desired that electrons be highly mobile in the structure, with long times between collisions
generating a high 7 which in turn increases electrical conductivity.

In semiconductors, m;, is considered to incorporate the effect of the periodic potential of the
atoms and reflects the band curvature and doping of the material. The effective mass determines

both the electronic structure and transport when parabolic band modeling is utilized [50].



1.4 Thermal Transport

Thermal conductivity, k, in an isotropic material relates to the heat flux expressed as Fourier’s

law [51],

qg=—kvT, (1.12)

where ¢ is the heat flux vector, k is the thermal conductivity and VT is the temperature gradient. For
thermoelectric materials that have multiple carriers, the total thermal conductivity consists primarily

of an electronic and lattice component,

K = Ke + K, (1.13)

where K, is the thermal conductivity contribution from electrons and holes transporting heat and x;

is the contribution from phonons traveling through the lattice.

1.4.1 Electronic Thermal Conductivity

The free electrons and holes that contribute to ¢ also carry heat with K, relating to ¢ according to

the Weidemann-Franz Law [52],

Ke = LoT =neulT, (1.14)

where L is the Lorenz number, defined as L = ﬂzkl% / 3e2 =2.44 x 108 WQK 2 for a free electron
gas with parabolic dispersion near the Fermi energy level. This value applies to most metals and
degenerate semiconductors. For non-degenerate semiconductors, L = 1.5 x 1078 WQK 2. The &,
component of thermal conductivity thus scales linearly with o and 7. While all heat conduction

should be minimized for high z7', in practice, K is rarely targeted because of the need for high ©.



1.4.2 Lattice Thermal Conductivity

The lattice component of thermal conductivity describes the contribution of phonons traveling
through the lattice, and it is often the focus in thermoelectric applications as it is independent of
electrical conductivity. This lattice contribution is the product of heat capacity, Cy, phonon velocity,
v, and the phonon mean free path, / [53],

1

1
K =3Cyvi = §va%ph (1.15)

where 7, represents the mean free time between phonon interactions. The phonon velocity is often
approximated by the low frequency speed of sound, vg,,,4 =< %, where E is the elastic modulus
and d is the density. Strategies for selecting materials with low lattice thermal conductivities include
identifying materials with low phonon velocities, which arise in dense materials with soft bond or
through the reduction of 7 by introducing point defects or nanostructuring to scatter phonons [54].

These scattering mechanisms, i, obey Matthiessen’s rule,

1 1
7= Z = (1.16)
The dominant scattering mechanism in pure materials transitions from boundary scattering
effects to phonon-phonon Umklapp scattering with increasing temperature. Umklapp scattering is
due to anharmonic wave interactions from which thermal resistance is produced. This contribution
was first described by Debye [55], whereby thermal motion was defined as the accumulation of all
possible vibrations in a lattice. From the Debye model it has been experimentally proven that when
T > 6p, where Op is the Debye temperature, lattice thermal conductivity proportional to T lis
indicative of Umklapp scattering [56].
For thermoelectric applications, materials that have inherently low lattice thermal conductivity
are preferred where 7, is reduced by decreasing phonon velocity and/or mean free path. This
means complex crystal structures that can be further doped and/or further complicated with point

defects. Differences in bond character and strength are also pathways to reducing k7.



1.5 Optimization of zT

Thermoelectric materials are optimized by maximizing z7', which expresses the efficiency of
the p- and n-type couple materials. From Equation 1.2, it is observed that z7" is maximized through
increasing the power factor (a?0) and operating temperature while minimizing x [57-59]. The
power factor is a descriptive metric of carrier concentration effects as both the Seebeck coefficient
and electrical conductivity are strongly dependent on it. Unfortunately o and ¢ have opposing
dependence on n. For degenerate semiconductors with a single carrier, the Seebeck coefficient can
be expressed as,

82k? TN\2/3

b *
o= byt T (—) 1.17
3en2  POST \3p (117
where kj, 1s the Boltzmann constant, 4 is the Planck constant, mi)OS is the density-of-states effective
mass of the carrier [59]. This expression is valid for large carrier concentrations and/or low

temperature. From this expression it is observed that « is inversely proportional to n. Conductivity

on the other hand, is proportional,

o =nely. (1.18)

Large « is produced when a single type of carrier is dominant, either electrons (dominant in
n-type) or holes (dominant in p-type). When a temperature gradient is applied to a material, these
charge carriers move to the cold side and in the case of mixed carriers, they effectively cancel out
portions of the induced Seebeck voltage through recombination, reducing efficiency. Therefore
low n and insulating material behavior is desired for high ¢. Alternatively, high ¢ is achieved in
materials possessing high n, often the case in metals. For a given thermoelectric material, its z7'
value is maximized through carrier concentration optimization. Usually a compromise of these
requirements leaves a material optimized as a heavily doped semiconductor with n in the range

of 10'°-102! cm—3. Both intrinsic and extrinsic defects control the tunability of n with many
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Figure 1.3: Layered thermoelectrics BipTes (left), GeAs (center), and SnSe (right) with low
in-plane and high out-of-plane resistivity with more anisotropic behavior observed for Seebeck
coefficient.

thermoelectric materials having defect concentrations that are too large, or prevent doping n- or
p-type.

Assuming that n can be optimized independently by doping, the material quality factor, B,
is designed to remove the n-dependence from the z7' equation. It is particularly useful in the
exploration of new thermoelectric candidate materials, which may not yet have optimized n. The
material quality factor under the assumption of acoustic phonon scattering is given by [60],

_ 2kgh iy

B— T, 1.19
3n m}‘EZKl ( )

where 7 is the reduced Planck constant (h/27), C; is the average longitudinal elastic modulus,
Ny is the valley degeneracy, m; is the inertial effective mass, and E is the deformation potential.
In Equation 1.19, it is observed that x; is generally independent of the electronic band structure,
emphasizing that a selected material must possess an inherently small k;. Valley degeneracy refers
to the number of valleys/bands that contribute to the carrier transport. For a constant o, a greater

band degeneracy, N,, will result in a larger carrier concentration. Additionally, N, increases both
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electrical conductivity and z7' [61]. High band curvature reflects decreases in effective mass, which
increase conductivity, while shallow bands reflect increases in effective mass and Seebeck.
Among the material properties in B, the m}", &, and k, are dependent on crystallographic
direction (X,y,z). The anisotropy of x; is a function of the anisotropy of the speed of sound (and
therefore the elastic moduli) and phonon scattering mechanisms. The anisotropy of the latter is not
yet well understood. The averaged inertial effective mass, mj (i.e., conductivity effective mass or
the susceptibility effective mass), is a tensor property which describes particle motion in a specific

direction in response to a force. It can be expressed anisotropically as,

—1
1 1 1
m;‘:3(—+—+—) : (1.20)

my my mg
Estimates of my, my, and m;, can be obtained from the curvature of the band structures obtained
from DFT calculations. This is different from m7, os 11 Equation 1.17 which is a scalar proportional
to the density-of-states near the Fermi level which needs to be maximized to increase ¢«. While
my)og and mj are equivalent for a single isotropic band, they diverge for anisotropic cases. Because
my) g is by definition isotropic, m}" avg €an be highly anisotropic, it is possible to achieve high o
in the mj direction while simultaneously maintaining a high m*DOS to achieve high «. Finally, the
factors controlling the deformation potential, =, which determines the electron-phonon scattering
rate, Ty, are not well understood at this point. Thus, its is difficult to pinpoint its anisotropy.

In a given material, k;, m}, and E usually have different degrees of anisotropy. This means that a
potential way to circumvent the inherent contradictions in the optimization of B (and thus z7T') is the
use of anisotropic single crystals. From this framework, an ideal anisotropic thermoelectric candidate
material can be theorized. The material would possess a complex structure with intrinsically low,
but isotropic lattice thermal conductivity and would possess a crystallographic direction with high
mobility that minimizes m; and Z. Along the high mobility direction, such a material would be an
ideal phonon-glass, electron-crystal [58].

Because anisotropic properties are difficult to study, there are only a handful of anisotropic

thermoelectric materials that have been proven experimentally to possess a preferred crystallographic
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orientation for thermoelectric applications. Because electrical conductivity is more dependent on
crystallographic orientation than o, materials with highly anisotropic crystal structures allow for
thermoelectric optimization along the high mobility (low m} and E) crystallographic axis. Usually
o can vary significantly while o remains relatively constant, as is the case with layered BipTej
[62, 63], GeAs [64], CsBigTeg [65, 66], and SnSe [26, 67] thermoelectric compounds, illustrated
in Figure 1.3. Recently, z7' > 2 was achieved by exploiting the high ¢ direction of SnSe single
crystals [67, 68]. Through proper material investigation and carrier concentration optimization, new
thermoelectric candidate materials can be discovered and subsequently optimized with anisotropy

playing an important role in resolving seemingly contradictory material property demands.
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CHAPTER 2

ZINTL THERMOELECTRICS

2.1 Zintl Phase Overview

Zintl phases have been the focus of recent thermoelectric research, due to their complex bonding,
which includes covalently bonded anionic sub-structures in a lattice of electropositive cations.
These structures adhere to a valence electron counting system known as the Zintl-Klemm concept.
This research space is promising for thermoelectrics as the polyanions in these phases may create
very anisotropic networks, which in some cases act as conductive pathways. These polyanions
can be found to crystallize in a diverse set of complex structures from isolated zero-dimensional
moieties to three-dimensional networks. Due to the requirement of being valence precise, Zintl
phases have well-defined relationships between their physical and electronic structures, leading to a
semiconductor-like energy gap. Unlike metals, Zintl phases show increasing electronic conductivity
with increasing temperature [69]. Further, a significant amount of the Zintl phase space is still
unexplored [70].

Broadly speaking, Zintl phases include an alkali metal (group 1), alkaline earth (group 2),
or rare earth metal reacted with any post-transition metal or metalloid (group 13-16). The term
Zintl phase came into use in 1941 [71], originating from the work of Eduard Zintl [72—-76] who
focused on intermetallic compounds that possessed salt-like structures [76]. Salt-like compounds
are characterized by both cation and anions achieving a full octet of electrons, but make for poor
thermoelectric materials due to their insulating behavior (i.e., large band gaps). Alternatively,
numerous other classes of intermetallics do not possess a band gap, and exhibit metallic behavior
that make them poor thermoelectric materials. Zintl phases have been found to be a compromise
between these two extremes as useful semiconductors in many cases [77].

From a synthesis standpoint, Zintl phases are characteristically brittle, possess high melting

temperatures, and are typically line compounds, possessing very narrow homogeneity width [78, 79].
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Zintl materials also offer inexpensive and non-toxic alternatives to current thermoelectric materials

[80, 81] such as PbTe, which is both toxic and expensive [9].

2.1.1 Zintl-Klemm Concept

The Zintl-Klemm concept (ZKC) is a formalism first developed by Edward Zintl and expanded by
Wilhelm Klemm in which a combination of valence electron counting rules and structure-based
chemical considerations are used to explain bonding behavior [69, 82]. Here, electopositive metals
(A) such as alkali, alkline earth and rare earth metals are combined with main group elements (X)
in the general form A,Xy, where the X atoms form X;’_ polyanion structures and are bonded with
covalent X — X bonds. These structures can be rationalized by accounting for all of the valence
electrons, including those donated by the A atoms [83]. The A — X interactions are assumed to be
almost entirely ionic. In this manner, the ZKC obeys the (8 — N) rule pioneered by Lewis [84],
which describes the inclination of main group elements to possess a full octet shell within compound
formation [85]. Here N is the number of valence electrons of the X atoms. This octet rule was a
milestone in the field of chemistry, helping to explain chemical bonding and stabilities across an
immense stretch of compounds, giving rise to what would later be termed Lewis notation.

Klemm’s work applied Lewis’s (8 — N) framework to Zintl phases. Here, the VEC is used
to determine the number of total electrons available to each anion, including those donated by
cations. Advances in DFT calculations have explained the role of the cations for specific compounds
[86], with Zintl phases providing a rich field for theoretical electron localization function (ELF)
calculations into this combined ionic and covalent bonding.

One of the simplest examples of these anionic-substructures is exhibited in the Zintl phase
NaSi (Na™Si™) shown in Figure 2.1(left) where Na atoms act as the ionically bonded cation while
covalently bonded Si anions form [Si4]4* tetrahedra substructures. Each Na atom donates one
valence electron to a Si atom, satisfying charge balancing according to ZKC rules. The number
of bonds, N, is equal to 8-(VEC/anion). Thus, for NaSi, each Si has five valence electrons, so

VEC =5 and N = 8 — 5 = 3, which is the number of covalent Si-Si bonds.
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Figure 2.1: The NaSi unit cell with ionically bonded Na cations and covalently bonded anionic Si
tetrahedra ([Si4]4_) (left). NaTl unit cell with diamond network of TI atoms (right).

The ZKC also applies to the NaTl binary shown in Figure 2.1(right) that is not resolved by the
traditional (8-N) formulation or the Hume-Rothery rules [87, 88] that formulated electron number
relations based on specific crystal types. Here ZKC yields a VEC =4, and N = 8 —4 = 4. This
explains why each TI forms four T1-T1 covalent bonds.

The ZKC explains that the T1 atoms form a diamond network whereby each Na atom donates its
valence electron to a Tl atom, resolving the observed arrangement of Na and TI, and satisfying the
spatial requirements of the Na atoms within the T1 framework. This is due to the T~ anions having
the same number of valence electrons as group 14 elements, creating a network of four-bonded
TI atoms [89, 90]. This NaTl-type structure is rare [91, 92], with only six other known binaries:
LiZn [93], LiCd [94], LiAl [95], LiGa [96], Liln, and Naln. Most other alloys order to maximize
neighbors of the opposite element while these binaries form interpenetrating diamond substructures
[97]. This structure-type also extends to select ternary systems [98, 99]. NaTl does not possess
a band gap and behaves metallically, making it a poor choice for thermoelectrics [100], but other
Zintl phases have shown promise in both their semiconductor behavior and unique complexity of

formation.
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2.1.2 Thermoelectric Performance of Zintl Phases

The covalent regions of some Zintl phases are thought to provide electron crystal properties and
crystallographic directions of high mobility. The ionic regions contribute to the formation of
complex structures which in turn lead to phonon-glass properties that can create disorder and be
doped to optimize carrier concentration. In this manner these compounds can fit the ideal phonon-
glass and electron-crystal model. The classical view of Zintl phases describe valence precise
semiconductors, however, degenerate behavior is a product of vacancies and interstitials which can
be explained through electron counting schemes. For this reason, metallic behaving compounds
are also referred to as Zintl phases. Generally speaking, thermoelectric performance is found in
heavily-doped semi-conductors with carrier concentrations in the range of 109 to 102! carriers/cm?,
numbers that can be achieved for Zintl phases [59]. Good Zintl thermoelectrics include ZnygSbs
[29], Mg3Sb; [33] Ca,Yb;_,ZnySby [34], CagZngSbg [35], Ybi4Mn_,Zn,Sby; [36, 44, 45],
and YbCd,_,Zn,Sby [37] with zT values greater than unity.

The potential anisotropic properties of the CasM,Sbg (M = Al, Ga, In) system are of particular
interest despite their modest doped z7' values below unity. This compound family can be p-type
optimized through doping as is shown in the case of Ca5In,Sbg in Figure 2.2(left). Doped figure-of-
merit values for the CasM»Sbg (M = Al, Ga, In) compounds are compared to other material systems
of interest in Figure 2.2(right). Here, both p- and n-type Mg3Sb, are listed with the superior n-type
performance of z7" = 1.51 [33]. The CagZn4,Sbg compounds possess some of the highest p-type

performance values for thermoelectrics as well [35].

2.1.3 AsM;Png Zintl Phases

The AsM,Png-type (A = Ca, Sr, Ba; M = Al, Ga, In; Pn = As, Sb) Zintl family of compounds
crystallize in the structure shown in Figure 2.3(right), consisting of MSby polyanionic tetrahedra
sub-structures that are connected by covalent Sb-Sb bonds. The MSb, tetrahedra form one-
dimensional chains that are surrounded by ionically bonded Ca%* cations [80]. Transport properties

of compounds in this family have yielded semiconducting behavior [60, 101-107].
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Figure 2.2: The figure-of-merit of Casln;_,Zn,Sbg samples, compared against Na-doped
CasAlySbg [1] (left). The figure-of-merit for select Zintl phase compounds with respect to tempera-
ture after doping optimization (right).

The CasM;Sbg (M = Al, Ga, In) [108, 109] compounds exhibit semiconducting behavior and
have been investigated extensively as potential thermoelectric materials. While doped z7 values
have remained under unity, CasIn,Sbs experiences nearly a five-fold increase in performance
due to Zn doping on the In site [1] while Ca5Ga,Sbs experiences a nearly nine-fold increase
[110]. CasAl,Sbg was optimally doped with Na on the Ca site, producing a six-fold increase in
performance [111]. The potential anisotropic properties of CasM»,Sbg system are of particular

interest.

2.14 AM)X, Zintl Phases

The AM,X, family of compounds [112, 113] offers a staggering number of compositions that
crystallize in the CaAl,Si; structure-type [114-122]. This structure takes the form of a trigonal
bi-layer with two-dimensional slabs of [Alzsiz]z_ comprised of AlSiy tetrahedra, which are edge
sharing with three additional tetrahedra. These slabs alternate with trigonally arranged cations in
the a-b plane as shown in Figure 2.3(left).

Thermoelectric interest in this compound family began in 2005 with the characterization of

CayYb;_,ZnySby (0 < x < 1) solid solutions with a peak z7 ~ 0.55 [34]. Other solid solution
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tetrahedral
chains

Figure 2.3: The Mg3Sb, structure (left), CagZny,Sbg structure (center), and the CasAl,Sbg
structures (right).

studies followed [37, 123-126] producing a peak z7" ~ 1.3 at 873 K [126]. High zT has also been
characterized with EuZn,Sb; (0.9 at 700 K) [127], and n-type Mg3Sb; (1.51 at 716 K) [33] where
Mg occupies both the Ca and Al sites.

Thermoelectric performance of this material family is generally strong due to light effective
mass which translates to high electronic mobility [111]. Also the large substitution capacity of this

family makes it an appealing area to discover and characterize novel thermoelectric compounds.

2.1.5 AgM,Png Zintl Phases

This family of Zintl phases, often referred to as the 9-4-9 system has been known since the
late 1970s [128] and has steadily expanded to include a variety of elements [129-131]. More
recent developments discovered partially occupied Zn interstitials sites in the YbgZng ,Sbg and
CagZny 1, Sbg compositions [132], later expanding to other M-site elements across different 9-4-9
compounds [130, 131, 133—-137]. These occupied interstitial sites result in compounds that are
not valence-precise but allow carrier concentrations to be optimized. Thermoelectric tuning of the
CagZny ,Sbg system has resulted in z7" > 1 [138, 139] with a peak z7" = 1.1 at 875 K [35]. These
interstitially stabilized compounds make up a sizeable group AgMy,Png (A =Yb, Eu, Ca, Sr; M =
Mn, Zn, Cd; Pn = As, Sb, Bi), and in most cases, share a like structure type (Pbam). Exceptions do

exist, however, as is the case with CagZng ,Asg and CagMny ,Sbg (Pnma) [131].
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These partially occupied sites decrease lattice thermal conductivity by adding complexity
through additional disorder. Cation substitution has also been explored in the case of Eu in
CagZny,Sbg where the Eu atoms preferentially replaced Ca sites far away from the Zn-Sb
structures. This substitution reduces lattice thermal conductivity by introducing point defects for
the composition Cag 75Eu5 75Zn4 7Sbg, highlighting the tunability of this material system and Zintl

phases as a whole.

2.2 Summary of Research Direction

While Zintl phases are a promising class of thermoelectric materials that have been studied
intensively since 2005, there are still several important fundamental questions that remain unan-
swered. These include questions related to anisotropic transport and how it relates to the crystal
structure, and the role played by intrinsic defects in determining carrier concentration. Additionally,
the field of Zintl compounds is ever expanding and through the use of exploratory single crystal
growths and the careful selection of starting compounds, novel compounds and structure types can

be discovered that may be promising thermoelectric candidates.

2.2.1 Anisotropic Transport

Anisotropic materials have the potential to possess exploitable high conductivity in strongly bonded
directions, yielding a preferred crystallographic orientation for thermoelectric applications [16, 26,
64, 65, 67]. In general, electrical conductivity has been found to vary more significantly than the
Seebeck coefficient, which remains relatively constant as a function of direction. This is because
electrical conductivity is related to inertial effective mass, which is a tensor property, while the
Seebeck coefficient is determined primarily by the DOS effective mass, which is a scalar.

Many Zintl structure types are highly anisotropic, often containing features such as covalent
chains, layers, or even tunnels. This suggests, according to DFT studies [140-142], that their
electronic and thermal properties might be highly anisotropic as well. Unfortunately, all of the

previous studies of thermoelectric transport properties in Zintl phases discussed above involved
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Figure 2.4: The orthorhombic unit cell of Zintl phases CasM>Sbg (M = Al, Ga, In) (left) with
isolated one-dimensional polyanionic chains connected by Sb-Sb bonds (right).

polycrystalline samples, meaning that the reported transport properties were averaged over all
crystallographic directions.

The CasM,Sbg (M = Al, Ga, Sb) Zintl system is an example of a structure predicted to exhibit
extreme anisotropy in the inertial effective mass. The CasM;Sbg structure, shown in Figure 2.4,
possesses complex bonding that adheres to the octet rule under the assumption that each bond
is either purely ionic or covalent. Valence balance is achieved between five Ca®t atoms and
the anionic (MZSbé)lO_ sub-structure. The anionic sub-structures consist of parallel tetrahedral
chains formed from polar covalent M-Sb bonds, which are connected to neighboring chains by
covalent Sb-Sb bonds. The bridging atoms are given a valence of Sb!~, with two Sb!~ shared
between two tetrahedra, and two Sb2~ that are only bonded to a single M atom. According to
DFT calculations CasM»>Sbg Zintl phases exhibit particularly anisotropic behavior due to these
one-dimensional polyanionic chains [2]. These calculations have shown a high degree of inertial
band mass anisotropy, which is evident in the electronic band structures shown in Figure 2.5. The
band structures of all three compounds (M = Al, Ga, In) reveal significantly lighter effective mass

in the c-direction (m; < my, my).
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Figure 2.5: Previously reported band structures of CasM;Sbg (M = Al, Ga, In) compounds,
illustrating a high degree of anisotropy in the valence band. The band mass (my_ ;) parallel to the
anionic structures is lighter than the other perpendicular directions (m}_ g and m}'}_r) [2].

By using the band structure from DFT and the Boltzmann transport model, Thunis et al. [3],
showed that the anisotropy in the CasM;Sbg (M = Al, Ga, In) system leads to enhanced thermo-
electric properties in the c-direction, parallel to the tetrahedral chains. Highly anisotropic electrical
conductivity is predicted as shown in Figure 2.6(left), with a significantly higher conductivity
in the c-direction than the a- and b-direction. The dashed curves show the average of the three
directions, which is equivalent to the conductivity of polycrystalline samples (n = 7 x 1019 cm—3).
In contrast, the predicted Seebeck coefficients remain relatively isotropic, as shown in Figure
2.6(center). Overall, the preferential c-direction results in a superior power factor (a20), shown in
Figure 2.6(right).

The calculations shown in Figure 2.6 make several assumptions about the single crystal prop-
erties that require more detailed investigations: First, the mean free time of electrons between
collisions (7) was set empirically so the "average" conductivity value would agree with the exper-
imental polycrystalline conductivity reported in ref. [2]. Since T for electrons is a challenging
portion to calculated from first principles (it remains unclear if 7 is anisotropic), experimental
characterization is needed. One approach to experimentally estimate 7 is to use measured mobility
coupled with the effective mass predicted from DFT to extract a better estimate for 7 for electrons.
Another gap in literature on this system is lack of phonon calculations. Therefore detailed calcula-
tions of the anisotropy of the lattice thermal conductivity in this family of Zintl compounds does not

yet exist. However, while DFT can be used to readily predict phonon velocities, accurate predictions
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Figure 2.6: DFT calculations for electrical conductivity (left), Seebeck coefficient (center) and
power factor (right) in different crystallographic directions along with the polycrystalline average
[3].

of scattering rates (phonon 7) in complex materials remain challenging, and should be investigated
experimentally.

Nearly all past studies of Zintl phases have focused on polycrystalline samples for characteri-
zation, overlooking how the crystallographic dependence of &, «, and x;, affects thermoelectric
properties. While layered structures such as BipTes, and GeAs have been studied extensively, these
are layered van der Waals gap materials with weak out-of-plane bonding, in stark contrast to the
ionic and covalent bonds found in the CasM,Sbg (M = Al, Ga, In) system. The difference between
these potentially anisotropic compounds and that of the van der Wall gap materials is important.
While the van der Waal gap materials have a relatively anisotropic elastic tensor due to the weak
inter-layer bonding, the CasM,Sbg compounds possess relatively isotropic behavior. Figure 2.7
compares the Young’s modulus tensor along different crystallographic planes for Biy Te3 (top) and
CasIn, Sbg (bottom). Additionally, the Fermi surface of CasIn,Sbg is illustrated in Figure 2.7(right)
where it behaves as a pseudo one-dimensional electrical conductor. The isotropic elastic behavior
of CasM,Sbg compounds translates into a mostly isotropic speed of sound which is a factor in
defining k7 in Equation 1.15 by the phonon velocity. From this, it is surmised that nominally low x;
found in the CasM;Sbg compositions can be retained.

In order to investigate this anisotropic behavior, single crystals must be first grown. Single
crystal YbsGaySbg has been grown from a Ga flux [106], offering a potential synthesis route for the

CasM;Sbg (M = Al, Ga, Sb) system given its similar structure, but characterization of the crystals
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Figure 2.7: Young’s modulus tensor with respect to crystallographic orientation for anisotropic
BipTes (top) and approximately isotropic CasIn,Sbg (bottom) [4]. Fermi surface of Casln,Sbg,
a pseudo one-dimensional electrical conductor [3] (right).

in different crystallographic directions was not accomplished, as the flux grown crystals were small
and measurements perpendicular to the growth direction cannot be accomplished by hand.

In this work, CasM;Png (M = Al, Ga, In; Pn = Sb, Bi) Zintl phase crystal growth from a
flux is detailed (Chapter 3), and electronic conductivity measurements of selected crystals in two

crystallographic directions are discussed (Chapter 4).

2.2.2 Characterization of Defects

Intrinsic point defects play an important role in thermoelectric optimization of materials, because
they impact charge carrier concentration. Intrinsic defects are present at all temperatures above
absolute zero, since their formation increases configurational entropy, leading to a decrease in
free energy [143]. Point defects can be both beneficial and harmful in thermoelectrics. On one
hand, they may scatter short-wavelength phonons by adding complexity to a structure. However,
some types of defects pin the Fermi level, limiting the carrier concentrations that can be obtained
by doping. The presence of defect types in a material is governed by the corresponding defect
formation energy with extrinsic defects incorporated deliberately as dopants. This defect energy

can be influenced by growth conditions, allowing for defect engineering of thermoelectric candidate
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materials. Identifying and understanding the conditions that foster useful defects can lead to a better
understanding of a material and further optimization.

While Zintl compounds are generally considered to be line compounds, the reality is that
each composition has a certain line width due to the presence of intrinsic point defects. Intrinsic
defect concentrations are determined by their formation energies, which change based on growth
conditions (e.g., which phase the compound is in equilibrium with during growth). DFT has been
used extensively to predict defect concentrations in Zintl phases [140—142], but few systems have
been characterized experimentally. Such calculations of defects have been applied to compounds
such as Mg3Sb, where changing the growth environment has been predicted to influence the defect
chemistry to change the dominant charge carrier type. This compound, grown under stoichiometric
mixtures is persistently p-type, where holes are the dominant carrier due to Mg vacancies. However,
with changes to the growth environment, electrons can become the dominant carrier as is evidenced
by the recent success of n-type Mg3Sby (z7' = 1.51 at 716 K) [33] grown in Mg-rich conditions.
Defect formation energies are compared for both Sb- and Mg-rich growth conditions in Figure 2.8.
Experimental investigation of intrinsic defects is most easily accomplished using single crystal
X-ray diffraction, either with a laboratory or synchrotron source. Both require high quality single
crystals produced from different growth conditions. The defect chemistry of this system is further
investigated in Chapter 5 for both Sb- and Mg-rich single crystal synthesis where vacancies and
interstitial sites are identified and quantified in collaboration with researchers at the Max Planck

Institute for the Physics of Complex Systems in Dresden, Germany.

2.2.3 Unexplored Phase Space

The Zintl phase space is immense, with new phases still being discovered [44, 127, 134, 144]. These
new phases are typically discovered using exploratory flux growths, where elements are melted
together into a molten mixture before solidifying into single crystals. Small single crystals can then
be picked out and characterized structurally using SC-XRD.

While a great deal of effort has been focused on the discovery and characterization of new
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Figure 2.8: (a) Crystal structure of Mg3Sb, with proposed interstitial sites. (b) Defect formation
energy for Sb-excess Mg3Sb, with Fermi level at 900 K. (c) Defect formation energy for Mg-rich
Mg3Sb, with undoped Fermi level at 900 K [5].

ternary Zintl phases, the vast quaternary phase space is relatively unexplored due to its inherent
complexity. However, with increased complexity comes the opportunity to further suppress k; and
additional routes to tuning properties.

The Ca-In-Zn-Sb composition space is a promising area to search for thermoelectric materials.
This space includes the promising thermoelectric candidates ZnySb3 [29], CaZn;Sb; [145], and
CagZny 5Sbg [35]. In Chapter 6, the discovery of a new quaternary Zintl phase CagZn3 1Ing 9Sbo,
which was discovered as a by-product during the attempted growth of Zn-doped CasIn,Sbg is
detailed. The new CagZnj3 |Ing 9Sbg structure was solved with assistance from collaborators at the
University of Delaware. Measurements of the electrical resistivity of the CagZnj3 |Ing 9Sbg crystals
were performed at Michigan State University and showed results similar to that of CagZny 5Sbg

compounds [35].
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CHAPTER 3

CRYSTAL GROWTH FROM MOLTEN METAL FLUX

3.1 Introduction

CasM;Sbg (M = Al, Ga, In) Zintl phases have been reported to be promising thermoelectric
materials with zT values ranging from 0.35 — 0.7 when optimally doped with either Na [111], Zn
[1, 110, 146] or Mn [147]. However, all of these studies focused on polycrystalline samples. Calcu-
lations of transport behavior in CasAl,Sbg have predicted enhanced thermoelectric performance
in the poly-anionic chain direction with a maximum z7" = 1.37 at 800 K [142] for crystals with an
optimal carrier concentration of ~ 6 X 101 cm=3 [141]. To experimentally characterize anisotropic
properties of CasM,Png (M = Al, Ga, In; Pn = Sb, Bi) Zintl phases, it is necessary to grow high
quality, macroscopic single crystals. Typically, large single crystals of semiconducting materials are
grown using the Czochralski or floating zone techniques. In the case of the CasM;Png (M = Al,
Ga, In; Pn = Sb, Bi) compounds, these methods are impractical as the melting behavior of these
compounds is incongruent, the melt is highly reactive with containers, and the elements possess
high vapor pressures. For these reasons, macroscopic (> 1 mm) single crystals of this structure-type
have not been previously reported. In this work single crystal growth of CasM>Png (M = Al, Ga, In;

Pn = Sb, Bi) Zintl phases from a molten metal flux is reported, along with single crystal structural

characterization.

3.1.1 CasAlShg

The Ca5Al>Sbg composition [108] possesses an undoped peak z7" ~ 0.10 at 725 K but is a promising
thermoelectric candidate due to its inherently low lattice thermal conductivity (K, = 0.53 W/mK)
and ability to be optimally doped. Optimizations to carrier concentration can be achieved with Na!*
doping on the Ca®* site for Cay 75Nag »5Al>Sbg which produces a maximum z7° > 0.6 at 1000 K

[111]. Follow up studies have also investigated Zn2t [146] and Mn2t [147] p-type doping on the
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AT site with maximum z7' = 0.4 in both cases.
The n-type compound has not been produced as the addition of electrons through doping will
preferentially fill the Sb-Sb antibonding states. This destabilizing force could lead to the formation

of Ca3AlSbs [2].

3.1.2 CasGa,Shg

From literature it is known that Ca5GaySbg behaves as an intrinsic semiconductor possessing a
smaller band gap (Eg = 0.43 eV) than either the Al (Eg = 0.65 eV) or In (Eg = 0.64 ¢V) analog with
this difference explained in part due to relative electronegativities [2]. It also has the highest bipolar
contribution to thermal conductivity due to its smaller band gap. Room temperature measurements
where this effect is minimal place its thermal conductivity between that of the Al and In analogs [2].
CasGaySbg possesses reduced phonon velocities and improved carrier mobility when compared to
its Ca5Al,Sbg counterpart and p-type doping of Zn%T on the Ga3" site has shown to be effective in
modestly increasing performance with z7" ~ 0.35 at 750 K for CasGaj 9Zng 1 Sbg [110]. This peak

zT value, however, is smaller than its counterparts due to the smaller band gap.

3.1.3 Ca5InZSb6

Like its counterparts, CasInySbg behaves as an intrinsic semiconductor with low p-type carrier
concentration. This carrier concentration can be optimized with p-type doping of the I3t site with
Zn?T. While the undoped CasInySbg composition has a peak z7' ~ 0.15, doped CasIn; 9Zn( 1Sbg
has a peak z7' ~ 0.7 at 1000 K [1]. Casln,Sbg also possess a band gap greater than the Ga
composition, allowing for more effective doping than that determined by Zn-doping of Ca5Ga;Sbg
[140]. CasInySbg possesses the greatest density of the CasM;Sbg (M = Al, Ga, In) compounds
with lattice stiffness decreasing with heavier M atoms. This translates to a lower bond strength and

a softer crystal structure, leading to lower thermal conductivity.
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Figure 3.1: Comparison of the chain packing between the CasGajAsg (left) and CasAl,Big
(right) structure-types. The CasM,Sbg (M = Al, Ga, In) compounds belong to the CasGayAsg
structure-type with the difference being how the polyanionic chains are packed into the unit cell.

3.1.4 CasALBig

The CasM,Sbg (M = Al, Ga, In) compounds all share a like structure-type, while CasAl,Big
[148] takes on a different structure-type. The CasAl,Big structure-type compounds have a mix of
metallic and semiconducting behavior. Both Ca5Al;Big and YbsM»Sbg (M = Al [104, 105], Ga
[106], In [107]) systems possess either no band gap, yielding poor thermoelectric performance with
ZT' < 0.15 [149]. The Sr5InyBig [102] composition exhibits semiconductor behavior (Eg = 1.5 eV)
according to initial band structure calculations, providing some hope for additional studies into the
compound as a potential thermoelectric. These two structure-types are compared in Figure 3.1 with

with the difference being how the polyanionic chains are packed into the unit cell.

3.2 Background - Single Crystal Growth

Single crystals can be produced by a variety of methods that utilize either a gas, liquid or solid
state material to atomically arrange a quantity of compound into a single crystal. Growth from
vapor can be accomplished by epitaxial processes, sublimation-condensation and sputtering among

others [143]. Vapor transport methods are occasionally used in this work to remove undesirable flux
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from single crystal samples. This method was not used to grow single crystals due to complexities
arising from the selection of a proper transporting agent and unfavorable partial pressures of the
crystalline elements.

Solid-state growth methods are primarily driven by atomic diffusion. Strain annealing, sintering,
heat treatment, devitrification, polymorphic phase changes, precipitation from solid solution, and
quenching are some examples of solid growth methods [143]. These techniques are more associated
with grain growth than single crystal production as their atomic diffusion mechanisms are extremely
slow making single crystal production, even in a laboratory environment, prohibitively time con-
suming. Many of the CasM;Png (M = Al, Ga, In; Pn = Sb, Bi) compounds discussed in this work
were originally discovered using solid state growth, in which the reactants were simply annealed
to allow grains of the target phase to form. By crushing and separating the resulting small grains
(perhaps 10-50 microns), sufficiently large crystals for structure determination using SC-XRD could
be obtained [108, 109, 148, 150, 151]. These crystals would not be large enough for transport
measurements, however. In this work, sintering was used as an intermediate processing step to
condense polycrystalline samples but stopped short of producing single crystals.

The liquid-to-solid crystallization process is most often used to obtain large bulk single crystals.
Major methods include the floating zone, Bridgman, Czochralski, micro-pulling down, Verneuil,
and flux growth [152], the latter of which is leveraged in this work. The atomic level processes in

all of these methods can be broken into three parts, beginning from a disordered liquid phase:

1. Supersaturation is achieved in the system allowing crystal growth to propagate as long as su-
persaturation/supercooling of the liquid melt is maintained. Supersaturation is the driving force
for nucleation and can be expressed as the difference in chemical potential of an atom/molecule

in the solution, U, and in the single crystal, t,

AU = Us — Ue. (3.1)

When Au > 0 then the solution is defined as supersaturated while a negative value implies
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ii.

iii.

decomposition of the solid [153]. In turn, this quantity can be related thermodynamically to the

temperature,

Au = kT InSy, (3.2)

where k is the Boltzmann constant, 7T is the temperature, and S, is the supersaturation ratio.
Supersaturation is the driving force behind crystal growth and relates to the decrease in free
energy making crystal growth favorable [154]. Temperature is the experimental knob used to

control the degree of supersaturation.

Nucleation can be expressed generally as an atomic level process whereby atoms or molecules
arrange themselves in ordered clusters. The work required to form these clusters is the difference
in Gibb’s free energy of the initial and final arrangements. For single crystal growth, nucleation

of a single crystallite is desired, but in practice, many crystallites might compete.

Crystal growth is the process by which atoms or molecules are incorporated into the surface of
a crystal. This arrangement is governed by surface energy theory where the shape of the surface
is driven by minimizing the surface energy. This energy determines the most appropriate
placements for an atom to incorporate itself by minimizing the number of high energy dangling
bonds [143]. Surface energy is a function of crystallographic orientation, and large differences

in surface energy can lead to highly anisotropic crystal morphology.

3.2.1 Flux Growth

The flux technique is the general process by which crystallization occurs from a high temperature

molten solution, known as a flux. This method has had success for a far ranging number of materials

including metals, semiconductors, and oxides [143]. Here the elements of the desired crystal are

dissolved in a flux that acts as a solvent. Due to the presence of the flux, crystals can precipitate well

below their melting temperature. This characteristic is critical in the processing of incongruently

melting compounds and for compounds that have ultra-high melting temperatures. Additionally,

30



phase transitions in congruently melting compounds can be avoided if the volume change associated
with the transition leads to damage of the single crystal. The flux method also has the benefit of
reducing thermal strain due to relatively cooler growth temperatures and a more gradual temperature
gradient during cooling when compared to the floating zone technique.

One drawback of traditional flux growth is uncontrolled multi-nucleation. Nucleation can occur
anywhere in the crucible, but typically initiates against the crucible walls. Extremely slow cooling
rates are used to try to encourage fewer nucleation sites. Interference between competing facets
can lead to intergrowth of crystallites. Because interference limits the maximum size of individual
crystals, the typical crystal size is significantly smaller than that of other melt techniques. The
selection of an appropriate flux can also be challenging, particularly in ternary and quaternary
compounds with unknown phase diagrams, and the removal of flux post crystal growth is often
problematic. The selection of an appropriate flux is elaborated on below in Section 3.2.2.1. Despite
these drawbacks, traditional flux growths are still widely utilized because they do not require
expensive specialized equipment, and the growth conditions are relatively repeatable. Small scale
growths can also be completed quickly for exploratory studies, making it a cost- and time-effective
solution for compounds with unknown melting behavior. The floating zone and Czochralski methods
typically require a ten-fold increase in the amount of starting compound.

The flux growth setup is illustrated in Figure 3.2 where the desired phase, which in this case
is portions of a pre-synthesized polycrystalline pellet is loaded into the growth crucible along
with elements used as the flux. Here two crucibles are loaded with open ends facing each other,
separated by a sieve [155]. The growth is then heated until the entire mixture is liquid and slow
cooled past the point where crystallization of the desired phase occurs, still surrounded by the
liquid flux. The flux growth is then removed at this elevated temperature, flipped upside down and
centrifuged, to separate the grown crystals from the flux. These crucibles are contained in a sealed
quartz ampule. Quartz makes an appropriate thin-walled container for many crystal growths due
to its excellent thermal shock resistance, low coefficient of thermal expansion, and good chemical

resistance. The sealing of a quartz ampule also ensures control over the growth atmosphere, pressure
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Figure 3.2: Schematic diagram of a flux growth ampule (left), containing quartz wool for
cushioning during transport and centrifuging, growth crucible containing the compound and flux
while the catch crucible is empty. The two crucibles are separated by a alumina sieve to catch
crystals and drain liquid flux. Flux growth can be used off stoichiometry to grow incongruent
melting compounds (right).

and vaporization and provides a protective environment for volatile material containing samples

[156]. Additionally quartz is compatible with standard Al,O3 crucibles up to temperatures in excess

of our expected experimental range [157].

3.2.2 Flux Growth of Zintl Phases

Many Zintl phases are incongruently melting compounds and/or highly reactive as a melt. If an
incogruently-melting compound is cooled from the liquid phase of the target stoichiometry, the
result will never be a phase pure sample. There is always a neighboring high-melting temperature
compound that will crystallize first. The flux growth method is appropriate for incongruently melting
compounds, as illustrated in Figure 3.2(right), because the melt can have an off stoichiometry
composition. If AB is the target phase, then one uses an A-rich flux. When the melt is cooled in to
L+AB region, the AB compound will begin to solidify. The remaining liquid can be removed by

centrifugation as long as the temperature is above T. This is critical in systems where the melting
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behavior of a system is unknown, as is the case of the CasM;Png (M = Al, Ga, In; Pn = Sb, Bi)
phase compounds. Subsequent testing revealed incongruent melting behavior that makes crystal
growth by other methods difficult.

Flux growths are very widespread for Zintl compounds [33, 132, 158], including several 5-2-6
family compounds [144]. Single crystals of Zintl phase YbsGaySbg have been successfully grown
from a Ga-flux with its resistivity successfully characterized in the preferred growth direction [106].
This compound takes on the same structure as the CasAlyBig structure and acts as a proof of concept
for our CasM,Png (M = Al, Ga, In; Pn = Sb, Bi) growths.

This method also provides flexibility with a number of experimental parameters that can be
adjusted including crucible size, temperature, heating rate, holding times, cooling rate, extraction
temperature, and flux composition among others. These parameters can be optimized and tracked to

produce larger crystals in repeatable growth conditions [159].

3.2.2.1 Metallic Flux Selection

The selection of an appropriate flux for growth of Zintl phases can also be challenging, in particular
in ternary and quaternary compounds with unknown phase diagrams. Appropriate flux candidates are
selected based of a number of factors, including low melting temperature, a significant discrepancy
between its melting temperature and boiling point, likelihood to separate from grown crystals by
either physical or chemical means, and, most importantly, an inability to form stable binary or
ternary compounds with any of the reactants [160]. Selected flux elements are listed in Table 3.1
along with their melting temperatures (7},), viscosity at their melting temperature (1(7;;,)), and
solid and liquid (at 7;;;) densities. A low viscosity makes the centrifuging process more effective,
while similar density to the target phase prevents large composition gradients in the melt. Chemical
etching can remove excess flux but the etching process can also potentially attack the grown crystals.
Aluminum flux

Aluminum is a common flux [161-165] due to its low vapor pressure (2327°C, 1 atm.), and low

viscosity as shown in Table 3.1. If centrifuging is not completely successful, aluminum flux can
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Table 3.1: Viscosity data for selected flux elements along with density information for single
crystal target compounds.

Density (g/cm3)
Tm (°C) n(Ty) (mPas) Solid Liquid (75)

Al 660 1.30 2.70 2.38
Bi 272 1.80 9.78 10.05
Ga 30 2.04 5.91 6.10
In 157 1.89 7.31 7.02
Pb 328 2.65 11.34 10.66
Sb 631 1.22 6.70 6.53
Sn 232 1.85 7.27 6.99
Zn 420 3.85 7.14 6.57
CasAl,Sbg - - 4.26 -
Ca5A12Bi6 - - 6.25 -
Ca5Ga25b6 - - 4.70 -
CasIn,Sbg - - 5.00 -

also be removed chemically by NaOH [166] or HCI [165] solutions. Aluminum vapor, however,
reacts with quartz ampules, compromising the internal inert vacuum atmosphere sealed inside,
4A1+3SiOy, — 20-Al, O3 4 3Si [167, 168].

In order to diminish the severity of this reaction, growths can be performed more quickly or
quartz tubes can be carbon coated. Another drawback of using an Al flux is that it possesses a
higher melting temperature than most of the fluxes listed in Table 3.1. This is not an issue provided
that the removal and centrifuge temperature are higher. For the prospective Ca5Al,Sbg growth, this
was not an issue due to the high extraction temperature.

Bismuth flux

Bismuth is a common flux [169—172] that has also proven effective as a self-flux [173, 174],
possessing a low melting temperature and vapor pressure (1627°C, 1 atm.). In this work, Bi was used
as a self-flux for the growths of CasAl,Big and single crystal solubility study for the CasAl,Png
(Pn = Sb, Bi) system. Bismuth flux can also be removed with dilute hydrochloric acid.

Gallium flux

Gallium is a popular flux [175-177] due to its extremely low melting temperature and vapor

pressure (2427°C, 1 atm.). A drawback of this element is that it tends to wet to the surfaces of

grown crystals even after thorough centrifuging [166], possessing a higher viscosity when compared
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to Al In, and Sb as shown in Table 3.1. Excess Ga can be removed by soaking crystalsina 5 M I,
dimethylformamide (DMF) solution where it is able to form soluble Gals [178].
Indium flux

Indium is another popular [179-181] low melting point flux that has a propensity not to wet to
crystal surfaces [166]. It also has a low vapor pressure (2167 °C, 1 atm.) and viscosity as shown in
Table 3.1. Excess In flux can also be removed with diluted HCI solutions if centrifuging proves
insufficient [181]. This makes for an ideal flux candidate for the CasIn,Sbg single crystal growth.
Lead flux

Lead is another common flux choice [182-185] with low melting temperature and vapor pressure
(1737°C, 1 atm.). Pb does not form binary phases with Sb [186], Ga [187], or Al [188, 189], and
binary phases are only formed with In at temperatures much lower than the extraction temperature
for this work [190]. This flux choice suffers from wetting issues similar to that of Ga, and Sn,
making it difficult to separate from grown crystals [166]. Secondly, it is highly toxic, complicating
synthesis. Lastly, Pb is extremely dense and the homogeneity of the melt composition may suffer.
Tin flux

Tin is a promising flux due to its low melting temperature, low vapor pressure (2727°C, 1 atm.),
and its general aversion to forming binary compounds [191, 192], making it a common choice for
crystal growth [182, 193—195]. Sn unfortunately wets to grown crystals more readily than most
fluxes. In order to remove flux from crystal surfaces, a Hg bath can be used that can be distilled
away through evaporation. A non-toxic alternative is soaking in Ga, but a process to remove the Ga
is then needed [196]. This flux is appealing in the growth of Ca5Al,Sbg as the Al-Sn system is a
simple eutectic that forms no binaries [197].
Antimony flux

While antimony has a higher melting temperature than most of the fluxes listed here, it possess
a sufficiently low vapor pressure (1617°C, 1 atm.), and very low viscosity listed in Table 3.1. While
examples of it being used as a flux exist [198], it is not commonly used as it forms stable phases

with rare-earth elements that are preferentially grown in place of the desired phase [166]. This work
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utilizes at least an Sb partial flux for all of the CasM;Png (M = Al, Ga, In; Pn = Sb, Bi) compounds.

3.2.2.2 Crucible Selection

Alumina (Al,Oj3) crucibles were used for all flux growth trials as it is a cost effective option that is
stable up to high temperatures and chemically resistant to common low melting temperature flux
elements such as Al, Bi, Cu, Ga, Ge, In, Pb, Sb, and Sn. High purity alumina crucibles are also
widely available in many geometries and even specific crucible sets for flux growth that include
compatible sieves [199]. Cleaning these crucibles is difficult if not impossible due to the molten

elements penetrating into the grain boundaries of the crucible, making them a single use item [154].

3.2.3 Energy-dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) was used to perform elemental analysis of single
crystals. This process uses accelerated electrons generated from an electron gun to irradiate a
sample with the kinetic energy of these electrons. This electron kinetic energy is dissipated within
the sample and generates characteristic X-rays of the atom struck by the electron by generating
an electron hole that is then filled by an electron from an outer shell as shown in Figure 3.3(left).
This process, a form of the photoelectric effect, emits X-rays that are collected and used to identify
elements within a compound, based on the characteristic emission of the elements. Electron
transitions of major lines, are illustrated in Figure 3.3(right) which are characteristic of the emitting
atom. This analysis detects elements that are present in the outer most 10 nm of the sample making
it heavily influenced by any flux elements that may remain.

An energy sweep on the order of keV is performed and a spectrum is collected with the area
underneath the curve relating to the amount of each element present. Quantification of each element

is typically calculated with the expression,

lij :KT(KE)LijGij/ni(Z)e_Z/’l(KE)COSGdz, (3.3)
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Figure 3.3: Characteristic X-ray production from incident electrons for EDS analysis (left).
Electron transitions of major lines, characteristic of the emitting atom (right).

where /; is the area of peak j from element 7, K is the instrument constant, 7'(E ) the transmission
function of the analyzer, L;;(y) the angular asymmetry factor for orbital j of element i, o;; the
photoionization cross-section of peak j from element i, n;(z) the concentration of element i at a
distance z below the surface, A (E) the inelastic mean free path length, and 0 is the take-off angle of
the photoelectrons. X-ray flux, area of the irradiated sample and the solid angle of the photoelectrons
accepted by the apparatus are contained with the instrument constant K [200]. This expression
assumes an amorphous sample structure while single crystals can generate peak intensities that

deviate from expected values due to their ordered structure and orientation to the beam and detector.

3.2.4 Single Crystal X-ray Diffraction

SC-XRD is a non-destructive analytical technique that provides information on the structure of
the crystal lattice including unit cell dimensions, atomic positions, site-ordering, bond-lengths and
bond-angles [201]. A diffraction pattern is collected as the crystal is rotated through the X-ray
beam. The spots generated in a diffraction pattern are termed reflections as they are reflected off of
ordered parallel planes in the atomic structure, satisfying Bragg’s law. From this diffraction pattern

the unit cell can be determined (a, b, ¢ and a, 3, and ). The CasM,Png (M = Al, Ga, In; Pn = Sb,
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Bi) system of interest in this work forms the orthorhombic crystal structure where a # b # ¢ and
o = B =y =90°. The faces of this unit cell are typically the most apparent sets of planes and act
as sources of diffraction that are designated by lattice indices, also known as Miller indices [202].

The X-ray source is created by bombarding a metal target, in our case Mo, with electrons
produced by a heated filament and subsequently accelerated by an electric field. These high-energy
electrons strike and displace an electron from a low orbital, like the process described for EDS
but in the target rather than the sample. An electron from a higher orbital drops into the vacancy,
emitting the excess energy of this transition as an X-ray photon as illustrated in Figure 3.3(left).
The target material produces narrow characteristic lines of specific wavelengths [203]. In order to
produce a monochromatic output from a Mo source, a secondary Zr filter is used to remove Kf3
radiation. Bragg reflections from the sample are measured on a scintillation counter that contains a
phosphorescent material that produces a flash of light when an X-ray is absorbed [204].

This technique requires small (= 0.1 mm in longest diagonal direction), but excellent quality
single crystals. The crystals must not possess significant imperfections (cracks, twinning, multi-
crystals). Samples with well-defined twins can be analyzed, however any further disorder makes
this method prohibitively difficult. As a general rule, the longest diagonal through the single crystal
must not exceed the beam size.

Once data collection is complete the raw intensities are processed. Scaling is completed whereby
reflections of the same index that were measured in multiple frames are given identical intensities.
Next post-refinement is completed where usable data from partial reflection is recovered and

spurious data removed through the process of data reduction [205].

3.3 Experimental Methods

3.3.1 Flux Growth

Flux growth experiments were carried out in a Thermo Fisher Scientific 1100°C box furnace with
temperature maintained through a UP150 programmable controller and monitored with type K

thermocouples. Al,O3 Canfield crucible sets were loaded into sealed quartz ampules at a vacuum
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of less than 4 x 10~ torr.

High purity elements were used in the synthesis of the various CasM;Png (M = Al, Ga, In; Pn =
Sb, Bi) compounds, including: Al (Alfa Aesar: shot, approx. 4-8mm, 99.999%), Bi (Sigma-Aldrich:
granular, 99.99+%), Ca (Sigma-Aldrich: dendritic pieces, 99.9%), Ga (Sigma-Aldrich: solid,
99.99%), In (Alfa Aesar: shot, Smm & down, 99.9995%), Pb (Alfa Aesar: shot, 3mm, 99.999%),
Sb (Alfa Aesar: shot, 6mm & down, 99.999%), and Sn (Alfa Aesar: shot, 3mm, 99.9999%). The
overall melt compositions for the various growths are shown in Figures 3.7-3.10. The CasM;Sbg
(M = Al, Ga, In) single crystals were all successfully grown from a temperature profile of room
temperature to 900°C in 12 hours, followed by a soak for 2 hours then slow cooling to 730°C at a
rate of 3°C/hr. The CasAl,Big single crystals only differed in their extraction temperature, which

was 470°C.

3.3.2 Vapor Transport

Vapor transport was used in some cases to remove excess flux from single crystals growths. Samples
were sealed inside a quartz ampule and placed horizontally in a MTI Corporation GSL-1100X tube
furnace. The end with the sample was placed in the furnace, while the other end of the ampule was
at room temperature, external to the furnace. Figure 3.4 shows a pair of samples being processed

with T = 500°C.

3.3.3 Material Characterization Techniques

3.3.3.1 Microscopy

Optical microscope images were taken with a Keyence VHX-600 up to 1000x magnification.
Scanning electron microscope (SEM) was performed on a Zeiss Evo LLS25, and a Tescan Mira

3XMH.
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Figure 3.4: Horizontal tube furnace with two ampules positioned opposite each other (left).
Illustrated temperature profile and vapor motion (top right) with deposited flux elements visible
on ampules surface after processing (bottom right).

3.3.3.2 Energy-dispersive X-ray Spectroscopy

EDS was performed using an EDAX Apollo X module with an active area of 10 mm?. Images were
collected and processed with the Texture and Elemental Analytical Microscopy (TEAM) software
suite to determine the approximate chemical composition of crystal and flux components. Single
crystals were placed on conducting carbon tape to eliminate any potential charge build up. All

samples evaluated were semiconducting or metallic in character.

3.3.3.3 Single Crystal X-ray Diffraction

Single crystal X-ray diffraction was performed using a Bruker-AXS Apex II CCD instrument shown
in Figure 3.5 at 173 K, with reflection data acquired using a graphite-monochromated Mo Ko
radiation source (A = 0.71073A) producing a 0.5 mm beam diameter. Data was integrated with
SAINT [206]. Single crystals were cut down to an appropriate size with a surgical scalpel and
mounted to a goniometer head. Samples were then held in a cold nitrogen stream to reduce thermal
motion of the atoms and improves crystal scattering power, leading to a better quality structure.
Structures were solved using direct methods and refined on F 2 using SHELX [207] subroutines
within the Olex2-1.2 crystallographic suite [208]. Reflections were merged using SHELXL with

respect to the crystal class for the calculation of refinement. A preliminary rotation image was
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Figure 3.5: (1) Oxford 600 low temperature device, (2) X-ray emitter, (3) Charge-Integrating
Pixel Array Detector (CPAD), (4) Camera for viewing crystal, (5) three-axis goniometer, and (6)
sample mounted on nylon loop.

collected to perform an initial quality check and determination of unit cell dimensions.

3.3.3.4 Differential Scanning Calorimetry and Thermogravimetric Analysis

Differential scanning calorimetry (DSC) is a thermal analysis technique where the difference in
the amount of heat required to increase the temperature of the sample and reference is recorded
as a function of temperature [209]. While DSC is a thermal analysis technique focused on heat,
thermogravimetric analysis (TGA) is focused on the mass of a substance in response to heat. TGA is
useful for identifying phase transitions, absorption, adsorption and desorption [210]. Simultaneous
DSC/TGA experiments were conducted on a TA Instruments SDT Q600 system and carried out
at the Platform for the Accelerated Realization, Analysis, and Discovery of Interface Materials

(PARADIM) at Johns Hopkins University.

3.4 Results & Discussion

3.4.1 Phase Diagram Determination and Crystal Growth Optimization

In this study, single crystals were grown in four different ternary systems (CasM,Sbg with M=Al,
Ga, In, and Ca5Al;Big). In each case, little initial knowledge of the ternary phase diagrams exists.

Starting with only the binary phase diagrams, it was necessary to carry out exploratory synthesis to
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identify selected tie lines, eutectic points, and liquidus surfaces in the regions of the phase diagram

used for flux growth using powder and single crystal X-ray diffraction.

34.1.1 CasGa,Shg

Single crystal growth began with the CasGaySbg composition in part due to its chemical similarity
with YbsGa;Sbg, which has previously been reported to grow from a Ga flux. The Ca-Ga-Sb
ternary phase diagram, shown in Figure 3.7, is constructed from the known binary phase diagrams
[211-213] and includes the two ternary phases that are currently known to exist: fellow Zintl phase
Caj1GaSbg [214], and target phase CasGaySbg [109]. Nothing was known about the solidification
of the ternary compositions in this phase space. Our first aim was to determine the approximate
melting temperature and whether or not CasGajSbg melts congruently.

Both DSC and TGA analysis were performed using a polycrystalline CasGaySbg sample
(synthesis described in ref. [2]) from room temperature to 1000°C. From the data in Figure
3.6, significant heat flow into the sample at temperatures approaching 760°C is observed, which
subsequent X-ray diffraction (XRD) analysis would confirm as incongruent melting. Rietveld
analysis was performed to determine that, upon melting and re-solidification, the compound had
partly decomposed into Caj;Sbj(, Sb, and Ga. From the presence of decomposition products, it
can be concluded that this compound is incongruently melting, making flux growth an appropriate
growth method. Further, the Ca-rich melt was found to react severely with the Al,O3 crucible,
presumably forming calcium oxide with the alumina crucible, Al,O3 +3Ca — 3CaO + 2Al. This
suggests that crystal growth of this compound in Al,O3 crucibles (one of the most cost-effective
options) requires a flux to dilute the reactive Ca.

The Ca-Ga-Sb ternary phase diagram contains several high melting-temperature binary Ca-Sb
and Ca-Ga phases. For this reason, initial focus is on fluxes rich in Ga and/or Sb, moving the total
melt composition on the ternary phase diagram further away from Ca and the undesired ternary
Ca;1GaSbg. The only binary between Ga and Sb is GaSb (7}, = 712°C), which can be avoided

entirely if the extraction temperature is sufficiently high. The CasGa;Sbg melting temperature is

42



100/ ——

99.8

98.8

B O B B B

o

200 400 600 800 1,000
Temperature (°C)

Figure 3.6: DSC and TGA data for CasGa;Sbg from room temperature to 1000°C shows
incongruent melting beginning above 760°C.

approximated from the DSC/TGA results as 7, ~ 780°C, which led to the selection of an extraction
window of approximately 720-750 degrees.

Several growths using self-flux of different compositions were attempted, including Ga, Ga+Sb,
and Sb. Self-fluxing elements were typically targeting a 9:1 ratio of flux to polycrystalline
CasGaySbg precursor as a precaution against reactivity. The overall compositions of the melt
for each growth are shown as the square symbols in Figure 3.7, with green and red squares repre-
senting successful and unsuccessful crystal growths, respectively.

A Sby( flux was attempted but failed to produce single crystals of the desired phase, producing
polycrystalline CasGaySbg, Sb, and very small amounts of GaSb and CaSb,. From these XRD
results a tie line connecting CasGasSbg and Sb on the phase diagram can be inferred, with Ca-rich
portions of the melt forming CaSb, and more Ga-rich portions forming GaSb. A Ga34Sb3y flux
produced polycrystalline CasGajSbg, Sb and GaSb, while pure Ga fluxes produced polycrystalline
Cas5Ga)ySbg, CaGay, and elemental Ga. From these phase triangles a number of useful tie lines for

this phase diagram are determined.
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Non self-fluxes were also attempted with a Biyg flux decomposing to Caj;Sbjg, Ca;Sb, Ga,
and Bi. Sn fluxes (Sngj, Sny;s, Sny3g, Snpgg) were also attempted but did not produce crystals.
A smaller amount of Sn (Snj5_50) was shown to produce crystals in the Ca5Al;Sbg trials but
severe wetting issues made this an impractical choice even if lower amounts of Sn were found to be
successful.

Ultimately, it was determined that Ca5GaySbg crystals could be grown optimally in a Ga73Sbyo
self-flux. Successful crystal growth yields crystals large enough to remain in the growth crucible
side of the sieve after centrifuging. An optical image of these crystals is shown in Figure 3.7.
A high temperature soak of 900°C for two hours was selected to ensure that elemental Ca was
completely dissolve in the melt and that the elements were mixed homogeneously. An appropriately
slow cooling rate of 3°C/hr was selected and remained unchanged while the flux composition
was adjusted. Crystal growth size could potentially be improved by a slower cooling rate. These
flux parameters in both temperature and flux composition (M73Sby,) translated directly to the

CasInySbg and CasAl,Sbg compositions.

3.4.1.2 CasIn,Shy

The ternary Ca-In-Sb phase diagram in Figure 3.8 is constructed from the known binary phase
diagrams [212, 215, 216] along with the two ternary phases known to exist: fellow Zintl phase
Caj1InSbg [214, 217] and desired phase Casln,Sbg [109]. It is very similar to that of the Ca-
Ga-Sb phase diagram, and it is also presumed that CasIn,Sbg also melts incongruently. Similar
to the Ga-analogue, In- and Sb-rich fluxes were favored as to better avoid growing the Ca-rich
Caj1InSbg. This system benefits from only possessing a single lower melting point In-Sb binary,
InSb (7;,, = 527°C). This could potentially allow for a lower extraction temperature if needed. A
pure Sb flux (Sby) was attempted but did not produce crystals mainly due to the existence of
Caglnj, with the polycrystalline CasInySbg decomposing to Caglny, CaSb, and elemental Sb. As
evidenced by the phase diagram in Figure 3.8this flux narrowly misses the target phase. A useful

phase triangle can be deduced from this however, concluding that a mixed Sb-In flux that is more
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In-rich would have better results, by shifting the overall melt composition into the three-phase
region bound by CaslIn,Sbg, Sb, and InSb.

Single crystals of CasIn,Sbg were successfully grown from an In;3Sby, flux with approximately
0.25 grams of polycrystalline Ca5InySbg used. This amount was enough to generate hundred to
thousands of crystals per growth, largely dependent on the success of the spontaneous nucleation.
An SEM image of the grown Casln,Sbg single crystals are shown in Figure 3.8. The surfaces of
these crystals appeared cleaner than their Ca5GajySbg counterparts, largely due to the poor wetting

properties of Ga, which resulted in it adhering to crystal surfaces more readily than either In or Sb.
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Figure 3.7: The Ca-Ga-Sb ternary phase diagram with known binaries (black), desired Ca5Ga,Sbg
(blue), and other ternary phases (purple). Unsuccessful (red squares) and successful (green square)
flux growths were used to determine the black tie lines. (upper right) A plausible pseudo-binary

phase diagram was developed based on the successful flux growth. (lower right) optical image of
grown crystals.
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Figure 3.11: Large CasGaj_ ,In,Sbg single crystal with well defined facets (left). Similarly large
crystal but constructed of a large number of smaller CasGa;_ ,In,Sbg single crystals grown in
parallel (right).

34.1.3 Ca;Ga,_,In,Sbg

The elements Ga and In are isoelectronic, so it is expected that Ca5Ga,Sbg and CasIn, Sbg would
exhibit either partial or complete solubility. Further, the electron and phonon scattering mechanisms
in alloys are dominated by point defect scattering, meaning that the anisotropy of electronic and
thermal conductivity in alloyed crystals might be different than in the pure compounds. For these
reasons, growth of alloyed CasGa;_,Iny Sbg crystals were pursued.

We report the first single crystal alloy CasGaj_,InxSbg, successfully grown from a five part
mixture of CasGa,Sbg (polycrystalline) + CasInySbg (polycrystalline) + Gaszy 5 + Ing; 5 + Sbyp
flux elements. The same temperature and time parameters described for CasGa,Sbg were used
for the alloyed samples. As discussed below, the EDS and SC-XRD analysis confirms that the
crystals contain mixed occupancy of Ga and In on the metal site. From this crystal growth, two
large crystalline masses were grown along with a thick array of smaller crystals, shown in Figure
3.11. The crystal shown in Figure 3.11(left) measures 7.34 mm in length and 0.57 mm in width
with well-defined facets that run the length of the crystal, implying the crystalline mass is almost
entirely a single crystal. In contrast, the crystalline mass shown in 3.11(right) has no large well
defined facets and appears to a build up of smaller crystals that all grew parallel to one another in

the growth environment. This mass measures 8.39 mm in length and 1.40 mm in width.
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34.14 Ca5AIZSb6

The Ca-Al-Sb ternary phase diagram in Figure 3.9 is constructed from the known binary phase
diagrams [212, 218-220]. In contrast to the Ga and In phase diagrams, the Ca-Al-Sb phase diagram
has four ternary phases known to exist: Zintl phases Ca3zAlSbs [148], Ca14AlISby [150], Caj1AlSbg
[214], and desired phase CasAl,Sbg [108].

The Zintl phase Ca3AlSbs is another thermoelectric candidate compound forming the Ca3InP;
structure-type, and composed of infinite chains of corner-sharing AlSby tetrahedra. This composition
has been successfully doped with Na™! on the Ca™? site for polycrystalline samples, producing a
maximum figure-of-merit of zT' = 0.8 at 777°C for Ca3_,Na,AlSbs (x = 0.03, 0.06) [221]. This
compound will be difficult to discern from our intended CasAl,Sbg single crystal synthesis as
EDS will most likely not be sensitive enough to identify the excess Ca of Ca3AlSbs. Fortunately,
SC-XRD can be used instead to readily distinguish between the two structures. The Zintl phase
Caj4AISby has also been studied for potential thermoelectric applications [222] as it offers unusual
Sb-Sb bonding manifesting in linear Sbg_ chains and isolated AlSby tetrahedra [223, 224]. This
composition will be easily distinguishable from our intended Ca5Al,Sbg at EDS due to its relative
Al deficiency and at SC-XRD due to its larger unit cell.

The Ca4AlSby; composition has been studied for potential thermoelectric application [222] as
it offers unusual Sb-Sb bonding manifesting in linear Sb;* chains and isolated AlSby tetrahedra
[223]. [224]. This composition will be easily distinguishable from our intended Ca5Al,Sbg at EDS
due to its relative Al deficiency and at SC-XRD due to the larger unit cell (CasAl;Sbg/Caj4AlSbyq:
a=14.07/16.68, b = 12.09/16.68, c = 4.46/22.42).

In addition to the challenge of avoiding formation of the competing ternary phases described
above, growth of CasAl,Sbg crystals is further complicated by the fact that aluminum vapor attacks
the quartz ampules, as shown in Figure 3.12(left). In rare cases, this reaction caused the ampules
to shatter during centrifuging. This problem was eliminated by carbon coating the interior of the
quartz tubes by burning off acetone and rotating the quartz tube under a methane-rich flame, with

results shown in Figure 3.12(right).
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Figure 3.12: Aluminum vapor damage to the quartz ampule, concentrated at the gap between the
crucibles and sieve prior to flipping (left). Carbon-coated quartz ampules formed a protective barrier
(right).

Flux growths were successful in producing CasAl,Sbg single crystals using three different flux
compositions: Al73Sby,, Sbyg and Snjs, shown in Figure 3.16. The Al and Sb flux utilized was the
same as those used in the other successful CasM;Sbg (M = Ga, In) single crystal growths. These
Sb fluxes were successful mainly because overall melt composition fell inside of the three phase
triangle containing Sb, Ca5Al>Sbg, and CaSb,. This was in contrast to the CaslnySbg system,
which contains a different three-phase region including Caglns.

The flux amount was reduced in the Sby flux (compared to Al73Sbyy) trial but no Ca reaction
with the container was observed. The Sby flux produced crystals in large numbers with little
flux adhered to the crystal surfaces, with results comparable to the Al73Sby, flux. While Sb has
not shown to wet to crystal surfaces there appears to be a base level of flux that remains after
centrifuging due to the liquid flux getting caught between the hundreds to thousands of the grown
crystals per run. Smaller quantities of starting material may reduce this issue but may risk additional
reaction of Ca with the crucible.

Single crystal growth of CasAl,Sbg was also attempted from a Snpg and Sn;s flux with a
representative crystal shown in Figure 3.16(c-d). The yields for these growths were extremely low

and the crystals were heavily coated in flux, to such an extent that SC-XRD was not possible without
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a secondary process to remove the Sn flux. A Pb flux was also attempted (Pbg,) but did not produce
crystals. Similar to the CasIn,Sbg attempt, a smaller amount of Pb flux may improve intermixing,
but toxicity and wetting concerns make this an unfavorable choice when other options have shown

SucCCess.

3.4.1.5 CasAlLBig

The Ca-Al-Bi ternary phase diagram in Figure 3.10 is constructed from the known binary phase
diagrams. In contrast to the Sb-containing phase diagrams, there is no binary compound along the
Bi-Al edge. The first flux growth attempt of the Ca5Al,;Big replicated the successful CagAl,;Sbg
+ Sbyq growth using a Biyg flux and an extraction temperature of 730°C. This temperature was
too high, with the entire melt drained into the catch crucible, indicating that nothing had yet
solidified. Successful crystal growth occurred with an extraction temperature of 470°C with
elemental composition confirmed by EDS and structural confirmation by SC-XRD. Crystals are
shown in Figure 3.10(right) and 3.15(e-f). The temperature profile still soaked at 900°C for two
hours before cooling at a rate of 10°C/hr until 620°C where it was then cooled by 3°C/hr to the
470°C extraction temperature. This slower rate was to account for the likely crystal formation
during this time. Growths could be further optimized to potentially have a lower soak temperature

thereby reducing experiment time.

3.4.1.6 Crystal growth summary

Single crystals of CasM;Sbg (M = Al, Ga, In) were successfully grown using a M73Sby; flux, and
a temperature profile of room temperature to 900 °C in 12 hours, a two hour soak at 900°C and then
slow cooled to 730°C at 3°C/hr. CasAl,Sbg was also successfully grown in a Sby( flux and Snys
flux using the same temperature profile. Single crystal CasAl;Big was grown from a Biyg flux with

a slow cool at 3°C/hr from 620°C to the 470°C extraction temperature.
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Figure 3.13: Alloyed reference structure (left). Linear relationship between unit cell parameter
dimensions between alloy phase CasGaj 12Ing ggSbg and unalloyed ternary phases CasGaySbg and
CasInySbg (right).

3.4.2 Crystal Structure and Composition

SC-XRD was performed to confirm the crystal structure and composition of the single crystals
and to identify the orientation of the needle-like crystals with respect to the orthorhombic unit
cell. Crystallographic data is summarized in Table 3.2. All compositions were confirmed to be
orthorhombic and in the Pbam space group. The lattice parameters and atomic positions are all in
excellent agreement with published values with all unit cell dimensions showing a discrepancy of
less than 0.50%. Single crystal results were encouraging when it came to the alloyed composition,
confirming that both Ga and In were incorporated into the same lattice as opposed to simply
producing a mixture of CasGaySbg and Casln,Sbg crystals which reflected the starting spark
plasma sintering (SPS) pellet compositions. Using SC-XRD the M site occupancy was refined using
a mixture of Ga and In, resulting in a resolved composition of CasGa; 13Ing ggSbg. The alloyed
composition maintains the Pbam space group within the orthorhombic crystal structure with the In
and Ga atoms both partially occupying the center of the anionic polyhedral structures as illustrated
in Figure 3.13(left).

The lattice parameters of an alloyed composition can be predicted according to Vegard’s Law
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Figure 3.14: (a) The Ca5Gay 12Ing ggSbg crystal structure with select atom labels. Polyhedra bond
length comparison between (b) CasGaj 12Ing ggSbg (c) CasGasSbg, and (d) CaslnySbg.

[225, 226], which is an empirical rule stating that a linear relationship exists between the crystal
lattice parameters of an alloy and the concentrations of the constituent elements at a constant

temperature. For an alloyed composition,

AA(1—x)By = 4A(1—x) T 4BX, (3.4)

where a A(1—x)Bx is the lattice parameter for the alloyed composition, a4 and ap are the lattice
parameter for the two unmixed compositions, and x is the molar fraction of B in the solid solution.

The lattice parameters of the alloyed composition are compared to the lattice parameters of the
CasGaySbg and CasInySbg in Figure 3.13(right), where the linear relationship can be observed.
The tetrahedra bond lengths of the alloyed structure also fall in between that of Ca5Ga,Sbg and
CaslIn, Sbg as detailed in Figure 3.14. The increase in lattice parameter with increasing In content is
due to In being a larger atom than Ga with the crystal structure expanding to accommodate. This

may also be the reason for the slight preference of Ga to occupy this site in the compound.
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Table 3.2: Crystal data collected from single crystal X-ray diffraction for the CasGa;_,In,Sbg compositions. Programs used: APEX2,
SAINT, SHELXS97, SHELXL97, and OLEX2. Unit cell dimensions are in good agreement with published data.

Crystal data
Empirical formula
Formula weight
Crystal system

Space group

Unit cell dimensions
a(A)

b(A)

c(A)

a ()

B©

149,

Volume (A?’ )

Z

Density, calc. (g/cm3)
Absorption coefficient
F(000)

Crystal size (mm)

0 range

Index ranges

Reflections collected
Independent reflections

Largest diff. peak and hole

C a5 A12 Sb6
984.86
orthorhombic
Pbam

12.0486(4) [-0.34%)]
14.0356(4) [-0.24%)]
4.45290(10) [-0.16%]
90
90
90
753.03(4)

2
4.344
12.384
864
0.110 x 0.047 x 0.034
2.228°t0 26.391°
—14<h<15
17<k<17
—5<1<5
10,271
883
2.973/-1.270

Ca5 A12 Bi 6
1,508.24
orthorhombic
Pbam

7.5569(4)[-0.33%]
23.2361(13)[-0.42%]
4.5175(3)[-0.25%]
90
90
90
793.24(8)
2
6.315
68.002
1248
0.141 x 0.087 x 0.034
3.506°t0 65.166°
“11<h<10
_35<k<35
—6<1<6
14,616
1,604
2.92/-5.74

Ca5 Ga2 S b6
1,070.34
orthorhombic
Pbam

12.0647(5) [-0.34%]
13.9859(5) [-0.25%]
4.4382(2) [-0.28%]
90
90
90
748.88(5)
2
4747
15.856
936
0.041 x 0.027 x 0.026
2.229°t0 24.986°
—14<h<14
~16<k<16
—5<1<5
14913
564
2.78/-2.02

Ca5Gay 12Ing ggSbg
1,109.80
orthorhombic
Pbam

12.0789(4)
14.0924(4)
4.49710(10)
90
90
90
765.50(4)
2
4.815
15.290
968
0.167 x 0.059 x 0.032
2.89°to 30.39°
—16<h<17
20 <k <20
—6<I1<5
13,178
892
4.975/-2.164

Ca5 In2 S b6
1,160.54
orthorhombic
Pbam

12.0934(12) [-0.33%]
14.2222(15) [-0.24%)]
4.5585(5) [-0.30%]
90
90
90
784.04(14)

2
4916
14.650
1008
0.308 x 0.065 x 0.043
2.211°t0 28.772°
—16<h<16
—19<k<18
—6<1<5
7,752
957
6.68/-2.54
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EDS was used to quickly evaluate the approximate chemical composition of many individual
crystals, as well as to identify impurity phases present either on the surface, or as inclusions. This
analysis technique suffers from potential peak overlap which makes resolving exact quantities of
individual elements difficult. For this reason, tie lines for the ternary phase space were constructed
from powder and single crystal X-ray diffraction results only. To shed light on potential pitfalls,
EDS patterns were simulated using a Monte Carlo model in NIST DTSA II [227, 228] for the
CasM,Sbg (M = Al, Ga, In) compositions and can be found in the Appendix. For this system, the
Ca and Sb peaks were found to overlap in the 3-5 keV energy range but have enough separation to
confirm the presence of the elements in approximate quantities. Ga possesses an isolated energy
peak at approximately 1.09 keV which represents L orbital transitions with contributions from
the o, B, and y transitions, highlighting how this peak is amplified in magnitude with increasing
Ga content. The presence or absence of Ga in the EDS scan is readily apparent giving further
experimental confirmation of the consistency of these crystal growths. The Ca/Sb ratios deviate
significantly from the expected 5:6 ratio, which was common to every crystal composition tested.
However, this is almost certainly due to the overlap of the EDS peaks, as opposed to true deviation
in stoichiometry. The excellent agreement of the SC-XRD results with prior work confirms this
assumption. On the Ca5GaySbg crystals, homogeneous spherical droplets on the surface were
identified as pure Ga from the Ga flux. Regions devoid of any crystalline facets were a combination
of excess Ga and Sb flux elements. Sb tended not to wet directly to the surface of the crystal but
would accumulate between crystals in the centrifuging process.

Monte Carlo simulations were also run for the Ca-In-Sb known ternary phases Ca5In;Sbg and
Caj1InSbg. The In L1 4 2 peak at approximately 3.29 keV was identifiable and separate from
the Ca and Sb peaks. Additionally, the relatively In-deficient Ca;{InSbg composition could be
confidently separated from the more In-rich Casln,Sbg. Further details of this analysis can be found
in the Appendix.

The alloyed composition CasGaj_,In,Sbg underwent extensive EDS analysis to better evaluate

the consistency of the Ga:In ratio across many individual crystals. Due to the unique Ga peak
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at approximately 1.09 keV and the unique In peak at approximately 3.29 keV this technique can
reliably detect the presence/absence of the minority element. Results were very consistent with all
measured crystals containing both Ga and In. Ga was slightly preferred, consistent with the results
of SC-XRD.

Cas5Al,Sbg single crystals from an Al73Sby, flux are shown in Figure 3.16(a), from a Sbys flux
in Figure 3.16(b), and Sn;5 flux in Figure 3.16(c-d). For these crystals, SC-XRD was invaluable to
confirm the composition and structure type, due to the existence of several nearby ternary phases
with similar stoichiometry. In particular, the Monte Carlo model in NIST DTSA 1I [227, 228]
showed that that the CasAl,Sbg and Ca3zAlSbj patterns are nearly indistinguishable due to their
similar stoichiometry. However, by comparison, the Caj4AlSb; and Ca;AlSbg ternaries are
distinguishable due to a significantly smaller Al Kor1+2/A1 KB 1 peak centered at 1.48 keV.

The EDS analysis conducted in Figure 3.16 displays heterogeneity in the compositions, more
specifically to the Al content. This variation was not detected in subsequent SC-XRD but could be
contributed to some crystals possessing a Al-rich surface. In some cases this could be contributed
to Al-rich fluxes but this variation was also detected in non Al fluxes such as Sbyq in Figure
3.16(b). This variation was limited to the CasAl,Sbg composition while CasAl;Big produced
more consistent Al amounts. This highlights how EDS analysis can not be used exclusively in the
identification of compound compositions.

Finally, EDS analysis for the Ca5Al,Big composition is shown in Figure 3.15(e-f). In this case,
there are no competing ternary phases in the Ca-Al-Bi system, so EDS could readily differentiate
the target phase. Additionally Bi produces unique energy peaks distanced from any potential Al
and Ca peaks. These peaks are at approximately 10.85 keV representing Loc1 + 2 emissions, and
approximately 13.01 keV representing LB 1 + 2 emissions, making results even easier to resolve. A

detailed summary of EDS across all compositions and fluxes is conducted in the Appendix.
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Figure 3.15: EDS analysis of (a) Ca5GaySbg crystal and flux elements, (b) CasIn,Sbg crystals,
(c-d) CasGay_,InySbg single crystals, and (e-f) Ca5Al,Big single crystals.
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Figure 3.16: EDS analysis of Ca;Al>Sbg crystals grown from a (a) Al73Sby, flux, (b) Sbyg flux,
(c) Sn;5 flux, back-scattered electron image to highlight flux, and (d) Sny5 flux, standard SEM.

58



3.4.3 Crystal Morphology

Crystal shape is influenced by both the intrinsic properties of the crystallographic structure and
extrinsic factors such as the growth environment. In this study, single crystals were grown from a flux
that acted as a solvent, influencing the growth environment. The crystal morphology is influenced by
the surface energies associated with the exposed surfaces. This surface energy attempts to minimize
itself with the fastest growth occurring on surfaces that expose the lowest energy. The grown crystal
shape is determined by the minimization of total surface free energy of the crystal. This surface
energy is dependent on several factors including chemical composition, atomic scale roughness,
surface reconstruction and crystallographic orientation [143]. The CasM>Png (M = Al, Ga, In; Pn
= Sb, Bi) crystals have a preferred growth direction, [001], making the (001) surface the highest
surface energy plane.

Subsequent surface energy studies have begun on the CasM»Sbg (M = Al, Ga, In) crystal
system to explain specifically how the intrinsic properties of the crystal and extrinsic properties of
the flux drive crystal growth. Here a brief overview is provided, limiting the scope to geometric
considerations by utilizing the Bravais-Friedel-Donnay-Harker (BFDH) law [229].

While a significant number of crystals adhered together with amorphous flux, many crystals
were isolated, allowing for a detailed morphology study to take place where the dimensions of the
crystals were measured. Crystal separation was further improved with the use of vapor transport
methods previously described. Some crystals tested at SC-XRD were large enough to successfully
identify planes, as shown in Figure 3.17, based off unit cell refinements. This analysis substitutes
for more reliable EBSD methods which are exceedingly difficult to perform on small, brittle, single
crystals due to the requirement of a highly polished surface.

Crystals grown in a M73Sby; flux took on rectangular geometries that had a preferred growth
direction as shown in Figure 3.17(a) for the Ca5Ga;Sbg composition and Figure 3.17(b) for the
CaslIn,Sbg composition. While the majority of crystals appeared to have chamfered long edges
as shown in Figure 3.18(c-d). Preliminary measurements of these angled facets lead us to believe

these are the {110} family of planes. Interestingly enough, growths were primarily a mixture of
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Figure 3.17: Single crystals mounted at SC-XRD for (a) Ca5Ga,Sbg from a Ga73Sby, flux and
(b) CasInySbg from a In73Sby, flux.

these two geometries with Figure 3.18(b-c) coming from the same CasIn,Sbg growth, even though
they exhibit different morphologies. This is likely due to a composition gradient within the flux.
Figure 3.18(d) illustrates a single crystal of Ca5Al,Sbg grown from a Sby() flux that exhibits more
prominent {110} growth planes.

These planes are in good agreement with preliminary BFDH calculations. The BFDH law reveals
a correlation between the morphological importance of a crystal face and its interplanar distance
dpr1, where dpy; 1s the distance that separates physically identical surfaces. The morphological
importance of a crystal face is understood as its relative size in a given crystal habit [230] such
as those displayed in Figure 3.17. Using the Mercury software package [231], relative BFDH
areas are calculated for the CasM,Sbg (M = Al, Ga, In) which find (110), (110), (110), (110) the
most favorable for growth followed by (001)/(001), and lastly (020)/(020). These are the faces that
should appear in the crystal morphology which is in agreement with observed geometries from
SEM images. For the Ca5In,Sbg composition a portion of the single crystals grown took on distinct
right angles such as the crystal observed in Figure 3.15(b) with the long axis belonging to the <001>
direction family and the other growth axes <100> and <010>.

The BFDH is a practical geometric method that is based off the intrinsic properties of a crystal

but does not take into account growth environment and has no energy considerations [230]. For this
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Figure 3.18: Single crystals of (a) CasGaySbg from Gay3Sby, flux with rectangular cross sections,
(b-c) Caslny Sbg from same Gay73Sbyy flux, and (d) CasAl,Sbg from Sbyg flux.

reason the predicted planes and their relative prominence remains unchanged among the CasM;Sbg
(M = Al, Ga, In) crystals. This methodology also introduces confusion between the lattice and the
structure, leading to an unnecessary multiplication of Miller indices which may be the case for
the (020) planes [232]. The ordering of the planes from the BFDH does not match the order of
prominence in our growths with our (010)/(020) planes having the most surface area.

Single crystals from a Al73Sby, flux are shown in Figure 3.16(a), from a Sby( flux in Figure
3.16(b), and Sny5 flux in Figure 3.16(c-d). The crystal geometry appeared to change for the Snj;
flux, displaying more competing facets along the crystal length but some ribbon-like geometries
were still present.

The CasAl,Big composition possesses a different structure-type and produces a unique list
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of BFDH areas. Here (001)/(001) are the most favorable for growth, followed by (010)/(010)
then (100)/(100). This deviates from the crystal structure observed more substantially as these
crystals had a preferred growth direction along [001] but were generally thicker with a number of
competing facets along the length of the fibers, never appearing rectangular as their orthorhombic
crystal system might suggest. This shows how significantly the growth environment can influence
crystal growth and why a more detailed surface energy study would be required to understand these

interactions.

3.5 Concluding Remarks

In this work single crystal CasM,Png (M = Al, Ga, In; Pn = Sb, Bi) compounds have been grown
from a molten metal flux. The CasM;Sbg compounds were all successfully grown from a M73Sby,
flux, with Ca5Al,Sbg also being successfully grown from an Sby and Sns5 flux. CasAl,Big was
grown from a Biy( flux, a simpler option than the mixed self-flux. The first single crystal alloy
CasGa,_ InySbg was successfully grown from a five part mixture of CasGajSbg (polycrystalline)
+ CasInySbg (polycrystalline) + Gaszy 5 + Ing7 5 + Sby, flux elements. In addition, several tie lines
have been added to the CasM;Png (M = Al, Ga, In; Pn = Sb, Bi) ternary phase diagrams where
none existed before, providing guidance to future crystal growth and synthesis studies. Single
crystals in excess of 7 mm were grown but the average crystal size was significantly smaller. These
single crystals, however, are sufficiently large for characterization using a modern photolithography
process where normal application of contacts by hand are impractical.

The CasM,Png (M = Al, Ga, In; Pn = Sb, Bi) crystals have a preferred growth direction, [001],
with the (001) surface the highest surface energy plane. Other morphological habits observed were
dependent on the growth environment and composition gradients within the melt, with different

crystal shapes produced from the same crystal growth experiment.
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CHAPTER 4

ELECTRONIC CHARACTERIZATION OF CasIn;Sbg SINGLE CRYSTALS

4.1 Introduction

Single crystals of CasM5Sbg (M = Al, Ga, In) were grown via the flux method. These crystals
possessed a preferred growth direction along the covalent chains of the structure but only measured
a few millimeters and tens of microns in the perpendicular direction. Our desire to characterize
the transport properties of these crystals both parallel and perpendicular to the growth direction
demanded a novel characterization technique, as placing contacts by hand is infeasible in the per-
pendicular direction. Micro-fabrication techniques were utilized with micro-ribbons of Ca5Ga;Sbg
and CasInySbg extracted both perpendicular and parallel to the preferred growth using a focused
ion beam milling technique. Photolithography was then utilized to create a circuit of sensors for low
temperature characterization of Hall effect, and simultaneous measurement of sample thermal con-
ductivity, Seebeck coefficient, and electrical resistivity. Here, a temporary coat of photoresist was
applied, transferring a designed micro-circuit onto the substrate surrounding and covering portions
of the micro-ribbon. The micro-circuit fabrication was accomplished using a laser photolithography
process. After the exposure and subsequent development, a layer of chromium and gold was applied
and selectively removed to form the characterization circuit. This method shows great potential in
eliminating the need for large single crystal samples to perform characterization, allowing samples
to be evaluated for their thermoelectric potential before more resources are invested in scaling up
crystal growth. The resistivity, carrier concentration, and mobility of a micro-ribbon of CasIn,Sbg,
perpendicular to the preferred growth direction, was successfully characterized using this approach.
Resistivity was measured in the parallel direction using a four-probe resistivity setup and was
accomplished by manually contacting the sample with silver paste. In this manner, the anisotropy

of resistivity in CasIn,Sbg was determined and compared to other classes of materials.
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Figure 4.1: (a) False color image of the NbP micro-ribbon (green) with sputtered heater line (upper
left) and a pair of thermometers. (b) Configuration used to measure the electrical conductance G =
J/E. (c) Configuration used to measure thermoelectric conductance GT = J/|VT| with the red and
green ends of the color gradient representing hot and cold sides of the circuit [6].

4.2 Background

4.2.1 Photolithography for Material Characterization

Photolithography is widely used in the production of commercial grade integrated circuits (ICs) but
has only recently begun to make an impact as a pathway to characterizing material properties in
research. The benefit of this method is that samples can be precisely cut in different crystallographic
directions to isolate their properties. Additionally, micro-ribbons of material are used, extracted
from larger crystals so only small samples are required. The application of sensors over the top
of these micro-ribbons has been successfully performed by Gooth et al. [6]. Two thermocouples
and a resistive heater line were used to measure conductance and are shown in Figure 4.1. Each
micro-ribbon measured approximately 50 um x 2.5 um x 0.5 gum in size [6]. In principle, all of
the thermoelectric transport properties (Seebeck coefficient, electrical and thermal conductivity)
can be measured on samples as small as 25 um.

In this study, focused ion beam milling, photolithography, and the subsequent electrical transport
characterization were carried out at the Leibniz Institute for Solid State and Materials Research

(IFW) in Dresden, Germany which was accomplished over two research stays at the institute.
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4.2.2 Focused Ion Beam Milling

Removing material by ion milling (i.e., source sputtering) is the most widely used application for a
focused ion beam (FIB) system. This method is capable of extracting micro-ribbons of material from
larger single crystals with micrometer scaled lengths and nanometer scaled features and thicknesses.
The process is limited by removal rate, resolution, and crystal quality [233]. Removal rates need to
be carefully adjusted based on each crystal composition, with heavier elements slowing the rate of
milling. Semiconductor-type materials are favorable for this method as more insulating ceramics
can accumulate charge and deflect the ion beam if given an insufficient path to ground, which
is limited during the cutting and extraction of material [234]. For conducting materials, milled
material is removed from the bulk by a combination of system vacuum and redeposition elsewhere

in the chamber [235].

4.2.3 Selection and Treatment of Photoresists

In this study, a photolithography process was optimized, beginning with the selection of photore-
sists. A photoresist is a photoactive polymer suspended in a solvent. This polymeric structure
protects a substrate from chemical or physical attack during the photolithography process. While
photoresists can work for a variety of processes, most resins are optimized to specific applications.
A photoresist chemically changes when exposed to specific wavelengths which creates a difference
in the dissolution rate of the photoresist when exposed to a developer solution. This discrepancy in
dissolution rate allows for the creation of micro-structures where a circuit of conducting material
can selectively be placed.

Photoresists can be characterized as either positive or negative. Positive resists are soluble
in the developer after exposure while negative resists by comparison are cross-linked within the
exposed areas and remain, while non-exposed areas are removed in the development process [236].
This cross-linking process is not a driving force in positive resists. Some positive photoresists are
also capable of image reversal whereby the tone of the photoresist is reversed similar to negative

photoresists. Image reversal can be applied using a hard bake and flood exposure after the main
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Figure 4.2: The photoresist process sequence for positive, image reversal, and negative resists. While
chemically different through the development, deposition, and lift-off phases they are structurally
equivalent for low resolution structures, combined here for simplicity. Resist profiles are based off
large dose exposures.

exposure. The primary benefit of negative photoresists is that they are generally cheaper while
positive photoresists offer better resolution. These photoresist types are compared in Figure 4.2
where the process flows from top to bottom.

Properties of a given photoresist are largely driven by the photoactive polymer chain length.
Increasing the average chain length increases the softening temperature and as a consequence, the
stability against thermal rounding which can impede subsequent lift-off operations. Decreasing the
average chain length improves adhesion to the substrate so a compromise must be struck.

Positive photoresists have been used exclusively in this study and belong to either the diazonaph-
thoquinone (DNQ)/Novolak or polymethylglutarimide (PMGI) groups. These types of photoresists
are applied as a liquid to the substrate and spin coated to uniform thickness. DNQ is an inhibitor
which reduces the development rate (i.e., alkaline solubility) in the unexposed state relative to pure

phenolic resin, in this case Novolak, a polymerized phenolic made of formaldehyde and phenol
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Positive photoresist Positive photoresist (image reversal) Positive photoresist bi-layer

Figure 4.3: Selected photoresists and their types: positive photoresist (left), image reversal (center),
and bi-layer (right). The gold layer represents the sputter deposition prior to the lift-off process.

[237]. Exposure wavelengths for DNQ typically range between 320-440 nm. The mechanism
behind the DNQ-Novolak interaction has been an area of extensive study [238-244]. While efforts
continue to understand the fundamental mechanism behind the unexposed DNQ inhibiting the
dissolution of Novolak it is largely assumed to be changes in the hydrogen bonding [245].

The PMGI positive photoresist bi-layer describes a PMGI bottom planarization layer and a top
imaging layer photoresist such as a DNQ-Novolak blend. The application and soft bake of the
PMGI layer prior to the application of the imaging resist prevents intermixing of the two layers.
During exposure the PMGI layer produces an undercut profile relative to the imaging resist above.
PMGI resists also benefit from possessing a narrow range of sensitivity and do not require a solvent
for development [246]. This narrow range allows for the potential development of the PMGI
while the imaging resist maintains its structure. This photoresist stack was patented for the use in
the manufacturing of metal-semiconductor field-effect transistors (MESFETS), modulation-doped
field-effect transistors (MODFETYS), metal-oxide-semiconductor field-effect transistor (MOSFETYS),
and other structures with gate metal usage [246]. A number of photoresists were attempted in this
study to find the most accurate and repeatable process. These included positive, positive bi-layer

and positive image reversal photoresists.

4.2.3.1 Positive photoresists

The AZ 9260 positive photoresist, manufactured by Microchemicals [247], was designed for thick
resist structure patterning up to 24 um. This photoresist was appealing for its thickness, ensuring

that any micro-ribbon processed would be completely submerged in the resist where thicknesses
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of only 0.2-0.5 um are anticipated. The thick photoresist can also minimize texture effects that
could negatively impact spin coating consistency. Like many thick photoresists, AZ 9260 offers
excellent adhesion characteristics so no adhesion promoter is required [248]. This photoresist is
illustrated in Figure 4.3(left). The sidewalls of the AZ 9260 will be significantly higher, due to its

higher viscosity than the AZ 5214 E positive photoresist but are shown as equivalent for simplicity.

4.2.3.2 Image reversal photoresist

The AZ 5214 E photoresist, manufactured by Microchemicals [249], can be utilized in either the
positive or image reversal configuration. This photoresist was designed and has proven effective
for lift-off applications [250]. The image reversal state is capable of producing a negative sidewall
profile which is ideal for our lift-off application. It is noted that the film thickness is less than
that of the AZ 9260 and optimization is required for generating a repeatable and effective negative
sidewall. This photoresist in the image reversal configuration is illustrated in Figure 4.3(center).

The undercut, when sufficiently optimized can provide additional clearance for our lift-off process.

4.2.3.3 Positive bi-layer photoresist

A positive photoresist bi-layer is also a viable option and has proven effective for lift-off applications
[251] with ribbon characterization being successfully completed using a LOR 3B and ma-P 1205
photoresist stack by Gooth et al. [6].

LOR 3B is based off the PMGI platform and manufactured by Kayaku Advanced Materials, Inc.
[252]. It is used in conjunction with positive resists and acts as an underlayer in the bi-layer lift-off
process. The ma-P 1205 positive photoresist, also manufactured by Kayaku Advanced Materials,
Inc. [253], is used in conjunction with LOR 3B. This photoresist stack is illustrated in Figure
4.3(right) where the LOR 3B provides an undercut, allowing for easier separation during the lift-off

process.
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4.2.4 Spin Coating

Spin coating is a technique where a photoresist is dispensed onto a substrate which is then spun
at a rate of several thousand RPM. The centrifugal force generated by this rotation produces
an evenly dispensed photoresist layer across the substrate surface, while excess photoresist is
spun off the perimeter [254]. The resist is further settled in this process as a portion of the
solvent within the photoresist evaporates. This highly reproducible technique also benefits from a
simple application and short cycle times [255]. Additionally, process repeatability is not severely
temperature dependent. While higher temperatures lead to increased solvent evaporation they also
increase resist viscosity, with these phenomena counteracting each other it provides the user a few
°C range in which to apply and spin coat the photoresist for consistent results [256].

The spin coating operation requires at least a 100 or better cleanroom environment with excellent
air filtration. This is largely due to the photoresist being tacky for a significant period of time,
making it susceptible to airborne particulate during and after the spinning operation. Laboratory
humidity should also be tightly controlled (< 30% = 2%) as solvent evaporation during the spinning
operation will cool the substrate, creating potential water vapor condensation [255].

A disadvantage of this method is that air turbulence over the edges of the substrate can result
in accelerated drying which can limit the spin-off of excess photoresist from the center due to
accumulation along the perimeter. This edge bead issue is exasperated with the use of more viscous
resists, and substrate geometries with sharp edges such as rectangles or squares. For non-circular
substrates the edges can be broken off entirely but risks contamination from the breaking process
[257].

Another characteristic of this technique to consider is that any substrate texture reduces the
homogeneity of the resist coating, so the micro-ribbon used in this process must be thin enough not
to produce a significant texture effect in the photoresist and must be submerged uniformly in the
resist.

Resist discontinuities can also result if contamination or air bubbles are present in the resist,

emphasizing the need for clean room conditions and careful application. For DNQ-based positive
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and image reversal photoresists, nitrogen bubbles can occur due to the gradual thermal decompo-
sition of the photoactive compound. Ultrasonic baths can be employed to outgas these nitrogen
bubbles if necessary [237]. Discontinuities can be reduced or eliminated with high spin coating
accelerations (1,000s of RPM/s) leading up to the primary spin speed. Multistage spin coating
profiles can be used to compensate for textured substrates as well, where a slower rotational speed
is held for several seconds before accelerating to the primary spin coating speed [255].

Spin speed correlates directly to the final resist thickness. For liquid photoresists the final resist
thickness can be approximated by the inverse square root of the spin speed [255]. Therefore one
can adjust resist thickness by simply adjusting the spin speed, provided that the photoresist is spun
until dry. This drying effect is also dependent on the residual solvent content of the photoresist,

with the remaining solvent being removed during the soft bake immediately to follow.

4.2.5 Soft and Hard Bakes

In general a soft bake (i.e., pre-bake) is any baking process step that heats the sample prior
to exposure. The photoresists in this study required a soft bake to reduce the residual solvent
concentration still present in the photoresist after spin coating. The soft bake also anneals stress in
the applied film [255]. This process of residual solvent reduction is beneficial for DNQ-based resists
to avoid the bubbling of nitrogen, which is a by-product of the exposure process. An optimized
soft bake, both in temperature and duration ensures a more uniform surface quality and improved
repeatability. While solvents assist in the thinning of a photoresist they absorb radiation applied
in the exposure process and also negatively affect adhesion. Over-baking a substrate increasingly
polymerizes the photoresist and reduces its photo-sensitivity while under-baking affects adhesion
and exposure. Resist absorption rates relative to soft bake time and temperature can be done
experimentally or computational to assist in the optimization of soft bake parameters [258].

A hard bake or more specifically, a post-exposure bake, is a baking step which immediately
follows the exposure for image reversal and negative photoresists. For image reversal photoresists a

post-exposure bake is used to invert areas of the resist that were exposed during the photolithography
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process, rendering them insoluble in the developer. Typical post-exposure bake hot plate parameters

are 100-130°C for a few minutes.

4.2.6 Exposure

The exposure in a photolithography process is typically carried out in one of three methods: using
mask aligners, a stepper, or laser direct writing. Laser direct writing, was used in this study and is
achieved with a focused rastering laser. There is no physical photomask, rather the circuit design is
programmed into the laser and selectively exposed into the photoresist. The absence of a photomask
is a significant advantage of this technique, allowing for quick modifications of the design but suffers
from longer cycle times. Generally speaking, the photoreaction for positive and image reversal
resists is a one-photon process with the required exposure dose a function of both intensity and
time [259]. A laser application applies a high intensity of photons but is limited to a pixel-by-pixel
approach, in contrast to the blanket of light employed in the mask aligner and stepper methods

previously mentioned.

4.2.7 Flood Exposure

A flood exposure, also referred to as an open frame exposure, exposes the entire substrate to blanket
radiation. Here no mask is present, with the flood exposure following both the main exposure and
hard bake. For image reversal photoresists a flood exposure is utilized to completely convert the
photoinitiator. For negative photoresists, a flood exposure completes the cross-linking process that

was initiated in the main exposure.

4.2.8 Developer

The developers used in this study include metal ion-free (MIF) organic tetramethylammonium
hydroxide which is preferred to diluted sodium hydroxide as sodium contamination of a circuit can
degrade its properties [260-262]. Care needs to be taken to isolate the developers from open air as

much as possible because CO, exposure reduces the activity of the developer.
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4.2.9 Sputter Deposition and Lift-off

After development samples have their metal conductive layers sputtered onto the surface, adhering
to the substrate and photoresist. The lift-off process removes the remaining photoresist, taking
the sputtered metals with it. While all organic solvents can act as a suitable lift-off medium, low
boiling temperature solvents are not recommended as this evaporation can cause re-deposition of
removed metal. In order for repeatable lift-off to be achieved, the sputtered layers can only be a few
hundred nanometers thick. It is only desirable for the lift-off medium to attack the photoresist but
an important consideration in this study is that the micro-ribbon will be partially exposed and can
be potentially etched or even damaged if it must remain submerged in the remover for extended

periods of time.

4.3 Experimental Methods

The FIB milling and photolithography processes required a number of experimental methods
that collectively produce a desired circuit design. Each process was optimized for select photoresists
using blank substrates, with the best results determining which photoresist would be used for the
processing of the single crystal micro-ribbons. The FIB milling was accomplished by technicians at

the Leibniz Institute for Solid State and Materials Research (IFW) in Dresden, Germany.

4.3.1 Focused Ion Beam Milling

A FEI Helios NanoLab 6001 SEM instrument integrated with a FIB was used to cut small oriented
micro-ribbons from grown single crystals. These systems are capable of in situ specimen modifica-
tion through ion milling or deposition with precision material removal occurring with nano-scale
resolution [263]. While several types of FIB systems exist, the system herein discussed and utilized
is a Ga liquid metal ion source, which is the most common source type. The Ga source is very
stable with both a low vapor pressure and melting point while being relatively heavy which offers

favorable sputtering rates [234, 264]. Crystal composition was also confirmed prior to cutting a
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region by EDS using an EDAX SDD Apollo X detector at 30.00 kV, 0.00 tilt, and a take off angle
of 36.49°.

The nominal processing time for FIB milling of a CagM>Sbg (M = Ga, In) micro-ribbon from a
larger single crystal was 16 hours with the micro-ribbon extraction taking an additional 1 to 1.5
hours. Milling voltage and current were above normal at 30 kV and 65 nA respectively as deep cuts
through flux regions were sometimes required. Samples were thinned beginning at 30 kV/21 nA
with current decreasing to 80 pA. The cutting of the edges which support the micro-ribbon began at

0.79 nA and decreased to 80 pA.

4.3.2 Substrate Preparation

Optical quality borosilicate glass wafers measuring 10 x 10 mm with a thickness of 300 um were
used as the circuit substrate. Optimization experiments were conducted on coverslips produced by
Menzel, measuring 18 x 18 mm.

Substrate cleaning is a critical aspect of the photolithography process. All substrates were
cleaned sequentially with an acetone (C3HgO) bath, isopropanol (C3HgO) bath, and a deionized
water rinse. Substrates were then dried with a nitrogen pistol and dehydration bake on a hotplate at
120°C for 10 minutes to remove any trace moisture. For substrates with a micro-ribbon present, the
nitrogen blow-off step was bypassed due to concerns that the micro-ribbon position would shift
or be lost completely. It was important that all moisture was removed from the surface as many

photoresists are hydrophobic, leading to application and adhesion issues if not properly baked.

4.3.3 Circuit Design

The micro-structure applied across the single crystal micro-ribbons was detailed in a digital pho-
tomask. This mask was designed in LASI7 (LAyout System for Individuals), a layout and design
program for integrated circuits [265]. Here complex micro-structure designs are made from simpler

hierarchical objects that are assembled and applied in subsequent design layers to produce a top
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layer structure that can be exposed at a laser lithographer. This construction substitutes for the more
traditional physical masks that are placed above the photoresist during exposure.

The main sensor components were drawn and then connected to a surrounding padframe. These
pads are the interface between the circuit and wired connections of the external characterization
equipment. While commonly made from aluminum or copper in industrial applications [266], our
low temperature application utilized gold because it is a noble metal that resists oxidation in the

absence of industry standard passivation techniques.

4.3.4 Photoresist Application

All photoresists were applied using a manual static spin coating process using spin coaters manu-
factured by Polos, whereby resist was applied to the substrate using a pipette prior to initiating the
spin profile. Special care was made to not transfer bubbles to the applied photoresist as these can
lead to inhomogeneities or voids in the spun resist. Baking on a hot plate immediately after spin
coating was implemented to minimize the chances of introducing particulate contamination, which

can result in opaque spots or pinholes after exposure and development.

4.3.5 Soft and Hard Bakes

Soft and hard bakes were accomplished using hot plates, manufactured by Prizitherm. Hot plates
were selected over ovens due to their faster applied temperature gradient which leads to more
precise, repeatable results. After either a soft or hard bake was completed the substrate was cooled

at ambient for two minutes prior to the next processing step.

4.3.6 Laser Lithography

The exposure process was performed using a -PG 101 micro pattern generator, manufactured
by Heidelberg Instruments. The system was equipped with a laser diode which emits 375 nm
wavelength radiation, allowing it to expose both standard and UV resists. Substrates could be

as large as 100 x 100 mm with exposed structures down to 0.6 um. Laser settings were set to
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40 address grid, 0.9 um minimum structure, and a write speed of 5 mm?/minute. Both manual
and pneumatic focusing methods were used to focus on the micro-ribbons and substrate. Micro-
structures were rotated and aligned with the observed micro-ribbon by marking the opposite corners
of the ribbon. These corners correspond to geometric coordinates in the designed mask. The first
coordinate represents the photomask origin while the other required a precise measurement of the
length and width of the micro-ribbon using either a Leica DM 2700M or Olympus BX53M optical
microscope.

All samples were processed uni-directionally whereby the laser was only emitted during forward
movement. This led to better stability but increased processing time compared to a standard bi-
directional exposure. Batch exposures were processed, incrementing laser power for optimization
in energy series. Grids of features were created in this manner and compared to one another for
optimization purposes. Samples were also run in standard 1 x 1, and 1 x 2 energy modes with the
first number referring to the number of exposures conducted while the second is a reduction in
exposure speed. A 1 X 2 energy mode executes one exposure with double write energy, accomplished
by reducing the stage speed by a factor of two. Reductions in speed led to longer processing times

but in some instances improved marking quality.

4.3.7 Flood Exposure

This photolithography study utilized a hard bake, two minute cool down, and flood exposure for the
AZ 5214 E image reversal photoresist. Flood exposure under 375 nm light occurred for 30 seconds.

The flood exposure apparatus is shown in Figure 4.4.

4.3.8 Photoresist Development and Evaluation

The photoresists utilized in this study were developed by submerging the substrate in a glass petri
dish filled with the recommended developer. Substrates were then rinsed in purified deionized water

and dried with nitrogen blow-offs. Photoresist thickness was evaluated with a Bruker DektakXT
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Figure 4.4: Flood exposure apparatus (A = 375 nm).

stylus profiler after development. Here a stylus is dragged across the surface of either the developed

photoresist or sputtered circuit elements, producing feedback on the topology of the structure.

4.3.9 Sputter Deposition

Sputter deposition was conducted in a Compact Research Coater (CRC-622-2G2-RF-DC) manufac-
tured by Torr International. This manual planar magnetron system utilizes DC current to sputter
material from two inch diameter targets, shown in Figure 4.5. The chamber was evacuated with a
turbo molecular vacuum pump with matching dual stage rotary vane pump, pulling a vacuum of
1 —2 % 107 Torr with flowing argon used to sputter. Due to the targets being angled relative to the
substrate, the platform was rotated to produce a more uniform coating during the sputter operation.
An adhesion layer of chromium was sputtered on top of the developed photoresist, substrate, and
micro-ribbon, followed by a thicker conductive layer of gold. The parameters for sputtering were
independent of the photoresists used. The Cr target was energized for 5 minutes prior to exposing
the substrate to the sputtering, this is done to remove any oxide layer formed on the surface. Once
sufficiently clean, the Cr target is sputtered onto the substrate surface for four minutes (=~ 50 nm
thickness) as it rotates on the platen. This deposition is then stopped and the substrate is sputtered

with Au to a thickness of 120-200 nm.
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Figure 4.5: Sputter deposition device (left). Inside the chamber, with labeled Au and Cr targets
angled over the stage. Note the shutters over each, used to keep each component isolated from each
other (right).

4.3.10 Lift-off

Each remover was poured into a quartz Petri dish with a lid and heated on a hot plate inside a fume
hood to reduce processing time. A plastic pipette was used to flush remover across the surface of
the substrate and to pick at the edges in order to expedite lift-off. Decreasing processing time is
important when a single crystal micro-ribbon is present because some portions of the micro-ribbon

are in direct contact with the remover which can undesirably etch the sample.

4.3.11 Transport Characterization

The glass substrates in which circuits were successfully printed on were mounted to PPMS pucks
with GE varnish and bonded to external contact pads with either 25 um Au or 33 um Al wire
using a TPT HB16 semi-automatic bonder. Electrical transport characterization was carried out
on a Dynacool cryostat with 14 T magnet manufactured by Quantum Design. Resistance was

characterized using a sourcemeter Keithley 2400 and a nanovoltmeter Keithley 2182A.
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4.4 Results & Discussion
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Figure 4.6: Summary of processed micro-ribbons through stages of development.

A summary of the processing results is shown in Figure 4.6. This process flow was broken into
three regions: FIB processing, photolithography, and electronic transport characterization. FIB
processing was completed by technicians at the IFW Dresden, while the photolithography and
electronic transport characterization was conducted during research visits with a group of supporting
scientists at the [IFW Dresden. The majority of process losses occurred in the time consuming FIB
milling process, with only eight sample being viable going into photolithography. Of these eight,
three made it to the electronic transport characterization with a partial data set completed on a

CasInySbg ribbon cut perpendicular to the c-direction.

4.4.1 Ribbon Processing

Single crystals of CasGaySbg and CasInySbg were cut into micro-ribbons measuring 18-80 x
3-7 x 0.2-0.5 um using FIB milling as illustrated in Figure 4.7. The Ga containing CasGa,Sbg
crystals proved difficult to cut. When the ion beam struck any latent Ga flux on the surface or a

Ga-rich inclusion in the crystal the Ga would immediately liquify and burst, ruining the partially cut
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Figure 4.7: Successfully FIB milled micro-ribbon ready for extraction (left). Successfully FIB
milled micro-ribbons ready for extraction both perpendicular and parallel to growth direction (right).

micro-ribbon. These Ca5GajSbg crystals had been grown in a Ga- and Sb-rich flux with excess Ga
collecting on the surface of crystals due to its unfavorable wetting behavior. Once mounted, several
cuts were attempted from each sample as shown in Figure 4.7(right). Some of these micro-ribbons
would spring loose prior to transfer. While the FIB system was capable of tilting, all cuts were made
perpendicular to the beam, utilizing sample rotation instead.

The CasInySbg samples were grown in an In- and Sb-rich flux and appeared to have cleaner
surfaces as In does not wet to the surface of the grown crystals as readily as Ga. These crystals
however did suffer from inhomogeneous regions as excess In and Sb formed the InSb binary when
trapped between grown crystals. Distinct phase contrast was observed in some instances with the
milling operation well underway, resulting in that region of the single crystal being abandoned. Other
micro-ribbons bent as a result of the milling process. Successfully cut samples were transferred
to a glass substrate using a micromanipulator to begin the photolithography process. Due to air
sensitivity concerns, both single crystals and cut micro-ribbons were stored under vacuum in a

desiccator before and after FIB milling the eight successfully extracted micro-ribbons.

4.4.2 Circuit Design

The goal of this circuit design is to fully characterize micro-ribbons of our compounds both parallel

and perpendicular to the c-axis. This is accomplished by developing a number of sensors that will
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measure Hall, Seebeck, resistivity, and thermal conductivity.

In order to optimize individual photoresist combinations a prototype Hall circuit was generated
shown in Figure 4.8. This design was limited to six sensors compared to the full characterization
circuit which would have 16, shown in Figure 4.9. This reduced Hall circuit cut down on cycle time
at the laser and allowed for the creation of 2 x 2 grids of this circuit at different power levels on a
single substrate. Profiler measurements were taken over the larger circuit contact pads to determine
photoresist depth and uniformity. These contact pads are where the circuit is externally bonded to
characterization equipment. Due to the semi-manual nature of placing these contacts, larger pads
are made to make the process easier. These larger areas are also useful for profiler measurements
as the fine features in proximity to the micro-ribbon are below the tolerances in which the profiler
can reliably detect. Resistivity measurements were conducted using a four probe method where
a current is passed through two outer contacts while the voltage is measured between two inner
contacts. Hall effect is measured using a four probe configuration in the presence of a magnetic field.
The Hall sensors used to measure voltage are positioned opposite each other at the micro-ribbon
center. A prototype Hall circuit is shown in Figure 4.8.

The Seebeck coefficient is measured by running a current through a sensor in close proximity
to the end of the ribbon, referred to hereafter as a heater, with a pair of thermometers measuring
the difference in induced voltage across the micro-ribbon. Thermal conductivity is determined by
measuring the thermal conductance of the micro-ribbon by taking into account the voltage drop
between sensors and the temperature difference between the thermocouples.

A unique digital mask was created for each micro-ribbon based off its dimensions. This was
especially critical because it was beneficial to maximize the allowed space between sensors and also
to determine the correct spacing between the Hall contacts which were required to contact opposite
edges of a sample but not contact each other. All of these sensors are integrated into a single design
as shown in Figure 4.9.

Both circuit designs in Figure 4.8 and 4.9 are made with sensors that have a width of 4 um.

Through optimizations it was determined that 3 m and in some instances 2 pm are also possible

80



micro-ribbon
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Figure 4.8: Prototype Hall circuit (left), and magnified view of sensors over the micro-ribbon at
center (right).

but 4 um was used because it provides more tolerance in the process. These wider contacts proved
useful in alleviating some contact issues as the sputter deposition was not thick enough in some

instances to consistently coat substrate and micro-ribbon interface.

4.4.3 Photoresist Optimization and Selection

A number of photoresists were utilized with their spin coating profiles compared in Figure 4.10. Ti
Prime and AZ 5214 E (purple), LOR 3B and ma-P 1205 (blue), and AZ 9260 10 um and AZ 9260
24 pum (black) constitute the different photoresist stacks. These optimized parameters were within
the recommended manufacturer’s range for both speed and duration but were adjusted slightly to
our specific spin coater and laboratory conditions.

The low viscosity Ti Prime adhesion layer is spun at high speed and soft baked to the substrate
prior to the application of the AZ 5214 E photoresist for both the standard positive and image
reversal configurations. LOR 3B is spin coated and soft baked prior to the application of ma-P
1205 and used as a positive photoresist bi-layer where the LOR 3B is undercut in the development

proces to improve the subsequent lift-off. The AZ 9260 10 um can be used on its own or as the
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Figure 4.9: Full characterization circuit design (left), and magnified view of sensors over the
micro-ribbon at center (right).
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Figure 4.10: Optimized spin coating profiles for select photoresists grouped by color. Ti Prime is
applied prior to AZ5214 E (purple). LOR 3B is applied prior to ma-P 1205 (blue). AZ 9260 10 um
can be used singularly or preceding the AZ 9260 24 um profile that is a second application of the
photoresist (black).
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Table 4.1: Optimized temperature and duration of soft bake for selected photoresists. AZ 9260
24 um is a two step application starting with AZ 9260 10 um layer. AZ 5214 E was optimized as
a positive photoresist and in the image reversal state.

Temperature (°C) Time (s)

Ti Prime 120 120
AZ 5214 E 110 50
AZ 5214 E (IR) 90 240
LOR 3B 180 250
ma-P 1205 100 30
AZ 9260 (10 pm) 110 80
AZ 9260 (24 pm) 110 160

base layer for the AZ 9260 24 yum thickness whereby the photoresist is applied a second time after
the first application is spin coated and soft baked. The AZ 9260 photoresist was highly viscous and
when coupled with the small, difficult square geometry produced a noticeable edge bead along the
substrate perimeter which worsened at the corners. This non-uniform application of photoresist was
later confirmed by profiler data once the photoresist had been developed.

Soft bake temperatures and durations are listed in Table 4.1. While the Ti Prime parameters
remained the same for both configurations of the AZ 5214 E photoresist, the photoresist itself
required different optimizations depending on its state. This photoresist was less viscous than the
AZ 9260 photoresist and had a significantly lessened edge bead at the substrate perimeter once
the soft bake was complete. The LOR 3B photoresist required the longest and hottest soft bake
and was coupled with ma-P 1205 to produce a bi-layer undercut profile post-development. Both
of these photoresists showed a small, non-detrimental edge bead, similar to that of the AZ 5214
E. While the laboratory environment was humidity controlled, significant temperature increases
were experienced in the laboratory due to hot summer weather resulting in sometimes sporadic and
unreliable results. Special care was used to process these samples quickly and preferably during the

cooler morning hours.
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Table 4.2: Development times for select photoresists.

Photoresist Developer Time (s)
LOR 3B + ma-P 1205 ma-D 331 20
AZ 9260

10 um AZ 400K 1:4  420-660

24 um AZ 400K 1:4 660-1200
Ti Prime + AZ 5214 E

Standard AZ MIF 726 50

Image Reversal AZ MIF 726 40

4.4.4 Development Optimization

The laser lithography process required extensive optimization, as different power settings would
produce different line thicknesses in the photoresist despite implementing a common digital mask.
Challenges also arose in the development stage as one had to be cautious not to over-develop the
pattern in the photoresist. These processes directly impacted the effectiveness of the subsequent
lift-off which was also found to be heavily circuit geometry dependent. Some of the lift-off issues
were resolved with circuit design optimization, whereby sensors were separated as much as possible
and the angles in which they exited the micro-ribbon staging area were staggered.

Prior to the critical task of line thickness optimization, appropriate developer times needed
to be established. Development followed the laser lithography process, immediately after in the
case of the positive photoresists, and after a hard bake, cool down, and flood exposure for image
reversal photoresists. The development process submerged the substrate in the manufacturer’s
recommended developer for a specific amount of time before it was rinsed clean with purified
deionized water and dried with nitrogen blow-offs. Initial times were dictated by manufacturer
recommendation but deviated significantly in the case of the AZ 9260. Final development durations
are listed in Table 4.2 for each photoresist. Samples were observed under an optical microscope to
evaluate the developer progress, re-submerging substrates in instances of under-development. When
over-developed, the substrate was simply scrapped in optimization trials but could be recovered by
submerging the substrate in an appropriate remover to begin the process again if a micro-ribbon

needed to be recovered.
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The ma-D 331 alkaline aqueous based developer solution was used to develop the LOR 3B and
ma-P 1205 photoresists. This bi-layer developed the circuit area repeatably in only 20 seconds, but
more variability was observed in the undercut layer of LOR 3B, which is critical for the subsequent
lift-off process. These consistent circuit development results are shown in Figure 4.11(left) for the
six sensor Hall circuit design, shown previously in Figure 4.8 with nominal pad widths of 0.4 mm.
Here a profiler needle was dragged across the surface of the photoresist and glass substrate. The
exposed circuit design was developed, with the photoresist being removed completely as indicated
by the flat bottoms that the profiler recorded. The target depth of this trough, which is a measurement
of photoresist thickness, was expected to be in the 0.8 to 1.0 u range as dictated by the spin coating
profile. These measurements fail to capture the amount of undercut that the base layer of LOR
3B experiences, so while these results are encouraging, more optimization was required once the
effectiveness of the lift-off could be evaluated.

The Ti Prime and AZ 5214 E photoresist performed repeatably for both the standard and image
reversal configurations using AZ MIF 726 as a developer solution. Profiler results for the standard
application are shown in Figure 4.11(right) with a repeatable depth of approximately 1.4 um. As
was the case with the bi-layer photoresist additional tests with lift-off are necessary as the undercut
geometry of the developed photoresist sidewall can not be directly evaluated.

The AZ 400K developer solution was used in a 1:4 ratio with purified distilled water for the
development of the AZ 9260 photoresist. As shown in Table 4.2, the development times for the
AZ 9260 photoresist were extremely long and variable with several optimization studies failing to
produce satisfactory results, whereby a portion of the circuit remained under-developed while the
intricate sensors near the micro-ribbon were severely over-developed. Significant resist thickness
variation was observed for the AZ 9260 photoresist as shown in Figure 4.12(right). Here the profiler
was run across two contact pads as shown in Figure 4.12(left) with the contours normalized to the
glass substrate. Despite a photoresist target depth of 24 um based off the spin coating speed, the
remaining photoresist varied widely between approximately 6 and 23 um. This was largely due

to the high viscosity of this photoresist coupled with the very small substrate size. This size is
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Figure 4.11: Profiler paths across the photoresist surface for the LOR 3B and ma-P 1205
photoresists (left), and Ti Prime + AZ 5214 E photoresist (right). Pad numbers correspond to
Hall circuit labels in Figure 4.8.

constrained by the mounting requirements for a standard PPMS sample puck used for electronic
characterization. The edge bead for this photoresist is larger, making the photoresist thickness
widely variable across the center of the substrate due to poor removal. Additionally any tilt in the
spin coater station can be a source of photoresist thickness variability. While large differences in
the height of the remaining photoresist can potential cause slight sputtering differences the variable
topology is detrimental to the lift-off process, causing some areas to progress more quickly, with
other areas being unable to lift-off, as shown in Figure 4.17(left).

Another issue highlighted by profiler measurements is the under-development of some of the
large contact pads while the more intricate features in close proximity to the micro-ribbon would
over-develop and lose dimensional control. A properly developed AZ 9260 photoresist with a
target depth of 10 um is shown in Figure 4.13(left). Despite not achieved the target depth, the
development was successful with each pad showing a flat surface against the glass substrate. An
under-developed case is shown in Figure 4.13(center) with development issues being exacerbated

when a second photoresist layer is applied for an intended target depth of 24 ttm shown in Figure
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Figure 4.12: Profiler paths illustrated across a LASI7 designed Hall circuit (left). Each contact
pad is 0.4 mm square. Profiler data on AZ 9260, 24 um target photoresist thickness shows
significant thickness variability (right).

4.13(right). Here photoresist is still present on the glass surface, creating texture in what should
be a flat surface. This resist could potentially be improved given better spin coating optimization
via faster accelerations or by increasing the laser exposure power, but the over-development of fine
features at the circuit center is more difficult to simultaneously resolve. The repeatable results from

the AZ 5214 E and LOR-3B + ma-P 1205 are preferred.

4.4.5 Line Width Repeatability

With a consistent development process in place, power optimization studies began whereby laser
power in the exposure process was adjusted incrementally. These studies were conducted with the
selected photoresists in order to determine accuracy and repeatability specific to circuit feature
dimensions. A power optimization study was conducted for the AZ 5214 E image reversal photore-
sist shown in Figure 4.14(left) with measured dimensions for each power averaged and compared
in Figure 4.14(right). Here the heater element from the circuit design was isolated and repeated

with a target thickness of 2, 3, and 4 um. This heater pathway has a number of bends which were
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Figure 4.13: Profiler analysis of the AZ 9260 photoresist after development with fully developed
10 um (left), under-developed 10 um (center), and under-developed 24 um target thickness
(right). The thickness of the resist was less than the target thickness in all three case studies. Pad
numbers correspond to Hall circuit labels in Figure 4.8.

individually measured and then averaged to provide a better sense of repeatability for each power
level.

In the case of image reversal photoresists the laser exposes the negative space of the circuit
design, this accounts for why there is coating removed from the square surrounding the designs in
Figure 4.14(left). Increasing this buffer improves the odds of a proper lift-off but increases cycle
time. Positive and positive bi-layer photoresists only have the laser raster across the circuit design
itself which reduces the exposed area. These power studies, which focused on the adjustment of the
laser lithography parameters were evaluated after the lift-off stage.

The circuit is constructed from a primary layer of Au. Unlike industrial ICs which are constructed
with Cu, there is no encapsulation or similar method used to passivate the structures. For this reason,
noble metals such as Au or Pt are preferred to prevent degradation of the sputtered structures.
Electrical conductivity is also improved with less heating in the current lines which was beneficial
at the low temperatures in which characterization was completed.

A proper undercut was found to be critical to the success of the lift-off. Figure 4.15(left) shows
a correctly developed undercut prior to sputter deposition. The edges of the circuit appear somewhat
brighter and out of focus due to the photoresist being viewed top-down, with the undercut observed

through a portion of the photoresist. In contrast, designs that lacked a proper undercut have sidewalls
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Figure 4.14: Example power study for laser powers 2-100% with 2% increments (left). Line
width studies for power optimization with no ribbon for target thickness of 2, 3, and 4 um
line thicknesses. Slides were coated in Ti Prime and image reversed AZ 5214 E resist. Power
percentage is for the laser, 1x1 pass, filter on, uni-directional and inverted with a buffer for image
reversal (right).

Figure 4.15: A Ti Prime + AZ 5214 E image reversal photoresist circuit with correct undercut after
the development stage (left) compared to a poorly undercut LOR 3B + ma-P 1205 photoresist circuit
that failed to lift-off correctly (right).
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that appeared sharp and vertical. This led to lift-off issues as depicted in Figure 4.15(right). Here an
insufficient undercut was produced by the LOR 3B and ma-P 1205 bi-layer photoresist. This circuit
design was for a smaller sample which exacerbated lift-off issues by creating narrow coatings that

required removal.

4.4.6 Sputter Deposition Evaluation

With a repeatable development and laser exposure process in place, the subsequent sputter deposition
can be evaluated as shown in Figure 4.16. After the lift-off process the profiler was run across
the deposited contact pads. The sputter deposition thickness target for this circuit was 250 um
with an adhesion layer of Cr accounting for approximately 50 um. All measurements of these
thicknesses were extremely accurate and consistent, confirming that the sputter deposition was
reliable. The spikes in thickness on the edges of the pads shown in Figure 4.16(left) were largely
due to the profiler needle itself, dragging and catching on portions of the applied coating during the
measurement. This also accounts for some of the texture observed on the top of each pad as well.

Some of these clean lift-off edges are shown in Figure 4.16(right).

4.4.7 Lift-off

Table 4.3: Lift-off temperatures and times for select photoresists.

Photoresists Remover Temperature (°C) Time (minutes)
LOR 3B + ma-P 1205 NMP 60 20+
AZ 9260
10 um AZ 100 80 60-120
24 um AZ 100 80 60-150
Ti Prime + AZ 5214 E
Standard 1165 80 40-95
Image Reversal 1165 80 10

Lift-off times for the selected photoresists are listed in Table 4.3. Substrates were submerged in
remover and placed on hot plates to accelerate the process. The substrate consists of a photoresist

layer underneath the sputter deposition layers in positions where the coating was undesirable and
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Figure 4.16: Successful lift-off of Ti Prime and AZ 5214 E photoresist. Profiler paths across the
sputtered circuit pads after lift-off, measuring the thickness of the sputtered chromium and gold
stack (left). Optical image of the pads leading to the Hall circuit at center (right). Pad numbers
correspond to Hall circuit labels in Figure 4.8.

requires removal. Other areas that must be retained are simply the coating directly sputtered onto
the glass substrate and micro-ribbon. Removers are unable to remove any of the sputter deposition
coating but are able to breakdown the remaining photoresist. This process was accelerated by using
tweezers to scratch portions of the slide that required removal, acting as points of initiation for the
remover. A pipette was also used to flush remover across the surface removing debris in the process.

To remove unwanted photoresist from the LOR 3B and ma-P 1205 substrates an N-Methyl-2-
pyrrolidone (NMP) bath, manufactured by MicroChemicals [267] was used. This process took a
minimum of 20 minutes and in some instances did not produce an effective lift-off even when left
overnight. This process was improved with optimized circuit design which maximized inter-sensors
distances and removed unfavorable geometry that prevented portions of the metal from lifting off.
Variability still existed, however, due to an insufficient undercut produced by LOR 3B. The LOR 3B
seemed to have a higher sensitivity to changes in ambient temperature during processing which may
have contributed to some of this variability. Long cycle times are detrimental to our process because

portions of the micro-ribbon are exposed to the remover, etching or destroying the micro-ribbon.
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Figure 4.17: Poor lift-off of an AZ 9260 photoresist circuit with sidewall deposition adhering to
substrate surface (left) compared to an optimized circuit design using Ti Prime + AZ 5214 E image
reversal photoresist after successful lift-off (right).

The AZ 100 remover manufactured by MicroChemicals [268] was used for both target thick-
nesses of the AZ 9260 photoresist. Due to large variability in the photoresist thickness and no
undercut to assist in detaching metal from the photoresist sidewalls, lift-off was poor as illustrated
in Figure 4.17(left). Instead of rinsing away with the dissolved photoresist, gold adhered to the
substrate surface where it was unable to be removed even in additional rinses. In contrast, an
optimized design for a longer micro-ribbon is shown in Figure 4.17(right) using Ti Prime and AZ
5214 E image reversal photoresist. The laser is able to properly expose the negative space of the
design and generate a sufficient undercut of the photoresist to allow for a repeatable lift-off.

Microposit remover 1165 manufactured by Dow Electronic Materials [269] was used for
stripping the Ti Prime and AZ 5214 E photoresist. As noted in Table 4.3 when AZ 5214 E was used
as a standard positive photoresist the time was longer to lift-off the finer features of the structure.
This issue did not occur while using AZ 5214 E image reversal where processing times were kept
to 10 minutes in all experiments, making it the shortest and most repeatable lift-off process. All

subsequent optimizations were done using this image reversal photoresist.
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4.4.8 Final Optimized Process

Positive, positive bi-layer, and image reversal photoresists were investigated and optimized to
determine the most appropriate choice for our micro-ribbon lift-off application. Of these the AZ
5214 E image reversal photoresist with a Ti Prime adhesion layer was found to be the most effective
and repeatable through the lift-off portion of the photolithography process.

Ti Prime was first applied to the substrate and spin coated at 6,000 RPM for 30 seconds followed
by a soft bake on a hot plate at 120°C for 120 seconds. Next the AZ 5214 E photoresist was applied
and spin coated at 3,500 RPM for 30 seconds. The process showed good results for the positive AZ
5214 E photoresist but improved lift-off properties in the image reversal configuration. This image
reversal required an adjusted soft bake profile of 90°C for 240 seconds.

Once the photoresist application was complete, laser lithography was performed. Micro-ribbons
were successfully processed with a laser power of 5 mW, 35% power (13% filter applied), 1 x 1,
uni-directional, and inverted with a I mm buffer. Following the laser, a hard bake was performed on
a hot plate at 120°C for 120 seconds, followed by a 120 second cool-down, and a 30 second flood
exposure (A = 375 nm). The image reversal photoresist was then developed in AZ MIF 726. As
shown in Table 4.2, the development time was less than a minute.

After development, a Cr (50 um) and Au layer (200 um) were sputtered onto the substrate. The
Au layer was increased from 150 um due to the off-centered sputtering targets and the potential
for the micro-ribbon to produce a shadow effect. The sputter deposition stage was also rotated to
improve the uniformity of this conduction layer.

Lift-off provided the most variability between the different photoresists and thicknesses with
results summarized in Table 4.3. Here AZ 5214 E in the image reversal configuration was the most
repeatable, lifting off successfully for a variety of circuit designs in 10 minutes.

The final process with a CasIny Sbg micro-ribbon cut perpendicular to the c-direction is shown
in Figure 4.18. Due to the high level of optimization, the circuit design was able to accommodate
two thermometers, a heater, Hall probes and current lines. This allows the micro-ribbons to be

fully characterized using the two configurations listed in Figure 4.18(right). While the PPMS puck
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Configuration |

Channel  Sensor Input/Output  Node
I+ 3
I- 4
1 Thermometer #1 Vi 5
V- 6
V- 9
Thermometer #2 I\i+ i(l)
I+ 12
I- 15
3 Heater It 16

Configuration 2

Hall

1
Current | I+

Current 2 I-

Figure 4.18: Successfully printed full characterization circuit over a CasIn, Sbg micro-ribbon cut
perpendicular to the c-direction. Sensors are labeled and enumerated, with the two characterization
configurations listed at right.

was limited to three channels, the circuit could be bonded once and the probes swapped using an
external switch box to switch between configurations even at low temperatures. Configuration 1 is
capable of measuring Seebeck, electrical resistivity, and thermal conductivity. Configuration 2 is
capable of measuring electrical resistivity, carrier concentration, and mobility. A second CasIn,Sbg
micro-ribbon, cut parallel to the c-direction was successfully processed and is shown in Figure 4.19

along with the successful bonding to a PPMS puck.

4.4.9 Transport Characterization

As illustrated above in Figure 4.6, out of 19 FIB-processed ribbons, only a single ribbon, cut
perpendicular to the growth direction, was successfully characterized. Further, although the goal of
the photolithography approach was to apply a circuit that would allow for complete characterization
of the thermoelectric transport properties (Seebeck coefficient, thermal conductivity, and electrical
conductivity), ultimately only a partial characterization of resistivity and carrier concentration was

collected prior to the mirco-ribbon breaking apart.
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Figure 4.19: CaslIn,Sbg micro-ribbon cut parallel to the c-direction (left). Micro-circuit bonded
successfully to surrounding PPMS puck (right).

Resistivity and Hall carrier concentration was collected on the successful CasInySbg micro-
ribbon, cut perpendicular to the c-direction, in a limited temperature range from 220-300 K. Further
data collection was not possible, as the sample was destroyed during testing, most likely due to
excessive applied current. Several of the contacts were not sufficiently connected, but enough probes
were found to be contacted to run a four-probe characterization on a sample cut perpendicular to the
c-direction. Low resistance contacts allowed for a three-terminal measurement across an 11 yum
segment of the sample. Measurements were unable to be repeated as the contacts had been destroyed.
Other samples produced partial data sets before they too were destroyed due to either excess applied
current or thermal load. Additionally, no reliable data was produced from the crystal cut parallel
to the c-direction due to an attempted contact repair that destroyed the sample. Fortunately, the
c-direction is the preferred growth direction of the crystal, so sufficiently large crystals (~ Smm)
could be characterized using a four-probe resistivity measurement by manually placing contacts, as
shown in Figure 4.20.

Here four-terminal resistance measurements were collected whereby two leads pass a current
through the sample while two other leads measure the potential drop across the sample. Ohm’s Law,
R =V/I, is used to calculate the sample resistance where R is the resistance of the material through

which the current, / is passed through which exhibits a voltage V. The resistivity, p, is independent
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Figure 4.20: Four probe resistivity probes attached to single crystal CasIny;Sbg parallel to the
c-direction (left) with the resulting resistivity values for different input currents (right).

of sample dimensions and relates to R,

p="4 (4.1)
P

where p is the probe distance where the voltage is measured, and A is the cross-sectional area that is
perpendicular to the direction of the current.

Electrical resistivity is measured in the sample by measuring the voltage difference between
the two attached thermocouples, generated by the current supplied at Igymple in and expelled
through Iample, out- The current is then run in the opposite direction to eliminate the Peltier effect
contribution. Electrical resistivity is defined in Equation 4.1 for the probe setup. In this manner the
data is tested for repeatability, appropriate contact quality and sample uniformity. The measurements
were carried out from 70K-320 K using liquid nitrogen to cool to chamber.

Resistivity values for the CasInySbg micro-ribbon cut perpendicular to the c-direction are
compared with the measurements taken parallel to the c-direction on macroscopic crystals in Figure
4.21(upper left). The resistivity perpendicular to the c-direction was found to be a factor of 13-
18 times higher than the parallel direction as depicted in Figure 4.21(upper right). The carrier
concentration was measured only on the micro-ribbon, and was found to increase with increasing
temperature, which indicates that the crystal is an intrinsic semiconductor, as shown in Figure

4.21(lower left). The magnitude of the carrier concentrations from the micro-ribbon is similar to
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Figure 4.21: Resistivity, resistivity ratio, carrier concentration, and mobility of CasInySbg single
crystal ribbon cut perpendicular to the c-direction compared to measured polycrystalline samples.
Increased resistivity in the a-b plane is consistent with DFT predictions of anisotropic behavior in
single crystals.

that of the previously reported polycrystalline CasInySbg [2], which is significant because it implies
similar point defect densities and thus a narrow homogeneity range (e.g., Ca5InySbg is a true line
compound).

We are able to calculate mobility in both single crystal samples from ¢ = neu by assuming

identical carrier concentrations in both of the characterized crystals. Note that carrier concentration
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is not a function of crystallographic direction. Because the carrier concentration was only measured
from 220-300K, data was extrapolated to low temperatures using an exponential fit. Mobility in the
perpendicular and parallel directions are compared with the mobility of a polycrystalline sample
in Figure 4.21(lower right). The polycrystalline data comes from the high temperature transport
characterization carried out by Zevalkink et al. for the CasM;Sbg (M = Al, Ga, In) family [2]. Due
to the small sample dimensions of the single crystal micro-ribbon, high-temperature measurements
are not generally feasible (due to instrument geometry limitations), therefore single crystal data
can only be compared to polycrystalline published values near room temperature. The comparison
of single crystal and polycrystalline mobility 4.21(right) shows that the c-direction mobility is
significantly higher, while the direction perpendicular to c is lower. This agrees with the calculated
DFT results that predicted important anisotropy behavior, with increased resistivity in the a-b plane,
and lower resistivity in the c-direction parallel to the covalent "ladder" polyanions.

Single crystal CasIn,Sbg could potentially experience a significant thermoelectric performance
increase if the c-direction is exploited. It is important to note, however, that the single crystals in
this study are extremely resistive compared to the CasInySbg samples with the highest reported z7T°
values. Thus, even if all of the thermoelectric transport properties were measured in the c-direction,
a high zT is not expected. The electrical resistivity can be expected to decrease with increasing
doping levels, which can have an important impact on the final figure-of-merit. Additionally, the
CasIn, Sbg micro-ribbons were evaluated for potential magnetoresistance between 0 and 14 T at
220 and 300 K. Data up to 5 T did not exceed the level of anticipated background noise, yielding no
magnetoresistance behavior of note.

The resistivity anisotropy of CasInySbg is compared to other single crystal measurements from
highly anisotropic materials in Table 4.4 at 220 and 300 K. Most of the compounds in Table 4.4 are
layered compounds, in which case "parallel" refers to in-plane and "perpendicular” is out-of-plane.
In the case of CasInySbg and CsBigTeg, which both contain one-dimensional covalent chains,
the data is parallel and perpendicular to the chain direction. It is observed that the resistivity of

CasInySbg 1s more anisotropic than that of the tetradymite compounds (BipTes and SbyTes).
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Table 4.4: Anisotropic thermoelectric properties at 220 and 300 K for selected one-dimensional
(1D) compounds, van der Waals (vdW) compounds, and covalently bonded two-dimensional
(Cov.-2D) compounds.

220K 300 K
Compound, direction p(Qcm) p,/ Pl P Qcm) p,/ P| Ref.
CaslIny Sbg 1 3.39E+00 18.6 1.56E+00 13.1 This work
. | 1.82B-01 1.19E-01
CsBiyTeg 1 4.00E-02 1269 3.96E-02 86.7 [66]
| 3.15E-04 4.57E-04
BiyTes 1 - - 4.84E-05 6.13 [270]
I - 7.90E-06
PbBi4Te;(Cd) 1 1.30E-03 5.7 1.28E-03 4.3 [271]
W | 2.26B-04 2.98E-04
PbSb,Te4(Sblz) 1 3.49E-03 12.0 4.31E-03 10.1 [271]
|| 2.91E-04 4.25E-04
SbyTes 1L - - 4.27E-04 1.8 [272]
I - 2.41E-04
Mg3Sby 1 1.39E+02 395 259E+00 0.49 [7]
| 3.52E+01 5.32E+00
Cov-2D —gise - — 500E-01 5 [67]
I - 1.00E-01

The difference between the Zintl phases Ca5InySbg and Mg3Sby listed in Table 4.4, and the
other layered materials is that k7 is not expected to be highly anisotropic in the Zintl phases. A
significant thermoelectric performance increase for CasInySbg is expected, while Mgz Sb, behaves
relatively isotropically as evidenced by its p | / p|| < 1 at 300 K. This analysis provides experimental
confirmation of theorized anisotropy that can be exploited to dramatically increase zT values in

single crystal CasM»Sbg (M = Al, Ga, In).

4.5 Concluding Remarks

Resistivity and carrier concentration values were collected on a single crystal micro-ribbon cut
perpendicular to the c-direction. This coupled with resistivity values collected on a single crystal
parallel to the c-direction yielded highly anisotropic electronic transport properties. This is the
first experimental confirmation of this behavior in 5-2-6 Zintls, showing nearly a 20x increase
in resistivity measurements in the perpendicular direction. It is anticipated that lattice thermal

conductivity will remain isotropic, allowing for a significant thermoelectric performance boost
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parallel to the c-direction.

While lacking a complete characterization across the low temperature regime this study proved
that high quality micro-ribbons could be produced from larger single crystals using a FIB milling
technique. A repeatable photolithography process has been established that is transferable to other
micro-ribbon compounds and projects beyond just thermoelectric materials. The photolithography

optimization is robust enough to allow for a number of sensors to be placed across samples.
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CHAPTER 5

CRYSTAL GROWTH AND CHARACTERIZATION OF MgsSb,

The Zintl phase Mg3Sb; has proven to be a promising new thermoelectric largely due to its excellent
n-type performance. Electronic transport properties and the ability to dope n- or p-type have been
shown to depend strongly on the Mg:Sb ratio present during synthesis. While Mg vacancies are
suspected to be responsible for this behavior, the presence of vacancies has not been confirmed by
direct experiments. In the present study, high quality single crystals have been successfully grown
from Mg- and Sb-rich self-fluxes.

Refinement of SC-XRD revealed significant differences in the occupancy of the octahedrally-
coordinated Mg(I) site. Further, the refinements reveal previously unknown interstitial sites. Despite
differences in Mg occupancy, the Mg- and Sb-rich crystals are found to exhibit intrinsic semicon-
ducting behavior, suggesting that the presence of grain boundaries might play a role in the highly

p-type transport reported in previously studies.

5.1 Introduction

Thermoelectric materials offer the reversible conversion of heat and electricity. The maximum
power and efficiency of a thermoelectric material is governed by its figure-of-merit, z7" = a’cT /X,
where « is the Seebeck coefficient, ¢ is the electrical conductivity, T is the absolute temperature,
and « is the thermal conductivity [59]. Extensive efforts have been made to discover materials that
maximize 7', with high performance devices consisting of materials with z7" exceeding unity [9].

Mg3Sb; is an excellent n-type thermoelectric with a high z7" ~ 1.5 [33]. Compared with
state-of-the-art thermoelectric materials such as PbTe and BiyTes, it is lighter, less toxic and more
earth abundant. Mg3Sb, crystallizes in the trigonal, layered CaAl,Si, structure, where Mg atoms
occupy both the octahedrally-coordinated (Mg(I)) and tetrahedrally-coordinated (Mg(Il)) cation
sites [273]. It has a long history, beginning with its discovery in the 1930s [73, 274]. Initial studies

of the thermoelectric transport in Mg3Sb, characterized its undoped character [275] and a variety
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of doping options on both the Mg (Zn[276, 277], Cd/Ag[278]) and Sb (Bi[279-283], Pb[284]) site,
yielding p-type behavior.

These studies found persistent, but limited p-type thermoelectric performance below unity. A
high figure-of-merit was only recently realized experimentally by Tamaki et al. [33] using Mg-
rich growth conditions combined with Te doping on the Sb site (Mg3 »Sb; 5Big49Teq g1). These
results were confirmed under similar conditions in subsequent studies [5, 285, 286]. The superior
performance of n-type Mgz Sb; is due to a combination of higher band degeneracy and smaller
effective mass [287, 288]. This results in a large thermoelectric quality factor, 8, which is a metric
of intrinsic material properties correlating to high performance thermoelectrics [285]. Consequently
the n-type composition achieves a high performance of z7' ~ 1.5 at 716 K [33] compared to the
p-type performance below unity.

Intrinsic defects are understood to play a critical role in determining the dominant carrier
type in Mg3Sb,. DFT calculations of defect energies show that Mg vacancies are responsible for
the persistent p-type behavior in Sb-rich growths [5, 33, 289]. Mg-rich synthesis conditions are
predicted by DFT to increase the formation energy of Mg vacancies and decrease the formation
energy of Mg interstitials. This is thought to leads to an overall decrease in acceptor type defects
[5, 33].

Although electronic transport properties and defect calculations both strongly support the theory
that Mg-vacancies play a role in n- and p-type doping, the presence of Mg vacancies have not
previously been directly observed in structural characterization of Mg3Sb, samples. In the current
study, single crystals of Mg3Sb, were grown from Mg- and Sb-rich environments using a self-flux
method. These crystals have been characterized and compared using SC-XRD and electronic
transport measurements. This approach allows for direct assessment of the relationship between

growth conditions and intrinsic defect concentrations.
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5.2 Experimental Methods

5.2.1 Synthesis

Elemental Mg (granules, 99.8%), and Sb (shot, 99.999%) were weighed, mixed, and loaded into 2
ml capacity alumina Canfield crucible sets with 13 mm OD x 25 mm height [155]. Mg3Sb, single
crystals were grown using a self-flux method with either excess Mg (MgzSby + Mgg 9) or Sb
(Mg3Sby + Sbj 5¢). Alumina crucibles were sealed in quartz ampules, 14/16 mm ID/OD. Mg-rich
growths were double sealed using a larger quartz ampule, 17/19 mm ID/OD to safe guard against
potential ruptures due to Mg vaporization losses reacting with the quartz. For Mg-rich growths, a
large excess of Mg was needed as some of the elemental Mg was removed from the system due
to formation of MgO with the Al,O3 crucibles, which produced a noticeable gray discoloration.
Reactivity with the quartz ampules was more significant still, appearing black as the vaporized
Mg reacted with the Si (2 Mg + Si — Mg, Si) or O (2 Mg + SiOy — 2 MgO + Si) in the quartz.
Tantalum tubes have been reported as an alternative to alumina crucibles. However, Ta reacts with
Sb [290], forming a layer of TaSb, on the inner surface that acts as nucleation site for Mg3Sb,
crystals as described in Xin et al. [7].

The Sb-rich growths were heated to 800°C and then cooled to 675°C at a rate of 3°C/hr where
they were extracted from the furnace, flipped, and centrifuged. The Mg-rich composition was heated
to 800°C and cooled to 650°C at a rate of 3°C/hr where it was extracted from the furnace, flipped,
and centrifuged. All growths were centrifuged for two minutes at 2500 RPMs separating the grown
crystals from the remaining flux. No flux was removed for the Mg-rich growths as Mg reaction and

vaporization losses were significant.

5.2.2 Structural Characterization and Metallography

Single crystal surfaces were observed using polarized light microscopy. Samples were also observed
using a Zeiss Evo LS25 SEM with an attached EDAX Apollo X EDS. Data were collected and

processed with the TEAM software suite to determine approximate chemical compositions. Electron
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backscatter diffraction was carried out on a Tescan Mira 3XMH SEM equipped with an EDAX-TSL
EBSD system. Microscopy revealed homogeneous main phase with only islands of elemental Sb
metal. Thus, it may be concluded that the measured physical properties are reflecting the properties
of the main Mg3Sb; phase. Crystal structure and composition were evaluated with SC-XRD at the

Max Planck Institute for Chemical Physics of Solids in Dresden, Germany.

5.2.3 Transport Characterization

Resistivity and Hall coefficients were measured on several crystals in the in-plane direction on a
Physical Property Measurement System (PPMS) manufactured by Quantum Design. Resistivity
was measured from 210 to 360 K with a standard four-point contacting method using Ag paint. Hall

voltage was measured from 100 to 350 K as a function of magnetic field.

5.3 Results & Discussion

5.3.1 Crystal Growth and Morphology

The morphology of the grown Mg3Sb, crystals can be described as large, flat platelets, measuring
greater than 5 mm across, with size constrained mainly by the crucible diameter. Growth occurred
preferentially along the a-b plane, confirmed by EBSD, in stacked layers parallel to the crucible
bottom. No Mg flux drained from the Mg-rich growths as the excess Mg either reacted with
the container or vaporized. Sb-rich growths benefited from Sb being a good flux [198] that does
not readily wet to the surfaces of crystals, draining the liquid flux away from the crystals in the
centrifuge process. While Sb has a higher melting temperature than most common fluxes [166]
it possess a sufficiently low vapor pressure (1617°C, 1 atm.) and very low viscosity (1.22 mPa s)
[291].

The surface morphology of Mg3Sb, crystals was observed using SEM, shown in Figure 5.1.
Here the hexagonal growth behavior is observed in plane as step-like growth terminations. While

the transport properties are isotropic, the structure has a clear preferred growth direction that is
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Figure 5.1: Scanning electron microscopy images of Mg3Sb, single crystal platelets, note the
hexagonal growth behavior. Crystal surfaces away from the growth perimeter were flat and
smooth.

in-plane, suggesting that dangling in-plane bonds are more energetically costly than out-of-plane
bonds. This growth behavior is consistent with that described in Xin et al. [7] for Mg3Sb, single

crystals. The orientation of the crystals was further confirmed using EBSD analysis.

5.3.2 Structure Description

The atomic positions and occupancies obtained from single crystal refinements are shown in Figure
5.2 with crystal data listed in Table 5.2. The most striking difference between the Mg- and Sb-rich
crystals is in the occupancy of the octahedrally coordinated Mg(]) site. In Sb-rich growths, it was

observed that the Mg(I) site was partially occupied at 87%, while in Mg-rich growths this site was
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Figure 5.2: Crystal structure of Mg3Sb, from Mg-rich growth conditions with Mg interstitial
atoms and trace Sb(I) vacancies (left). Crystal structure from Sb-rich growth conditions with
partial Mg(I) occupancy (right).

Table 5.1: Atomic positions and occupancy data for Mg3Sb, single crystals grown from both Mg-
and Sb-rich fluxes.

Atom  Site x/a y/b z/c B(is/eq) occ.
Mg-rich

Mgl la. O 0 0 3.6(5)* 1

Mg2 2d  2/3 173 0.634(2) 2.9(3)* 1

Mg3 2d  2/3 1/3  0.038(10) 2.531 0.035(10)
Sbl 2d  2/3 173 0.2281(4) 2.60(6)* 0.965(10)

Sb-rich
Mgl la 0 0 0 1.74(8)* 0.87(1)
Mg2 2d  2/3 1/3  0.6350(4) 1.59(5)* 1

Sbl 2d  2/3 1/3 0.22836(6) 1.430(10)  1.00(1)
Sb2 2¢O 0 0.684(4) 1.4(5)* 0.014

fully occupied. This is largely consistent with DFT defect calculations [5, 33, 289] which have
predicted low formation energies for Mg vacancies when Mgz Sb, is in equilibrium with Sb. Past
studies have also consistently indicated that vacancies on the octahedrally-coordinated Mg(I) site
are lower in energy than vacancies on the tetrahedral Mg(Il) site.

In addition to vacancies, DFT studies have considered a number of possible anti-site defects and
a variety of interstitial defects. They consistently predict that the (0, 0, 0.5) position is the most
stable site for a Mg interstitial, with a 2+ oxidation state. Indeed, the (0, 0, 0.5) site is the largest

void in the Mg3Sb, structure, so it seems like the most natural place for an extra atom. In contrast,
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Table 5.2: Crystallographic data for Mg3Sb, single crystals grown from both Mg- and Sb-rich
fluxes.

Mg-flux Sb-flux
Space group P-3m1 P-3m1
a (A) 4.561(3) 4.5672(6)
c 7.250(6) 7.227(1)
Cell volume (A3) 130.6(3) 130.54(6)
F(000) (electrons) 138.0 138.1
Number of atoms in cell 5.0 4.9
Calculated density (g/cm3) 4.023(9) 4.034(2)
Absorption coefficient (1/cm) 106.28 107.85
Radiation and wavelength MoK 0.70930 MoK 0.70930
Mode of refinement F(hkl) F(hkl)
Number of atom sites 4 4
Two-theta and sinT/l (max) 66.40 0.772 85.84 0.960
Number of measured reflections 859 2733
Number of condit. reflections 859 2733
Number of unique reflections 221 405
Reflections used in refinement 152 385
R(sig), R(eq) 0.0510, 0.0678 0.0270, 0.0550
R(F), Rw 0.0756, 0.0757 0.0312, 0.0341
Goodness of fit 2.130 1.040
Scale factor 0.32(1) [8.688284] 0.269(3) [13.77765]
Number of free parameters 10 13

in the current study, there is no evidence of interstitial electron density at the predicted location of
0, 0, 0.5).

In the Mg-rich crystals, interstitial electron density is observed at (2/3, 1/3, 0.038) as shown in
Figure 5.2(left). In Mg-rich growth conditions, the interstitials are more likely to be Mg than Sb. In
either case, these interstitial sites are only physically reasonable if defect complexes form in this
structure, such as a Frenkel pair. A recent DFT investigation [289] showed that a Mg vacancy next
to a Mg-interstitial (Frenkel pair) returns to the original structure upon relaxation, which is contrary
to our experimental results.

The refinement of Sb-rich crystals yielded interstitial positions at (0, 0, 0.684), shown in Figure
5.2(right), that have not been considered in previous defect calculations. The interstitial electron
density cannot be unambiguously assigned to Mg or Sb. However, in Sb-rich growth conditions,

Mg interstitials are unlikely. It is proposed here that Sb5+ to be a more likely possibility. Formation

107



of Mg(I) vacancies as acceptor type defects during growth in Sb-flux will push the Fermi level
deep into the valence band. In response, this might stabilize high oxidation state interstitial ion
such as a Sb5+. Considering the vacancies and presumed Sb interstitials, the overall composition
of the Sb-rich crystals would be Mg, g7Sby. The resulting Mg deficiency of 0.13 Mg per unit cell
translates to a concentration of 1.0 x 102! Mg/cm_3 or 2.0 x 102! holes/cm?. This should result in
a degenerate p-type semiconductor. However, as discussed below, this is not consistent with the

observed electronic transport behavior.

5.3.3 Electronic Transport Properties

The in-plane resistivity of Mg- and Sb-rich Mg3Sb, crystals are shown in Figure 5.3. The magnitude
and temperature-dependence of the resistivity suggest intrinsic semiconducting behavior under both
growth conditions. The intrinsic behavior is consistent with reports from single crystals grown in Sb
flux by Xin et al. [7], which are shown as the dashed curves. Note that the in-plane and out-of-plane
resistivity reported by Xin et al. shows only a very small degree of anisotropy and that electronic
transport is nearly isotropic, despite the highly-anisotropic crystal morphology.

The electrical resistivity of the Sb-rich samples was fit to the equation describing intrinsic

behavior of the intrinsic semiconductor,
p = aT~3/2cEs/ kBT 5.1)

where a is a constant, 7' is temperature, Ej is the band gap, and kp is the Boltzmann constant. This
expression resulted in band gaps of 0.59 eV and 0.66 eV, consistent with previous reports. The
resistivity of the crystallite from the Mg-rich batch does not show the typical exponential behavior
of an intrinsic semiconductor. It seems that the doping level, which caused the leveling off of the
Hall coefficient below 300 K, as shown in Figure 5.4, is also responsible for the leveling off of the
resistivity with decreasing temperature.

Hall measurements were performed on several Mg- and Sb-rich crystals. The magnitude and

temperature-dependence of the charge carrier concentration (ny = 1/Rpe) as measured by the
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Figure 5.3: Resistivity values for select Mg3Sb, single crystals from Sb- and Mg-rich growth
conditions, compared to published values [7].

Hall effect suggests intrinsic semiconducting behavior for both sets of crystals. The most notable
exception is the p-type temperature-independent behavior of some crystallites from the Mg-rich
samples, with a very low charge carrier concentration corresponding to the concentration of Mg
defects on the order of 10 ppm, which is well below the detection level of SC-XRD. One piece
from the Mg-rich batch showed n-type charge carriers and follows the exponential temperature
behavior of an intrinsic semiconductor but only at temperatures above 300 K. Below 300 K, the
charge carrier concentration does not drop further, pointing to n-type defects with a concentration
of approximately 1014 cm™3. The Mg-rich sample batch reveals the difficulties of crystal growth
from a flux.

The crystallites from the Sb-rich samples consistently show intrinsic carrier concentrations.
This is surprising, given the large predicted Mg-deficiency which should lead to high p-type carrier
concentrations. In light of the intrinsic semiconducting behavior of all samples, it is plausible that
the Mg deficiencies may be compensated by additional Sb>* interstitials in the vicinity of the Mg

vacancies to achieve a charge balanced material.
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Figure 5.4: Inverse Hall coefficient of several Mg3Sb, samples, measured across three batches.

The sign of the Hall effect for intrinsic semiconductors is determined by the mobility of the
holes and electrons, typically resulting in n-type behavior due to electrons having larger mobility,
expressed as,

PH/% —nyZ p=n=nj  Hp— He

Ry = ) (5.2)
e(py +npte)? en;(y =+ He)

where p, n and n; are the hole, electron and intrinsic charge carrier concentrations. The mobility

Upe = €Ty o/my, o Of the corresponding charge carriers is proportional to the transport scattering
time 7y, , and inversely proportional to the inertial or conductivity effective mass in each band m, ..

The charge carrier concentration of an intrinsic semiconductor is given by [292],

3/2
1 (2kgT
=g () e /T, 53
4\ nn

where kp is the Boltzmann constant, 7 is the temperature, and m, is the mass of a free electron. In
this case, the effective masses of the electrons and holes in the conduction and valence bands, m, and
my, are slightly different due to the geometrical averaging of the band anisotropy and multiplicity.

We estimate the expected temperature dependence of the charge carrier concentration by as-

suming a band gap of E; = 0.6 eV. The DOS effective masses are provided by Zhang et al. and
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account for the holes at the I" point to 0.58 m,, and for the electrons at the K point to 0.45 m,
[285]. For this estimation, electrons in the minimum of the ML band are not considered, with an
effective mass of 1.05 m, and lying only 0.02 eV above the minimum of the conduction band at
the K point. The electrons around the K point and around the minimum of the ML conduction
band have single valley effective masses of 0.28 m, and 0.32 m, but are greatly increased by the
band multiplicities of two and six, respectively. The multiplicity of the hole pocket at the I" point is
one. The determining factor for the sign, and partially also for the size of the Hall effect (measured
charge carrier concentration), are hole and electron mobilities. Zhang et al. estimated these to be 16
cm?/V s and 84 cm?/V s for holes and electrons, respectively [285]. The temperature dependence
of the energy gap and mobilities were not included in the estimate. The estimate is presented as
the black line in Figure 5.4, and is plot as 1/Rye = n; (1 + te)/ (U, — Ue). This estimate correctly

describes the order of magnitude and the temperature behavior of most of the data.

5.4 Concluding Remarks

Single crystals of Mgz Sb, were successfully grown from both Mg- and Sb-rich environments
with SC-XRD refinement revealing previously unreported interstitial positions for both conditions.
Mg-rich growths had fully occupied Mg(I) sites and interstitial electron density at (2/3, 1/3, 0.038)
where they are suspected to form a defect complex. Sb-rich growths revealed partial occupancy
of the Mg(I) site, consistent with DFT results due to the low formation energy anticipated for Mg
vacancies. While a number of anti-site and interstitial defects have been considered with DFT,
interstitial position (0, 0, 0.684) is reported from this analysis where it is proposed that Sb5+ is a
likely occupant. All measured crystals exhibited intrinsic semiconducting behavior, despite Mg

vacancies.
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CHAPTER 6

STRUCTURE AND ELECTRONIC PROPERTIES OF NEW ZINTL PHASE
C39Zn3. 1 In0.98b9

6.1 Introduction

Many new compound discoveries are occurring in the Zintl phase space [44, 127, 134, 144],
often as an unintended consequence of attempts to dope or alloy known phases, which results in the
discovery of novel compounds. This is often the result of flux growths, in which candidate elements
are heated to form a homogeneous melt and slow cooled to produce crystals. Unlike exploratory
powder synthesis, flux growths have a chance of yielding single-phase single crystals of a new
compound or structure, if the overall melt composition happens to intersect the correct solid+liquid
region of the phase diagram.

Previously, CasIn,Sbg single crystals have been successfully grown from a self-flux of molten
In and Sb. Earlier studies of polycrystalline samples have shown that Ca5In,Sbg is an intrinsic
semiconductor with high resistivity, and therefore low zT. However, it has also been shown that
CasIn,Sbg can be doped with Zn*T on the In37 site, yielding a maximum z7" = 0.7 at 950 K for
Casln; 9Zng 1Sbg [1]. In this portion of the study, Ca-In-Zn-Sb elements are mixed in a flux growth.
This quaternary phase space also includes the promising thermoelectric candidates Zn,Sbs [29],
CaZn;Sb; [145], Ca14Zn 1, Sby; [293], and CagZny 5Sbg [35]. The Zintl phase CagZny 5Sbg, in
particular, has good thermoelectric properties due to the tunability of the Zn interstitial site.

From previous work, it is known that CasIn,Sbg single crystals can be optimally grown in a
In73Sbyy flux. Efforts to Zn-dope this compound began with the addition of small amounts of
Zn to the same flux in hopes of producing CasIn;_,Zn,Sbg single crystals. Doped single crystal
growth is complicated by a large number of potential binary phases forming between Zn and any
of the elements in the original Ca-In-Sb ternary system. These including the congruently melting

CaZn, (T;, =704°C), CaZns (T, = 695°C), and CaZny (T, = 724°C) [294]. Fortunately, no known
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Zn-In binaries exist [295] and potential Zn-Sb binaries are not as concerning, due to solidification
temperatures well below the flux growth extraction temperatures of 730°C [296]. Information on
the ternary phase diagram is limited for the Ca-In-Sb system and even more so for the quaternary
system with the addition of Zn.

Unlike In and Sb, Zn is not a preferred choice for flux growth due to its higher vapor pressure
(907°C, 1 atm.). There are instances, however, of crystal growth using Zn as a flux [297, 298],
motivated by its low melting temperature. Zn also has high viscosity, implying that Zn in excess may
be hard to separate from grown crystals during centrifuging. The higher vapor pressure does allow
for a secondary sintering process to remove excess Zn through evaporation if necessary [196]. This
study treats Zn as a dopant and will be added to flux growths in small quantities and at temperatures

where the vapor pressure is not yet a concern.

6.2 Experimental Methods

6.2.1 Synthesis

High purity elements were used in the synthesis including: Ca (Sigma-Aldrich: dendritic pieces,
99.9%), In (Alfa Aesar: Indium shot, Smm & down, 99.9995%), Sb (Alfa Aesar: Antimony shot,
6mm & down, 99.999%), and Zn (Alfa Aesar: Zinc shot, 1-5mm, 99.999%). Elements were mixed
in stainless steel ball mill jars under an argon atmosphere with two stainless steel balls (dia. = 12.7
mm) using a SPEX MixerMill 8000D. The mill was run for 60 minutes for each 5 gram sample
processed. This process promotes thorough, homogeneous mixing of the constitutive powders, shot,
and pellets.

A Dr. Sinter spark plasma sinter 211LX system was used to process powder samples using
ultrafine grain graphite (POCO EDM-3) die sets with graphite foil spacers punched from sheets
(Alfa Aesar, 0.13 mm thickness, 99.8% metals basis). These foils separate the sample from the
graphite punches and promote a more uniform contact and conducting surface. Uniaxial pressure
was applied to a pair of water-cooled steel platens that transferred this force through two conductive

graphite pedestals. Both pressure and DC current were applied to samples simultaneously. Samples
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were heated to 550°C in 5 minutes and held at temperature for 10 minutes to consolidate the powder
into the desired phase. Temperatures were measured using a type-K thermocouple that was placed
into a clearance hole on the side of the graphite die. All samples were processed under vacuum
(=~ 1 x 1072 torn). Samples routinely achieved density yields greater than 99% theoretical for

Ca51n28b6.

6.2.1.1 Flux Growth

Flux growth experiments were carried out in a Thermo Fisher Scientific 1100°C box furnace. Al,O3
Canfield crucible sets were loaded and sealed in quartz ampules at a vacuum of less than 1 x 1074
torr. Flux growths were a mixture of elements: Ca 1.4 wt.%, Zn 1.7 wt.%, In 56.5 wt.%, and Sb
40.4 wt.% (=~ CaslnySbg + Ingg 4 + Sby| 5 + Zn3 7) with both In and Sb contributing as the major
flux elements. Flux growths were heated from room temperature to 900°C in 12 hours, held at
900°C for two hours before slow cooling to 730°C at a rate of 3°C/hr, at which point growths were

extracted and centrifuged at 2500 RPM for two minutes.

6.2.2 Structural and Thermal Characterization

SEM was performed on a Tescan Mira 3XMH while EDS was performed using an EDAX Apollo X
module with an active area of 10 mm?. Images were collected and processed with the Texture and
Elemental Analytical Microscopy (TEAM) software suite to determine the approximate chemical
composition of crystal and flux components. Single crystals were placed on conducting carbon tape
to eliminate any potential charge build up. All samples evaluated were semiconducting or metallic
in character.

Initial SC-XRD was performed at Michigan State University while the data used in the final
structure analyses were collected at University of Delaware. Data was collected using a Bruker
APEX II CCD-based diffractometer, using monochromated Mo Ka radiation (A = 0.710731&).
The operating temperature was 200(2) K, maintained by a cold nitrogen stream. Crystals were

selected under a microscope and cut to suitable sizes (ca. 0.1 mm in all dimensions). Many crystals
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were tried and evaluated by rapid scans, before the best were chosen for full data collection. Data
were acquired in batch runs at varied @ and 6 and were integrated using the SAINT software
[299], multi-scan absorption correction was performed using SADABS [2]. Crystal structures were
solved with the ShelXT program using the intrinsic phasing solution method and were refined using
full-matrix least squares minimization on F2 with the aid of ShelXL [300, 301]. Atomic coordinates
were standardized using STRUCTURE TIDY [302].

Simultaneous thermogravimetry/differential scanning calorimetry measurements (TG/DSC)
were conducted at University of Delaware on a TA Instruments SDT Q600 analyzer. The samples
were loaded in capped alumina pans. After equilibration at 323 K, the temperature was increased to
1073 K at a rate of 20°/min. To prevent oxidation, the measurements were done under a constant

flow of high-purity argon.

6.2.3 Resistivity Measurements

Electrical resistivity was measured on a custom-build cryostat system, with similar apparatus
described in previous publications [303]. A four-terminal resistance measurement was conducted
whereby two leads pass a current through the sample while two other leads measure the potential
drop across the sample. Ohm’s Law, R = V /I, was used to calculate the sample resistance where R
is the resistance of the material through which the current, /, is passed through which exhibits a
voltage V. The resistivity, p, is independent of sample dimensions and relates to R, p = %, where
p 1s the probe distance where the voltage is measured, and A is the cross-sectional area that is
perpendicular to the direction of the current.

Single crystal samples were mounted on insulating chips using GE varnish. Electrical contacts
were attached by hand with Pelco Colloidal silver liquid from Ted Pella using fine gauge insulated

single strand copper wire, dia. 0.07 mm. A standard four probe resistivity measurement was

completed with an applied current of 0.75 mA over a temperature range of 320-80 K.
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6.3 Results & Discussion

6.3.1 Crystal Morphology and Composition

MIRA3 TESCAN SEM HV: 20.0 kV WD: 18.20 mm MIRA3 TESCAN

Viewfit:23amm  Det:se
| SEMMAG: 82x | Date(m/dly): 05/30/19

SEM MAG: 44 x  |Date(m/dly): 06/04/19

Figure 6.1: Representative SEM images of CagZns3 1Ing 9Sbg single crystals.

Flux growths yielded crystals that appeared as long metallic ribbons with smooth reflective
surfaces. The same growth conditions were repeated numerous times, producing large crystals
greater than 4 mm in each run. Representative crystals are shown in Figure 6.1. EDS was used
to check the composition of the crystals, with results shown in Figure 6.2. Despite the very high
In:Zn ratio used in the flux, EDS clearly showed that the crystals contained more Zn than In. Since
the solubility of Zn in CasIn,_,Zn,Sbg is expected be x < 0.2 from prior literature, the high Zn:In
ratio (= 3 : 1) of these crystals was the first indication that they may not have formed the intended
Casln, Sbg structure type. The morphology of the crystals was also subtly different from what
had been observed in the CasIn,Sbg crystals with significantly longer crystals relative to the other

growth directions and a different layering surface texture.
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Figure 6.2: EDS analysis area of single crystal CagZnj3 Ing 9Sbg (left). EDS spectra with unique
and isolated Zn and In peaks near the prominent Ca and Sb emissions (right).

6.3.2 Thermal Analysis

60 T T T

—~—— >-90

N
(4]
T

W)

75

Weight %

Heat flow (m

o
T

30
400 500 600 700 800 900 1000 1100
T (K)

Figure 6.3: Combined TG/DSC analysis on the single crystals of CagZn3 1Ing 9Sbg. Weight %
and specific heat flow are shown in blue and red, respectively. The heating sequence starts at
373K; the cooling sequence completes at 773 K.

DSC/TGA was performed at the University of Delaware to assess the stability of the crystals.
After equilibration at 323 K, the temperature was increased to 1073 K at a rate of 20°/min. To
prevent oxidation, the measurements were done under a constant flow of high-purity argon. DSC
data do not indicate any intrinsic thermal events up to ca. 950 K. As the temperature approaches

1000 K, the sample began to display poor thermal stability, as demonstrated by the significant mass
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loss shown in Figure 6.3. In the absence, of competing crystal growth phases it may be advantageous

to further decrease the extraction temperature of the flux growth trials.

6.3.3 Structure Description

SC-XRD was used to investigate the crystal structure. From the initial analysis, it was immediately
clear that the crystal structure was not the same as that of CasIn,Sbg, since the patterns could not
be solved using the same orthorhombic space group. Initial analysis also ruled out any other known
ternary phase in the Ca-In-Zn-Sb phase space, such as the CagZny 5Sbg structure. The most likely
crystal system according to the initial refinement was hexagonal. However, all attempts to refine the
atomic positions using a hexagonal lattice yielded what seemed to be unphysical structures with
interatomic distances that were too short. For this reason, crystals were sent to the University of

Delaware for additional SC-XRD measurements and structural analysis.

Sb3

2.467 A

Sba Sb3

2.6305 A Zn2

Sbh2

Figure 6.4: (a) Average crystal structure of CagZn3 1Ingp 9Sbg. (b) Local coordination environment
for Cal. (c) Local coordination environment for Ca2. (d) Polyhedron coordination with mixed
Znl1/Inl site. (e) Coordination for partially occupied Zn2 site.

The final average structure solution of the crystals is presented in Figure 6.4(a) along with
details of the local coordination environment in 6.4(b-e). The overall composition was refined as

CagZnj3 1Ing 9Sbg. This is consistent with the EDS results, which show a more Zn-rich structure
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compared to In. While the actual structure is heavily disordered, the averaged unit cell has been
assigned to the hexagonal P62m space group. Several superstructures with larger unit cells were
considered, but in all cases, a significant amount of disorder remained that could not be readily
resolved. In this work, attention is focused on the P62m interpretation that was able to resolve atomic
positions accurately but additional refinements were required to determine the partial occupancy of
the Zn2 interstitial site.

Both Ca atoms, shown in Figure 6.4(b-c), are coordinated by six Sb atoms. The Zn1 and Inl
atoms occupy two symmetry-equivalent sites bonded to four surrounding Sb atoms (shown in Figure
6.4(d)), forming a tetrahedral structure somewhat similar to what was observed in the CasM;Sbg (M
= Al, Ga, In) system. These Zn1/In1 sites are only partially occupied with a combined occupancy
of 50%. Further, since the neighboring Zn1/Inl sites are only 1.618(7) A apart, they cannot be
simultaneously occupied. The Zn2 atoms, shown in Figure 6.4(e), are situated in-plane with a
triangle of Sb atoms that form chains parallel to the c-axis. Atomic coordinates and occupations

reveals the partial occupation of both the Zn1/In1 (35.2% Zn and 14.8% In) and Zn2 (34.1%) sites.

6.3.4 Comparison with the CagZn, 5Sbg Structure Type

The MSby tetrahedra sub-structure is a common motif in pnictide-based Zintl phases, another
example being the CasM,Sbg (M = Al, Ga, In) system discussed in previous chapters, which
has anionic building blocks of M,Sbg. The anionic ribbons found in CagZng4 5Sbg are similarly
constructed from corner-sharing tetrahedra. While the novel structure reported here shares simi-
larities to the interstitial-rich CagZng4 5Sbg (x < 0.8) [35, 132], illustrated in Figure 6.5(left), it is
significantly more complex. Other interstitially modified compounds include EugZny 5Sbg [131]
and YbgZny 5Sbg [132], which both belong to the Pbam space group, and CagMn4 5Sbg, belonging
to the Pnma space group [131], illustrating how additional interstitial disorder, even with majority
vacant interstitial sites can significantly alter the resulting structure.

The addition of a fourth element to these 9-4-9 type compounds is not without precedent,

as has been recently shown in the synthesis of AEgMny_ Al Sbg (AE= Ca, Yb, Eu) with Al
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Figure 6.5: Comparison of CagZny 5Sbg, orthorhombic space group Pbam, and CagZn3 1Ing 9Sbo,
hexagonal space group P62m.

substitution [304], which are isostructural with CagMnyBig [128], crystallizing in the orthorhombic
space group Pbam. Substitution has also been performed on the cation site in the compositions
Cag_,RE;MnySbg (RE = La-Nd, Sm; x ~ 1) which successfully electron-doped the structure with
RE** on the Ca®* site [305].

Unlike the CasM»,Sbg (M = Al, Ga, In) system, the initially proposed CagZnySbg structure is

electron-deficient with respect to the ZKC counting scheme,

CagZnySbg = (Ca®1)g(Zn*T)4(Sb> 7)o (™), 6.1)

where 4T represents an electron-hole. This electron-deficiency was resolved with the discovery of a

partly occupied interstitial Zn site, leading to the formation of CagZn4 5Sbg compounds,

CagZny 5Sbg = (Ca*)o(Zn>")4 5(Sb> ). (6.2)

The addition of Zn interstitials results in a valence-precise compound. Valence precision is resolved
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in another manner for the CagZn3 1Inp 9Sbg compound which can be approximated as,

CagZn3InSbg = (Ca®")g(Zn>T)3(In>T)(Sb> ). (6.3)

It is proposed that this is likely the long-range order solubility limit for the inclusion of In into

the structure which is supported by the significantly In-rich single crystal growth conditions.

6.3.5 Electronic Transport Properties

Resistivity measurements on single crystals of CagZn3 1Ing 9Sbg as shown in Figure 6.6 for two
different single crystal samples. Results were very consistent between the two measured single
crystals. Sample 1 had a probe separation of approximately 1.50 mm, a sample width of 0.46 mm,
and thickness of 0.30 mm. Sample 2 had a probe separation of approximately 1.75 mm, a sample

width of 1.14 mm, and was extremely thin with a thickness of only 0.07 mm.
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Figure 6.6: Four probe resistivity probes attached to single crystal CagZn3 1Ing 9Sbg, Sample 1
(left). Resulting resistivity values were consistent for two different crystals, showing low, linearly
increasing resistivity (right).

Both single crystal samples exhibited linear metallic-like resistivity behavior over the measured
temperature range of 80-320 K. The resistivity at room temperature of ~1 mQcm is comparable to
the resistivity of many optimized thermoelectric materials, including CagZny 5Sbg [5]. Assuming

that the current crystals are p-type (which is the most likely case for Zintl compounds) their low
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resistivity suggests that their stoichiometry deviates somewhat from the valence-precise composition
of CagZn3Ing 9Sbg. A slight deviation towards a Zn-rich composition (as suggested by EDS and SC-
XRD refinements) would lead to a significant free hole concentration, and the observed metal-like

resistivity.
6.4 Concluding Remarks

We report the discovery of novel quaternary Zintl phase, synthesized from an In- and Sb-rich flux.
EDS and SC-XRD revealed a composition of CagZn3 1Ing 9Sbg taking on a hexagonal structure
type with extensive disorder due in part to the partial occupation of both the Zn1/Inl (35.2% Zn and
14.8% In) and Zn?2 (34.1%) sites. This composition is very nearly valence precise, implying that this
may be near the solubility limit of In in the structure. Temperature-dependent electrical resistivity

measurements show low resistivity and metallic behavior over the temperature range of 80-320 K.
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CHAPTER 7

CONCLUSIONS & FUTURE WORK

7.1 Conclusions

This work has focused on single crystal growth and characterization of select Zintl phase
thermoelectrics. Single crystals of CasM;Sbg (M = Al, Ga, In; Pn = Sb, Bi) were grown from a
molten metal flux. The CasM,Sbg compositions were all successfully grown from a M73Sby, with
CasAl;Sbg also grown from a Sby and Sny 5 fluxes. CasAl;Big was grown from a Bipq self-flux.
Self-flux elements were preferred as they do not introduce an additional element that could form
undesirable phases with or inadvertently dope. From these self-flux growths several useful tie lines
have been added to the corresponding ternary phase diagrams where none existed before. This
provides guidance to future crystal growth and synthesis studies.

In addition to the above listed compositions the first single crystal alloy of composition
CasGay_,InySbg has been reported, synthesized from polycrystalline CasGaySbg and CasInySbg
with a mixed self-flux of Gaz7 5In37 5Sbgy. The resolved composition was CasGay 12Ing ggSbg
with subsequent quick scans on other single crystals showing a slight preference for Ga on the M
site. These results were further confirmed with EDS results on 30 individual crystals, all reporting
more Ga than In. The alloyed composition maintains the Pbam space group within the orthorhombic
crystal structure with the In and Ga atoms both partially occupying the center of the anionic polyhe-
dral structures. The lattice dimensions obeyed Vegard’s Law. The increase in lattice parameter with
increasing In content is due to In being a larger atom than Ga with the crystal structure expanding
to accommodate. This was likely the reason for the preference of Ga to occupy this site.

In addition to the structural characterization described above, electronic characterization was
also conducted. The CasIn,Sbg composition was characterized both perpendicular and parallel to
the c-axis to investigate anisotropy. From the detailed structural characterization it is known that

the preferred growth direction of the crystals is along the c-axis. Crystal growth perpendicular to
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the c-axis was modest, measuring less than a millimeter. Due to such diminutive dimensions, the
perpendicular measurement required FIB cutting and an optimized photolithography process to
sputter sensors over the top of the sample for characterization. The photolithography process proved
repeatable, allowing for the potential of a complete thermoelectric performance characterization
(i.e., resistivity/conductivity, Seebeck coefficient, and thermal conductivity) to be performed. This
photoresist stack and processing parameters can be transferred to other systems as well to char-
acterize general micro-ribbon samples. Resistivity values collected on a single crystal parallel to
the c-direction were accomplished with manually placed probes on a custom built cryostat system.
These results combined to provide proof of highly anisotropic electronic transport properties with
a nearly 20-fold increase in resistivity in the perpendicular direction. These results are in agree-
ment with DFT calculations that predicted enhanced thermoelectric performance in the c-direction.
It is predicted that lattice thermal conductivity will remain isotropic, allowing for a significant
thermoelectric performance boost for crystals oriented parallel to the c-direction.

Aside from quantifying anisotropy, single crystals can also be used to study the defect chemistry
of systems. In this work, single crystals of Mg3Sb, were grown from both a Mg- and Sb-rich flux
and the defect chemistry was explored through SC-XRD. This compound has been proven to be a
promising n-type thermoelectric when synthesized in a Mg-rich environment. While Mg vacancies
are suspected to be responsible for this, not experimental observations have been investigated.

In this work, Sb-rich growths revealed partial occupancy of the Mg(]) site, consistent with DFT
calculations with Mg vacancies exhibiting a low formation energy to preferentially form. While
a number of anti-site and interstitial defects have been considered with DFT, interstitial position
(0, 0, 0.684) is reported where Sb5+ as a likely occupant. All measured crystals exhibited intrinsic
semiconducting behavior, despite Mg vacancies.

This work has shown how single crystals can successfully characterize compound anisotropy
and also describe the defect chemistry of a compound. A third use of single crystals is the use in
exploratory growths. In this work, single crystal work continued with the discovery of Zintl phase

CagZnj3 1Ing 9Sbg from an In- and Sb-rich self-flux. Structural characterization was completed
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with EDS and SC-XRD where it was discovered that the average structure took on the hexagonal
structure type with extensive disorder due in part to the partial occupation of both the Zn1/In1 and
Zn?2 sites. Low temperature electrical resistivity measurements show low resistivity and metallic
behavior.

This work demonstrates the flexible utilization of single crystal growth and how it can be lever-
aged to produce results that are not possible in the synthesis and characterization of polycrystalline
samples. The processes herein described can provide guidance for future characterization and

exploratory efforts.

7.2 Future Work

The primary goals of this thesis were to use single crystal growth of Zintl phases to explore
anisotropic transport properties, intrinsic point defects, and to discover new phases. While some
exciting progress was made, this work also opened additional questions. Work in this study has
provided a wide range of potential future work projects ranging from photolithography of different
thermoelectric micro-ribbons to exploratory flux growths of novel compounds. Detailed below are

projects that can build off of these successes.

7.2.1 Photolithography to Understand Anistropic Transport

At this point, countless questions remain regarding how bonding determines anisotropic electronic
and thermal transport in Zintl phases. In the present study, anisotropy of electrical conductivity in
one un-doped Zintl compound has been confirmed. Future work is to include a) characterize the
remaining transport properties including the thermal conductivity and Seebeck coefficient, and b)
characterize the same properties in samples with different alloying to vary the scattering mechanism,
and c) different doping levels, including samples with optimized carrier concentration to confirm
the high zT. Once the properties of this single compound are thoroughly understood, work will
progress to other Zintl structure types.

To achieve in widening the scope of this research, it is necessary to further refine the pho-
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tolithography process described in Chapter 4. The photolithography process allows for small single
crystal micro-ribbons to be characterized, bypassing the need for larger single crystals which can be
impractical to grow in some instances. In this work, a micro-ribbon of CasIn,Sbg was characterized
in the perpendicular to c-direction for resistivity and carrier concentration. The full suite of sensors
were not leveraged due to the sample being destroyed in the process of testing, however, it was
shown as a proof of concept that sensors could be placed on micro-ribbons repeatably using the
optimized photolithography process outlined. This full suite of circuit sensors builds on the previous
work of Gooth et al. [6] which used two thermometers and a resistive heater line. This work utilized
similar sensors along with the addition of two isolated current lines and Hall sensors across the
middle of the micro-ribbon, allowing for the characterization of the Hall effect, Seebeck coefficient,
electrical and thermal conductivity.

In order to improve throughput of future projects, appropriate compositions must be selected.
The first challenge is to find good candidate materials that can be processed using FIB cutting.
Samples with heavier elements required reduced cutting speeds and low melting temperature
elements were shown to violently vaporize when exposed to the beam. For this reason low melting
temperature elements such as Ga are problematic. This issue was made worse due to Ga being used
as a self-flux element in the growth of single crystal Ca5Ga,Sbg while also possessing poor wetting
properties that allowed it to cling to crystal surfaces more readily. This knowledge can help filter
out poor single crystal candidates for this process in advance, saving valuable time and labor.

Once micro-ribbons have been extracted from FIB cutting, a repeatable photolithography process
has been developed that can be readily applied to any compound cut to the appropriate dimensions
and surface quality. This allows for the characterization of any material along a specific growth
direction, not limited to Zintl phases or even thermoelectrics, potentially useful for such fields as the
development and characterization of scintillation materials where single crystals are often directly

used in applications [204].
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7.2.2 Flux Growths for Phase Diagram and New Compound Exploration

Flux growths are capable of producing high quality single crystals that provides an effective pathway
to crystallizing incongruently melting compounds. This method is a useful tool in the alloying of
compounds as was the case with the synthesis of single crystal CasGa;_,Iny,Sbg, and of discovering
new ones, as was the case with CagZn3 1Ing 9Sbg. Growths can also assist in the describing the
ternary phase space where no phase diagram exists. From knowledge gained in the crystal growth

process, intelligent flux choices can be made in material systems for various purposes.

7.2.2.1 Solubility Study

In this work single crystals of Ca5Al;Sbg and CasAlyBig have been grown. Future work with these
compositions can include a solubility study that will test the solubility limits of Sb and Bi in each
structure type. It is important to remember that Cas5Al,Big is a different structure type compared to
the CasM,Sbg (M = Al, Ga, In) class of compounds with the difference being how the polyanionic
chains are packed into the structure.

Single crystals of Ca5Al,Sbg were grown using a Sby( flux with an extraction temperature of
730°C while CasAl,Big single crystals were grown from a Bip( flux with an extraction temperature
of 470°C. The flux and extraction temperatures could be varied linearly between the two as shown
in Figure 7.1 simply by mixing elements together. Additionally CasAl,Big single crystal growth

could be attempted with an Sb flux at lower temperatures, avoiding the formation of Ca5Al,Sbg.

7.2.2.2 Exploratory Growths

During the attempted synthesis of Zn-doped Casln;Sbg, a new Zintl phase, CagZn3 1Ing 9Sbg, was
discovered. This phase was grown repeatably and will encourage other exploratory growths of the

same structure type. This compound has a unique valence-precision that can be generalized as

AgT3MPng = (A?1)g(T*T)3(M>T)(Pn® ™), (7.1)

127



750

700+

650+

600+

550+

Extraction Temperature (°C)

500+

Y

450

T T T T T T T T

T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26
Ca5AIZSb26_xBix

Figure 7.1: Proposed solubility study between the two stable compounds CasAl,Sbg and
CasAl;Big. Dashed line represents possible flux growth melt compositions with respect to
extraction temperature.

where A could potentially be Ca, Sr, Yb, or Eu and T = Zn, Cd, or Mn, with M potentially occupied
by Al or Ga, while Pn can be occupied by either Sb or Bi. This structure would accommodate
these atoms at these sites, but further growths are needed to confirm their existence. This yields the
potential for 72 possible combinations of the A/T/M/Pn elements which are listed in Table 7.1. From
these, 24 total ternary phases in the form AgT4,Png are theorized, with 16 of these already discov-
ered and structurally characterized. Three quaternary compounds in the form Ag(T;_,My)4Png
have been discovered [304] with this work producing the fourth of potentially 72 compositions.
In addition to these compounds arsenic can also occupy the Pn site as is evidenced by the recent
synthesis of CagZny 5Asg [131], implying this table could be expanded further. Table 7.1 can
act as a checklist for potentially new Zintl phase compounds with a shared valence counting and
stoichiometry.

While some growths lead to the discovery of novel compounds, others can provide a more

efficient pathway to the synthesis of known compounds. From our success of single crystal growth

128



Table 7.1: List of element combinations for potential quaternary compounds in the form
Ag(T1_,My)4Png. References are included for known AgTy4, Png ternaries and known quater-
nary compounds taking the form Ag(T|_,My)4Png.

A T M Pn A9T4+XPI]9 Ag (T1 ,xMx)4Pn9 A T M Pn A9T4+xPn9 Ag (Tl—xMx)4Pn9
Ca Zn Al Sb Yb Zn Al Sb

Ca Zn Ga Sb [132] Yb Zn Ga Sb [134]
Ca Zn In Sb This work Ybp Zn In Sb

Ca Zn Al Bi Yb Zn Al Bi

Ca Zn Ga Bi [133] Yb Zn Ga Bi [133]
Ca Zn In Bi Yb Zn In Bi

Ca Cd Al Sb Yb Cd Al Sb

Ca Cd Ga Sb Yb Cd Ga Sb

Ca Cd In Sb Yb Cd In Sb

Ca Cd Al Bi Ybp Cd Al Bi

Ca Cd Ga Bi [133] Yb Cd Ga Bi [133]
Ca Cd In Bi Yo Cd In Bi

Ca Mn Al Sb [304] Yb Mn Al Sb [304]
Ca Mn Ga Sb [131] Yb Mn Ga Sb [134]
Ca Mn 1In Sb Ybp Mn In Sb

Ca Mn Al Bi Yb Mn Al Bi

Ca Mn Ga Bi [134] Yb Mn Ga Bi [134]
Ca Mn In Bi Yo Mn In Bi

Sr Zn Al Sb Eu Zn Al Sb

Sr Zn Ga Sb Eu Zn Ga Sb

Sr  Zn In Sb Eu Zn In Sb

Sr  Zn Al Bi Eu Zn Al Bi

Sr Zn Ga Bi [133] Eu Zn Ga Bi [133]
Sr  Zn In Bi Eu Zn In Bi

St Cd Al Sb Eu Cd Al Sb

Sr Cd Ga Sb [133] Eu Cd Ga Sb [131]
St Cd In Sb Eu Cd In Sb

Sr Cd Al Bi Eu Cd Al Bi

Sr Cd Ga Bi [133] Eu Cd Ga Bi [133]
Sr Cd In Bi Eu Cd In Bi

Sr Mn Al Sb Eu Mn Al Sb [304]
Sr Mn Ga Sb Eu Mn Ga Sb

Sr Mn In Sb Eu Mn 1In Sb

Sr Mn Al Bi Eu Mn Al Bi

Sr Mn Ga Bi Eu Mn Ga Bi

Sr Mn In Bi Eu Mn In Bi

of CasM,Sbg (M = Al, Ga, In) with a M73Sby, flux it was theorized that the potentially analogous
Sr5Gay Sbg phase which, if it exists, could be synthesized. Both Sr5Al>Sbg and SrsIn, Sbg have
been discovered and characterized, leading further to the possibility of a Ga analog. This work was
unable to produce the theorized compound but did successfully synthesize single crystal Sr;GagSbg
from a Ga73Sby, flux. The crystals took on a rectangular appearance but the yield was exceptionally
low. This would provide a starting point at a minimum for future growths of these rather unique
7-8-8 compounds. This crystal structure was first reported in 2010 by Bobev et al. [306], so while
compounds have been discovered recently, characterization is non-existent beyond a structural

description. Such growths, coupled with electrical resistivity characterization, can be used as part of
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a screening process for promising thermoelectrics and to better define ternary phase spaces.
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EDS: CasGaZSb6 with Ga73Sb42 flux

EHT = 20.00 kV EHT = 20.00 kV
Mag = 1.00 KX Mag = 550 X

Figure Al: CasGa;Sbg crystals from a Ga73Sby, flux with superimposed EDS areas highlighted.
Corresponding EDS data is shown in Figure A3 and Table A1l.
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Figure A2: Simulated EDS patterns for potential crystal candidates grown from a Ca-Ga-Sb flux.
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Figure A3: EDS spectra for CasGaySbg with Ga73Sby, flux, Areas A-F from Figure Al.

133



Table Al: Quantitative results: CasGa;Sbg single crystals from a Ga;3Sbyy flux, Areas A-F
from Figure Al.

Area Element Weight% Atomic %  NetInt.  Net Int. Error

CaK 2495 4696  3615.82 0
GaK 1412 1528 41061 0.03
A SOL 60.93 3776 4003.51 0
CasGay 635bg 02
CaK 2495 4696  3615.82 0
GaK 14.12 1528  410.61 0.03
g _ SbL 60.93 3776 4003.51 0
CasGay 675b4.03
CaK 2505 4703 612336 0
GaK 1446 1561 69747 0.02
o _ SbL 60.48 37.36  6689.31 0
CasGay 66503.97
CaK 2487 4669  6349.28 0
GaK 14.90 16.08  751.12 0.02
b _ SbL 60.23 3722 6959.81 0
CasGaj 725b3 99
CaK 2.19 482 535.89 0.03
GaK 4458 56.54  2271.39 0.01
g _ SbL 53.23 38.64  6010.088 0
Ga + Sb flux
CaK 0.93 1.63 21531 0.05
GaK 9592 96.56  4694.27 0
g _ SbL 3.15 1.81 345.01 0.06
Ga flux
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EDS: CasIn,Sbg with In;;3Sb., flux

iy —
SEM HV: 20.0 kV WD: 18.99 mm MIRA3 TESCAN| SEM HV: 20.0 kV WD: 18.85 mm MIRA3 TESCAN|
View field: 346 ym Det: SE View field: 705 pm Det: SE
SEM MAG: 553 x |Date(m/dly): 10/31/19 SEM MAG: 271 x  |Date(m/dly): 10/31/19

Figure A4: CaslnySbg crystals from an Iny73Sby, flux with superimposed EDS areas highlighted.
Corresponding EDS data is shown in Figure A6 and Table A2.

——— Simulated CasIn,Sbg Ca Ka1+2, Sb La1+2
—— Simulated Ca44InSbg

Sb LB1+3+4
Ca KB1+3, Sb LB2
InLa1+2

Sb Mg1+2 N / Sb Ly2+3

I T T T T T T T T T T T 1
0 1 2 3 4 5 6
Energy (keV)

Figure AS5: Simulated EDS patterns for potential crystal candidates grown from Ca-In-Sb flux.
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Figure A6: EDS spectra of CasIn,Sbg single crystals from an Iny73Sby, flux, Areas A-F from
Figure A4.
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Table A2: Quantitative results: CasInySbg single crystals from an In73Sby, flux, Areas A—F from
Figure A4.

Area Element Weight% Atomic % NetlInt. Net Int. Error

CaK  23.09 4734 535323 245

InL 18.14 1299 2280.57 1.95

A _ SbL 58.77 39.67  5903.28 1.17
Caslny 378b4.19

CaK 2267 4674 6707.08 2.43

InL 18.5 1332 2967.94 1.84

g _ SOL 58.83 39.94  7538.55 1.13
CasIny 47Sbg 27

CaK 2287 4703 6965.83 242

InL 18.53 133 3058.69 1.88

o _ SbL 58.6 39.67  7728.67 1.14
Caslny 41Sbg.22

CaK 2274 4685  6706.1 243

InL 18.4 1323 2940.68 1.83

b _ SbL 58.86 39.92  7519.04 1.13
Caslny 415b4.26

CaK 2283 4698 6297.54 2.43

InL 18.31 13.15 273697 1.86

g _ SbL 58.86 39.87 703214 1.14
Caslny 40Sbs.24

CaK 2277 4689 638785 245

InL 18.31 13.16  2784.23 1.95

g _ SbL 58.92 39.94  7159.38 1.14

CaslIny 408b4 26
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EDS: CasGaz_xInbe6 with Ga37,51n37_5Sb42 flux

EHT =20.00 kV

Mag = 500 X

Figure A7: CasGay_ In,Sbg crystals from a Gagz; 5In3; 5Sbg, flux with superimposed EDS areas
highlighted. Corresponding EDS data is shown in Figures A8-A9 and Tables A3-A4.
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Figure A8: EDS spectra of CasGay_ ,InxSbg single crystals from a Gazy 5In37 5Sbyg, flux, Areas
A-E from Figure A7(left).
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Figure A9: EDS spectra of CasGay_ ,InxSbg single crystals from a Gazy 5In37 5Sby, flux, Areas
F-J from Figure A7(right).
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Table A3: Quantitative results: CasGay_ In,Sbg single crystals from a Gasz; 5In3; 5Sbyy flux,
Areas A-E from Figure A7(left).

Area Element Weight % Atomic % NetInt. Net Int. Error

CakK 24.19 47.38 8624.55 0.00

GakK 7.11 8.00 499.68 0.03

A InL 8.38 5.73 1721.06 0.02

Sb L 60.31 38.89 9636.87 0.00
CasGag g4Ing 60Sba.10

CakK 24.12 47.05 7110.61 0.00

GakK 8.14 9.12 473.11 0.03

B InL 8.61 5.86 1461.71 0.02

Sb L 59.13 37.97 7817.09 0.00
CasGag 971Ing 62Sb4 04

CakK 24.16 47.26 7979.59 0.00

Gak 7.40 8.32 481.46 0.03

C InL 8.52 5.82 1622.57 0.02

Sb L 59.93 38.59 8874.53 0.00
CasGay ggIng 625b4 08

CakK 24.18 47.29 7880.12 0.00

GakK 7.45 8.38 478.95 0.03

D InL 8.43 5.75 1581.90 0.02

Sb L 59.94 38.58 8756.67 0.00
CasGag g9Ing 61Sb4 08

CakK 24.08 47.12 7511.73 0.00

GakK 7.56 8.50 462.68 0.03

E InL 8.79 6.01 1581.05 0.02

Sb L 59.57 38.36 8336.43 0.00
CasGag 9pIng 645b4 07
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Table A4: Quantitative results: CasGa;_,In,Sbg single crystals from a Gazy 5In37 5Sby, flux,
Areas F-J from Figure A7(right).

Area Element Weight % Atomic % NetlInt. Net Int. Error

CakK 24.16 47.30 7459.85 0.00

GakK 7.22 8.14 438.34 0.03

P InL 8.61 5.88 1531.97 0.02

Sb L 60.02 38.68 8312.45 0.00
CasGayg geIng.625b4.09

CakK 24.07 47.24 8392.59 0.00

GakK 6.91 7.80 475.40 0.03

G InL 9.07 6.22 1823.96 0.02

Sb L 59.95 38.74 9364.62 0.00
CasGag g3Ing 66Sb4.10

CakK 23.86 46.92 8246.97 0.00

GakK 7.15 8.08 485.62 0.03

u InL 8.67 5.95 1727.76 0.02

Sb L 60.32 39.05 9353.86 0.00
CasGag geIng 635b4.16

CakK 24.01 47.05 7210.64 0.00

GakK 7.52 8.47 444.55 0.03

I InL 8.64 591 1496.17 0.02

Sb L 59.83 38.58 8055.29 0.00
CasGag 90Ing 635b4.10

CakK 24.21 47.45 7905.85 0.00

GakK 6.95 7.83 446.90 0.04

I InL 8.21 5.61 1545.85 0.02

Sb L 60.63 39.11 8875.99 0.00

CasGag g2Ing 59Sby 12
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EDS: Ca5AIQSb6 with Al73Sb42 flux

SEM HV: 20.0 kV WD: 18.67 mm MIRA3 TESCAN SEM HV: 20.0 kV WD: 17.32 mm MIRA3 TESCAN
View field: 469 pm Det: SE View field: 1.38 mm Det: SE
SEM MAG: 407 x | Date(m/dly): 10/31/19 SEM MAG: 138 x  Date(m/dly): 10/31/19

Figure A10: Ca5Al,;Sbg crystals from a Al73Sby, flux with superimposed EDS areas highlighted.
Corresponding EDS data is shown in Figure A12 and Table AS.

Simulated CasAl,Sbg CaKa1+2, Sb La1+2
——— Simulated Ca3AISb;
——— Simulated Ca4;AlSbg ”

—— Simulated Ca;AlISby4
Sb LB1+3+4

/ Ca KB1+3, Sb LB2

Sb Ly1

AlKa1+2, Al KB1 Sb Ly2+3
Sb M{1+2 '
Sb Le /
‘ jA‘__'k ; . T T T T T TA T

0 1 2 3 4 5 6
Energy (keV)

Figure A11: Simulated EDS patterns for known Ca-Al-Sb ternary phases.
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Figure A12: EDS spectra of Ca5Al,Sbg single crystals from a Al73Sby, flux, Areas A-D from
Figure A10.
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Table AS: Quantitative results: CasAl,Sbg with Al73Sby, flux, Areas A-D from Figure A10.

Area Element Weight% Atomic % NetInt. Net Int. Error

CaK 2596 277 718852 2.38

ALK 8.95 2192 1577.16 8.3

A _SBL 6509 3531 791222 139
CasAlp 56Sb4.13

CaK 2347 0286 6427.13 2.43

AIK 5.28 1432 870.54 8.76

g _ SBL 7125 4283 85444 1.34
CasAly 675b5.00

CaK 2167 3953 3063.65 2.64

INDS 6.37 1725 54291 9.03

c _SbL 719 4322 4454.94 1.43
CasAlp 185bs 47

CaK 257 4457  4972.62 242

ALK 6.48 1671 7756 8.73

b _ SbL  67.82 3872 575427 1.43

CagAly g75by 34
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et a— o LU
SEM HV: 20.0 kV WD: 18.76 mm MIRA3 TESCAN

View field: 696 pm View field: 687 pm | Det: SE
SEMMAG: 275 x | Date(midly): 10/31119 SEM MAG: 278 x | Date(midly): 10/31/19

Figure A13: Cas5Al,Sbg crystals from a Sbyg flux with superimposed EDS areas highlighted.
Corresponding EDS data is shown in Figure A14 and Table A6.

146



30,0007 CaK,SbL

20,000
SbiL

Counts

10,000
AIK CaK,SbL

. SbL
0- A—A

25,000 CakK, SbL

20,000

15,000

Counts

10,000

5,000

0_
20,000 CaK,SbL

15,000

10,000 SbL

Counts

5,000_ Al K Ca K, Sb L

A SbL
0_ __‘-A_———

30,000 CaK,SbL

20,000

L

Counts

10,000
CaK,SbL

Sb L

o)

10,000

CakK, SbL
8,000 E

6,000

Counts

4,000+

2,000 Al K CaK, SbL

. Sb L
0__‘* ]

0 1 2 3 4 5 6
Energy (keV)

Figure A14: EDS spectra of Ca5Al,Sbg single crystals from a Sby( flux, Areas A—G from Figure
Al3.
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Table A6: Quantitative results: CasAl,Sbg with Sbyq flux, Areas A-E from Figure A13.

Area Element Weight % Atomic % NetlInt. Net Int. Error
CaK 2437 4237 6899.49 241
AIK 7.14 1844 1248.88 8.48
A _ SbL 68.49 392 8500.78 1.36
CasAlp 18Sb4 63
CaK 2623 4533 6369.67 238
ALK 6.36 16.32 955.5 8.63
B SbL 67.42 3836 7179.57 1.42
CasAlj g0Sby 23
CaK 26.42 4677 5256.1 24
AIK 5.05 1328 61351 9
c _ SbL 68.54 39.95  5976.13 1.42
CasAly 425bg 27
CaK 2628 4378 772093 236
ALK 8.19 2028 152145 8.34
p _ SbL 65.53 3594 8449.11 1.39
CasAlp 378by 10
CaK 25.4 4433 222738 2.63
AIK 6.36 16.47 343 .4 9.58
g SbL 68.24 392 2623.69 1.6

CasAlj g6Sbg 42
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EDS: CasAl,Sbg with Sn s flux

- i3
SEM HV: 20.0 kV WD: 16.90 mm MIRA3 TESCAN SEM HV: 20.0 kV WD: 16.90 mm MIRA3 TESCAN
View field: 650 pm Det: BSE 200 pm View field: 650 ym Det: SE
SEM MAG: 294 x  Date(m/dly): 07/31/19 SEM MAG: 294 x  Date(m/dly): 07/31/19

Figure A15: CasAl,Sbg crystals from a Sny5 flux imaged using backscattered electrons (left) to
highlight flux coating the crystal. Superimposed EDS area highlighted (right) with corresponding
EDS data shown in Figure A17 and Table A7.

SEM HV: 20.0 kV WD: 17.50 mm MIRA3 TESCAN|
View field: 712 ym Det: SE 200 pm
SEM MAG: 268 x | Date(m/dly): 07/31/19

SEM HV: 20.0 kV WD: 16.90 mm MIRA3 TESCAN| SEM HV: 20.0 kV WD: 18.31 mm MIRA3 TESCAN|
View field: 394 ym Det: SE View field: 743 ym Det: SE
SEM MAG: 486 x  Date(m/dly): 07/31/19 SEM MAG: 257 x  Date(m/dly): 07/31/19

Figure A16: CasAl,Sbg crystals from a Sn;j5 flux with superimposed EDS areas highlighted.
Corresponding EDS data is shown in Figure A17 and Table A7.
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Figure A17: EDS spectra of CasAl,Sbg single crystals from a Sn;5 flux, Areas A—G from Figure
Al5-Al6.
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Table A7: Quantitative results: CasAl,Big single crystals from a Sn;5 flux, Areas A—-G from
Figure A15-A1l6.

Scan Element Weight % Atomic % NetInt. Error % Kratio zZ A F
CaK 29.32 45.89 9275.99 2.29 0.3094 1.1627 0.8912 1.0224
AIK 9.78 22.74 2032.10 7.98 0.0392 1.1824 0.3383 1.0058
A SbL 60.91 31.38 8469.04 1.40 0.5595 0.8935 1.0333 0.9988

CagAlp 485b3 49

CaK 30.76 5145  8740.15 231 03157 1.1745 08881 1018

AIK 5.39 1339 989.81 858  0.0207 1.194 03307 1.0049

B SbL 63.85 3516 8001.90 138 05725 09025 1.0289 0.9989
CasAlj 308b3 42

CaK 30.04 4883 856023 226 03212 1.168 08951 1.0227

AIK 7.31 17.64  1331.14 832  0.0289 11876 03308 1.006

c SbL 62.65 33.52  7837.03 145 05824 0.8976 1.0369 0.9988
CasAly g15b3 43

CaK 26.53 47.14 883526 227 03145 11654 08939 1.0226

AIK 8.57 2032 1657.54 823 00341 1.185 0334  1.0059

b _ SbL 61.91 3254 81358 144 05736 0.8955 1.0359 0.9988
CasAly 165b3 45

CaK 29.15 458 904839 228 03095 1.1629 0.893 1.0225

AIK 9.66 2255 195829 801  0.0387 1.1826 03371 1.0059

B SbL 61.19 3165 834654 142 05654 0.8936 1.0352 0.9988
CasAl) 468b3 46

CaK 29.61 4586 890533 23 03096 1.1631 0893 1.0226

AIK 9.59 2241 1911.88 818 0038 1.1828 03368 1.0059

. SbL 61.25 3172 822031 143 05661 0.8937 1.0353 0.9988
CasAl) 445b3 46

CaK 29.56 4650 923237 214 02801 1.122 09072 1.0226

AIK 9.36 21.88 199217 779 0.035 1.1415 03571 1.0059

G _ SbL 61.07 3162 8391.94 1.6 05043 0.8621 1.0536 0.9988

CagAly 355b3 40
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EDS: CasAl,;Big with Bi,, flux

SEM HV: 20.0 kV WD: 28.05 mm MIRA3 TESCAN
View field: 393 pm Det: SE
SEM MAG: 487 x |Date(m/d/y): 12/05/19

SEM HV: 20.0 kV ‘ WD: 28.15 mm MIRA3 TESCAN

View field: 1.18 mm \ Det: SE 200 pm
SEM MAG: 162 x | Date(m/dly): 12/05/19

Figure A18: CasAl;Big crystals from a Biyy flux with superimposed EDS areas highlighted.
Corresponding EDS data is shown in Figure A19 and Table AS.
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Figure A19: EDS spectra of Ca5Al,Big single crystals and flux components from a Biyg flux, Areas
A—-G from Figure A18.
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Table A8: Quantitative results: CasAl,Big single crystals and flux components from a Biyg flux,
Areas A—G from Figure A18.

Area Element Weight % Atomic % NetlInt. Net Int. Error

CaK  23.77 4960  1122.08 6.09
INDS 7.37 2284 42885 8.47
A _ BiL 68.86 27.56 38652 8.75
CasAlp 30Biz. 78
CaK 2211 4621 1065.63 6.25
INDS 8.35 2592 4975 8.11
s  BiL 69.54 27.87  402.19 8.64
CasAlp 80Bi3.02
CaK 2278 479 1135.17 6.14
ALK 7.7 2406 47267 8.3
c _ BiL 69.52 28.04 41537 8.46
CasAlp 51Bi3 93
CK 15.12 5122 24251 7.38
0K 13.73 3493 189.37 11.44
b _ BiL 71.14 1385 512,93 8.05
Bi flux
CaK 2201 4871 1011.03 6.26
INDS 6.35 20.88  358.54 8.63
g _ BiL 71.64 3041 400.38 8.95
CasAlp 14Bi3 12
CaK 17.99 4438 12681 6.24
ALK 5.28 1934 47439 8.32
F  BiL 76.73 3628 401231 1.89
CasAlp 18Big 09
CaK 17.35 4262 124327 6.27
ALK 5.81 2118 52971 8.38
G _ BiL 76.84 3619 4063.22 1.77
CasAlp 48Big 25
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