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Abstract

Materials and Magnetic Studies of Cobalt-Doped Anatase Titanium
Dioxide and Perovskite Strontium Titanate as Potential Dilute
Magnetic Semiconductors

Tiffany C. Kaspar

Co-chairs of Supervisory Committee:
Affiliate Professor J.W. Rogers, Jr.
Professor Eric M. Stuve
Department of Chemical Engineering

Deposition of cobalt-doped anatase TiO, and cobalt-doped perovskite SrTiO; (STO)
utilizing molecular beam epitaxy (MBE) was investigated in an effort to achieve a
dilute magnetic semiconductor (DMS) system with desirable materials and magnetic
properties for application in future Si-based spintronic devices. A prospective DMS
material must have a uniform dopant distribution within the semiconductor lattice
without the presence of secondary phases, and the dopant must ferromagnetically
order such that the semiconductor carriers are spin-polarized. Compatibility with Si
requires the DMS material to be deposited under mildly oxidizing conditions to
protect the Si interface from oxidation. Epitaxial anatase TiO, can be realized on Si
utilizing an epitaxial SrTiO; buffer layer. Despite the use of the oxygen plasma
during Co:TiO, deposition, which was confirmed to result in significant oxidation of
the Si interface, the charge state of Co in the resultant film was found to be a mixture
of Co(0), Co(II), and Co(llI). Although no secondary phases were observed, faceted
Co-enriched surface particles were present on all films. The observed room
temperature ferromagnetism of the films could not be conclusively attributed to a

true Co-doped anatase DMS phase. The inability to fully oxidize Co to Co(II) under



strongly oxidizing conditions and incorporate it uniforrmly into the anatase lattice,
preclude the use of Co-doped anatase TiO, as a DMS material in future spintronic
devices based on Si technology. Alternatively, Co-doped perovskite STO was
explored. To evaluate the materials and magnetic properties of Co:STO as a
potential DMS material, Co:STO films were deposited on STO(001) substrates.
Smooth, epitaxial films free of surface particles or clusters were obtained; further
evidence showed Co substituted as Co(II) for Ti in the STO lattice. Films doped
with < 5% Co were ferromagnetic at room temperature. F-center mediated exchange
was proposed as the mechanism of ferromagnetic ordering in these insulating films
(p > 5 kQcm). For doping concentrations > 5%, no ferromagnetic hysteresis was
observed. From these results, Co:STO is a prime candidate as a ferromagnetic

semiconductor for integration into future Si-based spintronic devices.



TABLE OF CONTENTS

Page

LISt Of FIQUIES...ccuieiueeieireeresiet ettt ettt ettt sn e saeebe s saesabesonessaaene e iil
LISt OF TaBIES ..cveeeieiiiiireeieeterei ettt ettt neaes bbb sana s v
INEPOAUCHION ..evvvrieiiieieenierere ettt ettt et e sar e sar s rnsssabas 1
Notes to Introduction..........oocceeveereeiiecniciccceccr 3
Chapter I: Background............coovevverievcininininneeiineneeenteenseeeeenenesnesnessessnsnsesees 5
SPINEIONICS ..cuverrieteniteriieiecieete e ereebes e e st et e st ebessasssesasossessassrassssesans 5

Spin and MAGNELISIN c...ccvevveriiiieiiniceiciteeceneeere s 5

GMR SPIN VAIVE.....ooiiiiiiiiiiciccieetcccret e 13

SPIN-FET ..ottt 16

ChallENEES ..eeveeuveierrenetenieeieeeereeretere et satsese e srerese s s seneesan s 18

Dilute Magnetic Semiconductors (DMSS) ....c.ccceceeverieinecninnieienneneeene 21
HISTOTY 1ttt ettt et sre s s s sane e sane v 21

ReCent Progress ....coveeeieeniinieenecneeeeriec ettt 22

Theory of magnetism in DMS materials ......c..cooceeceiniencencnnnennne. 25

Cobalt-doped anatase TiO,......cccvevueereereerieniieieeeeteee st sreenees 31
Literature review 0f Co:TiOm....cociiivmiiiiiiiiiieeiieeiee e e 34

Cobalt-doped STTiO3 ..cceieieieieeteeeeetetete e e 48
Literature review of Co:SrTiO5z..ueiiiiviiieiiieiie e, 49

Oxide growth on SIlICOM .....veviveerieiriirriirite e 52

NOtes to Chapter L.......c.veveiieriiiinniieeteeee ettt veeeevae s 57
Chapter II: Experimental Methods ..........cccoveverereirierercieieneeiriesenneeeeeseseeseenenne 68
Deposition ChambeT ..........ccvirierireeirereeee et ee e eeee et e s e s e e 68
Reflection high energy electron diffraction (RHEED).................. 72

Deposition ProCedurIes ..........ceeeicviriieriinieiiiiienienrene et 75

SITIO3 0N Sl et e st e e e rvae e re e e e abeeeesraeenens 75

CO:TiO2 0N SITIO3 / Shuvviiiiieieiireeeeeeiirieeeeeeserreeessesrerrescssrneees 77

Co:SITiO; 0N SITIO . it ere e 77

ANalysis tEChNIGUES ....coeiiiiiiieiiiie ettt eree e e s eare e b e e eenaes 79

X-ray photoelectron spectroscopy (XPS)..cocveeeeviverrveiinnveneernennn. 79

Auger electron spectroscopy (AES) .coc.ooiiiiniiiiieiieeeeeee 81

Rutherford backscattering spectrometry (RBS) .......ccccccoiienennee 83
Proton-induced x-ray emission (PIXE) ......ccccovviveviiniiincrennnennne. 85

X-ray absorption near edge structure (XANES).......ccccvvvvernnennnn. 85

Atomic force microscopy (AFM) .......ueviveoviviieiiieiiieieeiceerreeneeenns 88

Transmission electron microscopy (TEM).....cooccvveviniiincrienenennnn 89

X-ray diffraction (XRD) ......c.eeeeveeeeiirieiiieeirecccree e sireeeereeeenaeees 90

Vibrating sample magnetometry (VSM) ......cccoovviiriienvencieeniennne 91

Four-point probe.........cceieeiiieeciiieciiecereceeree e 92



TABLE OF CONTENTS, CONTINUED

Page

Notes to Chapter I .......co.coveveiiiniiinieeeererreeeeeee e 95
Chapter III: Anatase TiO; / StTiO3/ S1(001) covevveenieieerieienienenerirreceeeeeesvenee 98
STHEOM ettt sttt ettt s sttt re b e ae e e esees 98
Strontium STHCIAE.......vevvieieieeieeerecteceercree e eesneens 100
StTIO3 bULEr 1AYET ...eevevieerieieeeieeeeeee et er e 103
ANALASE T1O e ceeiiiieeieceeeeeeeee ettt eeae e et ebae e e anreeas 110
SUIMIMATY ....eiterteeeeterte ettt e rte et esstessbs e s e et e e et e saesessaeesasaesanenane 121

Notes to Chapter I ........cooiiioiieiieieii et 123
Chapter IV: Cobalt-doped Anatase TiO, / StTiO3; / Si(001) .ccceevveevienenniancnnnen. 124
Deposition CONAIIONS ......ccveverririererienerieseresiesestessestessesseeeessesseesesnens 125
Surface morphology and cOmMPOSItION.......c.cvveeeerrerrererenerrenierenreeeneees 125

Film mOrphology ......cccvevivieiiiieierienieieeieeeie st erte e sre et et nenens 132
Quantification of Co CONCENTIAtION ......cccveeveeeevreereenreeeeeereeereeerieeeseens 137
Magnetic MEASUTEIMENTS .......cccveverirerirerererieeieererescereeressseeesesenssesasssessenns 140

Cobalt charge State..........ccceviiiiriiieriinierresereere et seees 143
Magnetic measurements, T€VISIted ........ccccvevieerevirnerniennieerieeenieeesreeseens 148
Investigation of Si oxidation influence...........coeeeevveevieeieeneeecereereeennen 151
SUMIMATIY .....eieiieeieenieetee et ee e rr e s rbe e e esaesessessbs s bsessaeesssaessssesssaenss 155

Notes to Chapter TV ..o 156
Chapter V: Cobalt-doped SrTiO; / SrTiO3(001) .cveevveereiereeeeeeeeeiee e 158
Deposition CONAITIONS ......cccerrieriirrrriiriereereseesreeteseese e e sereseeesveessans 158
Stoichiometry of SITiO3...ccciiiiiiiieceeeeeeee e 159
Quantification of Co cONCENLIAtION .........ccveereevrerrecnieerieeeeteeeneeereere e 162
Surface MOIPIOIOZY ...c.veeuirireiirieiirreecee e sve e 166

Film mOTpholOgY .....cooviiiiiiiiniicteeeee ettt 169

Cobalt charge state and local environment.............cccceeevieevveeereecnreeeneenns 175
Magnetic MEASUTCIMENLES .......cvcveeirieeieerrrenrerreeereeeneeeseeereeeseeeesneesseseseens 182
Mechanism of magnetism in Co-doped SrTiO; ....c.ccevueerecinieiienrieiennens 185
SUIMIMATY ....vvteiiretieieeeriieereiereeeeeereeeereeseseeesesesessesesssssessssseensseeeesnseesasns 187

Notes t0 Chapter V ......cooovoieiireiiniiiecee et r et 189
Chapter VI: ConclUSIONS ........c.ccuevverierieniirerieeeeeeee ettt te et eve et ereeneennens 191
List Of RELEIENCES ....ccueiviiriieiiiieteietecteectestee ettt te s ae b eaeseens 194

i



LIST OF FIGURES

Figure Number Page
1.1 Bar magnet and circulating CUITENt ..........cocvveevrereiererrerrreenrerireeseessenessensssenes 5
1.2 Orbital angular momentum and Zeeman Splitting.......c..ccevveeveevrercverreesraeneenns 8
1.3 Ferromagnetic hysteresis loop and density of states ........c.ccoceveevveveeereennen 12
1.4 GMR SPIN VALVE....coiiiiiiiiecteeccstetcseereetecre st sve e aesan s 14
L5 MOSFET ..ottt ettt stesseseesaessessesasesesssesasssessnssessesasensesaeas 16
1.6 SPIN-FET ..ottt ettt sttt seesaes s eseseesvasnens 17
1.7 Magnetic INErACIONS ........ccecveereererrreereereeiteeeeeseesseeeeeseesseessessssssessssessessens 25
1.8 Crystal field splitting in octahedral coordination ...........cccceeeveererercvennenne. 30
1.9 Anatase TiO; unit Cell........oooomiiiiiiiiiee e s 32
1.10 Perovskite SrTiO; unit cell and Si(001) surface.......ccceeveeecieeviinneneieieeennns 49
2.1 Cross-sectional sketch of MBE deposition chamber..........cccoccvnerennienenenans 69
2.2 Sketch of substrate sample holder ............coccoovieniininiiiniinieeeeeeeeen 70
2.3 Experimental setup and examples of RHEED...........ccccoceveeninnievenrircenreennnne 73
2.4 Core-level photoemission in XPS........ccccoovviiniiniiniinninieneeneseese e .80
2.5 Auger electron emission in AES .......c.oooviiiiiriiiiiceeeceerrere e 82
2.6 Experimental geometry for RBS and PIXE.........c.ccccovvviiniiinnniciericcnenne 84
2.7  Absorption processes I XAS.....cooiriireritenierieerenenrenieeteseete et e e saees 86
2.8 Sketch of VSM apparatus........ccccovveeeerertineenienrienersieenieeeeseeseeseesanasssessnes 93
2.9 Experimental geometry of four-point probe measurements...........c..eevvenee. 94
3.1 Si(001) surface and RHEED imMages ........cccceeevieeieineenieenreeneenneenneennesenns 99
3.2 XPS survey spectrum of clean Si......ccceceeviiiniiiniinienienieciesereeere e 100
3.3 RHEED images of Sr silicide depoSItion ..........ccceeveeveieiiveeireenreeenreennneens 101
3.4 SiO, formation after STO deposition ........cc.coveeereeireieceeieceeeeeeee e 102
3.5 Crystalline quality of STO after annealing by RHEED ............................. 104
3.6 XPS survey spectrum of bulk 7-STO .......coccovireiiniinciiireeecee e 105
3.7 Fitting high resolution XPS Si 2p spectrum........c.ccocevvercervercvevreneneneennne 106
3.8 Dependence of STO on stoichiometry and SiO, formation ....................... 107
3.9 High resolution XPS Ti 3p and Si 2p after STO deposition...........ccerreenee 108
3.10 Strain in STO With thiCKNess........ccccceiurirerinienieniecrine s 110
3.11 Anatase crystalline quality by RHEED .......cccccocvniinmiiiieceeeeeeee 111
3.12 High resolution XPS Si 2p after anatase deposition.............ccccvvvrinicnnnene. 112
3.13 TEM images of TiO, / STO / Si(001)..c.cvevrieierieieieeeeeieeeeecieee e 113
3.14 SiO, thickness with various STO thiCKNESSES ...cccuvveeveeeeeeeeeeeerreeeessreenereeas 114
3.15 Strain in anatase as a function of STO thickness..........ccccccoceiiiiiiieiiiinnnen... 115
3.16 AFM images of anatase film Surfaces .........cccccecvvvevvecvrsenceerieeceecre e 117
3.17 Surface coverage of particles on anatase films..........cccccveeeevincierceccnennnnn, 119
3.18 Particle morphology with deposition conditions for anatase ..................... 120
4.1 RHEED images of Co:TiO,/ STO / Si(001)....cccvererrinieieieieieieereeieeens 126

it



LIST OF FIGURES, CONTINUED

Figure Number Page
4.2 AFM images of Co:TiO, film surfaces with increasing Co ........c.coveuennee. 127
4.3 Surface particle composition by AES........ccccooiinininniiin, 128
4.4 Predicted and actual O stoichiometry from AES ................. verrereosenereesarenne 130
4.5 Random and channeling RBS data for 2% Co:TiO;....ccccevveirivcrirnenninnnnnns 133
4.6 High resolution TEM image of 2% Co:TiOg.c..coceverivecevenrincririiennnne 135
4.7 TEM images of surface particles on 2% Co:TiO; ....cocveevuiniiciiiniinnnnne 136
4.8 RBS data and simulation for 2% Co:TiOz....cccuvmriieeiveeieeeirreeeeiireeeceenee 138
4.9 PIXE data and simulation for 2% Co:TiO; ...cccovuveeeriveieeeecirreeerceeee e 139
4.10 Magnetic hysteresis loops of Co:TiO, by VSM ..o, 141
4.11 Magnetic hysteresis loops normalized to Co content.........cccoveveriiniennne. 142
4.12 Co K-edge XANES reference spectra of Co standards...........c.ccceeenenne. 144
4.13 Co K-edge XANES spectra and simulations for Co:TiO; films ................ 145
4.14 Distribution of Co in various charge states in Co:TiO, films........cccceeuneeee 147
4.15 RHEED images of 4% Co:TiO, / STO / SiO, / Si(001)..c.covervrirvrvnvnnnnnn 153
4.16 Co K-edge XANES spectrum of 4% Co:TiO, / STO / SiO, / Si(001) ....... 154
5.1 RHEED intensity oscillations during Co:STO deposition ..........cccccecueeuuen. 161
5.2 RBS data and simulation for nominally 6% Co:STO.......cccccerrveervcrrnnenne. 163
5.3 PIXE data and simulation for nominally 6% Co:STO ......ccccecvvvvvevircrennen. 165
5.4 RHEED and AFM images of various quality Co:STO films..................... 168
5.5 Final RHEED images of nearly stoichiometric Co:STO films................... 169
5.6 Plot of RHEED oscillation minima and maXima...........ccccceveereeereerversneenees 170
5.7 High resolution XRD rocking curves of Co:STO films.......cccccoenveiininn 171
5.8 Co K-edge XANES spectrum and simulation of 1%pxg Co:STO ............. 176
5.9 Comparison of XANES of Co:STO with varying stoichiometry............... 177
5.10 Co K-edge XANES spectrum of brownmillerite S1;C0,0s.......c.coceeenenee. 178
5.11 Co K-edge EXAFS spectrum and fit for 1%pixg Co:STO.....cocvvvvvvvreneeenn. 179
5.12 EXAFS spectra and theoretical fits for various Co:STO.........cccceevvieuenaee. 181
5.13 Fourier-transformed EXAFS for various Co:STO ....c...cocccevvireiiniiniennnnn 182
5.14 Magnetic hysteresis loops of Co:STO by VSM ..o 183
5.15 Ferromagnetic moment as a function of %Co in Co:STO........cceoveneneen. 184

v



LIST OF TABLES

Table Number Page
1.1 Crystal structure and magnetic properties of Co compounds....................... 34
3.1 AFM image particle analysis of anatase film surfaces........cccccoceveeereencnne. 118
4.1 Thermodynamic heats of formation of various oxides.........cceccereveeeveennaene 124
4.2  AES data summary for 4% Co:TiO; ...cccveceeriierierreiereeeece et seeeeens 129
4.3 Co content of Co:TiO, determined by several methods..........cccceecveverennene 140
4.4 Materials used as Co standards for Co K-edge XANES......cccoooenrievrnenns 143
4.5 Comparison of measured and predicted magnetic moment ....................... 151
5.1 y-Co0,0; reference standards for PIXE quantification .........c.cceeevvevueennenne. 164
5.2 Co content of Co:STO determined by several methods..........ccccecerureneenne. 166
5.3 Co:STO film strain as measured by XRD rocking curves ...........ccccceevuennee 172
5.4. Effective i0nic 1adii for Co..couieirierininininieietrrereeeseceeseeceneee e 173
5.5 Theoretical Co-Co distances in Co:STO.....ccoocciiviieriireiieeiiinerrieeieeeee 187



ACKNOWLEDGMENTS

The research contained in this dissertation was performed in the W.R. Wiley
Environmental Molecular Sciences Laboratory (EMSL), a national scientific user
facility sponsored by the Department of Energy's Office of Biological and
Environmental Research and located at Pacific Northwest National Laboratory
(PNNL) in Richland, WA. I wish to acknowledge the financial support I have
received from Achievement Rewards for College Scientists, the National Science
Foundation, and the UW / PNNL Joint Institute for Nanoscience.

[ want to thank my advisor, Prof. Bill Rogers, for giving me the opportunity to
pursue research projects in EMSL, and Dr. Scott Chambers, who has provided me
with a wealth of support and knowledge. I also want to express my appreciation for
the support and patience of my family and friends throughout my graduate career.

vi



INTRODUCTION

The emerging field of spintronics (spin transport electronics or spin-based
electronics)' aims to revolutionize microelectronic devices by utilizing the property
of quantum mechanical spin for device operation. Current microelectronic device
design employs only the charge of the electron to carry and store information.
Scaling of components, such as metal-oxide-semiconductor field effect transistors
(MOSFETs), has succeeded thus far in increasing packing density according to
Moore's Law.>® However, fundamental physical limits will be reached as soon as
2010 in the miniaturization of certain components.® These limits cannot be overcome

with traditional technology and materials.

Many avenues are being actively explored to overcome the fundamental issues facing
microelectronics in the next few years. One promising approach is to utilize electron,
hble, or nuclear spin, in addition to or in place of charge, to carry and store
information in spintronic devices. Proposed spintronic devices promise
"nonvolatility, increased data processing speed, decreased electric power
consumption, and increased integration densities compared with conventional
semiconductor devices." Eventually, spintronics may be the basis for quantum

computation utilizing the quantum properties of superposition and entanglemen‘t.6

One of the many advances required to realize spin functionality in practical devices is
the development of materials which can generate, maintain, and transfer spin-
polarized carrier populations. For applications in near-term spintronic devices, such
as FETs which incorporate spin functionality, ferromagnetic materials must be
developed which can efficiently inject spin-polarized carriers into traditional
semiconductor heterostructures. One promising class of materials for this purpose
are dilute magnetic semiconductors (DMSs). A DMS consists of magnetic dopants

incorporated into a host semiconductor material; the magnetic ordering of the



dopants results in spin polarization of the semiconductor host carriers. In practice,
the semiconductor host can be a traditional III-V semiconductor such as GaAs, a
transition metal oxide semiconductor such as ZnO or TiO,, or more unconventional
materials. The magnetic dopant is generally a transition metal such as Cr, Mn, Fe, or

Co.

In this work, two candidate material systems were investigated for potential
application as a DMS spin injector in future spintronic devices: Co-doped anatase
Ti0O, and Co-doped perovskite SrTiO;. Due to recent advances in the deposition of
epitaxial oxide materials on Si by molecular beam epitaxy (MBE),” both anatase
TiO, and StrTiO; are prime candidates for integration with this technologically
relevant semiconductor. By doping these semiconducting oxide systems with small
concentrations of Co, a DMS with desirable materials and magnetic properties could

be integrated into existing Si semiconductor technology.

Co-doped anatase deposited on oxide substrates has received considerable attention
as a room temperature ferromagnetic semiconductor. Epitaxial Co-doped anatase
films were successfully deposited by MBE on single crystal Si(001) utilizing a
SrTiO; buffer layer, although oxidation of the Si interface during anatase deposition
could not be eliminated. The films had promising ferromagnetic properties at room
temperature, with saturation magnetic moments of 2.5 - 3 pp/Co. Unfortunately,
preferential segregation of Co to anatase surface particles, as well as the presence of
mixed valence Co including Co(0), precludes the utilization of Co-doped anatase on

Si as a DMS material for spintronic devices.

Co-doped SrTiO; (STO) was found to be significantly more promising as a potential
DMS material. As an initial evaluation of Co:STO, epitaxial films were deposited on
single crystal STO(001) substrates by MBE. Smooth films free of particles or

clusters were obtained for all Co doping concentrations, and further evidence showed



that Co(II) substituted for Ti(IV) in the STO lattice with no evidence of Co(0). Co-
doped STO films were found to be ferromagnetic at room temperature for doping
concentrations less than approximately 5% Co. In the absence of a significant
quantity of free carriers in these insulating films, F-center mediated exchange was
proposed as the mechanism of ferromagnetic ordering. From these preliminary
results, Co:STO is considered a promising candidate as a DMS material integrated

with Si.
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CHAPTER I: BACKGROUND
Spintronics

The utilization of electron, hole, or nuclear spin in spintronic devices promises a
revolution in microelectronic device functionality. Successful development of
spintronic devices will require significant innovations in materials and device
architecture, as well as an increased understanding of the fundamental physical

properties of spin and the ordering of spins in magnetic materials.

Spin and magnetism’

In order to understand the properties and applications of spintronic materials, it is
necessary to understand some fundamentals of magnetism and magnetic materials.
The macroscopic results of magnetism, described by classical physics, can be
represented by two model systems: a bar magnet and a circulating electrical current.
A bar magnet, shown in Figure 1.1(a), has its magnetic orientation along its axis.
This results in a magnetic pole at either end of the magnet, labeled north (N) and
south (S). Each magnetic pole creates a magnetic field, H, which acts on the other
pole. By convention, the source of the magnetic field is the north pole and the sink is
the south pole, so field lines of the magnetic field around the magnet can be
represented as emanating from the north pole and flowing to the south pole. If an

electrical current flows through a coiled wire, as illustrated in Figure 1.1(b), a

(b) H

Figure 1.1. (a) Bar magnet. Large arrow indicates orientation of magnetization in bar material.
Lines represent magnetic field (H) originating from the north pole (N) and flowing to the south pole
(S). (b) Coil of wire with current (/) flowing counterclockwise. Magpnetic field (H) is produced by
circulating current; center of coil is analogous to north pole (N) of bar magnet.
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magnetic field results that is identical to the pole of a bar magnet. This illustrates the
fundamental origin of magnetism: magnetic fields are produced by the movement of
electric charge. In the case of a circulating current in a wire, the bulk movement of
negative electrons as the flowing current produces the magnetic field. In a bar
magnet, the magnétic field is generated by the movement of electrons orbiting the

atomic nuclei in the material.

When a bar magnet is placed at an angle to an external magnetic field (H), each pole
feels a force, proportional to H, to align with the field. The combined force on each
pol‘e results in a moment, m, exerted around the center of mass of the bar to rotate
into alignment with the field. Similarly, a coiled wire with a current flow feels a
moment whose magnitude is the product of the current and the area enclosed by the
wire. In the limit of a small bar magnet or coiled wire encompassing a small area,
the magnetic moment becomes a magnetic dipole. The energy of a magnetic dipole

placed in an external magnetic field is —m-H.

When a material is placed in an external magnetic field (H), a magnetic response is
induced in the material. This magnetic induction, B, is a combination of the external
magnetic field and the magnetization of the material, M. The magnitude of M is a
material property dependent on the magnetic moments of the constituent atoms and
their interaction. The ratio of M to H is the susceptibility of the material, i, which
describes the magnitude of the magnetization of the material in an applied field. A
material with a large susceptibility experiences a large induced magnetization in the
presence of a small applied magnetic field. The permeability, p, is defined as the

ratio of B to H and is related to the susceptibility by p = 1 + 4ny (in cgs units).

The macroscopic magnetization of a material is a consequence of the magnetic
properties of the constituent atoms. Specifically, the movement of the electrons in a

material's atoms, ions, or molecules gives rise to the magnetic properties of the



material. Although atomic nuclei also have a magnetic moment, their moments are
approximately three orders of magnitude smaller than those exhibited by electrons
and thus can be neglected. To understand the atomic origins of magnetism, it is
necessary to move from classical physics to quantum mechanics. The solution of the
Schrédinger equation for an atom reveals the quantization of the allowed energy of
its electrons. This quantization is represented by three fundamental quantum
numbers. The principle quantum number, », determines the energy of the electron
shell. The orbital quantum number, /, represents the orbital angular momentum of
the electrons in shell n. [ can take values from 0 to »-1, and the values /=0, 1, 2, 3
correspond to atomic orbitals s, p, d, and f. Analogous to the magnetic field
generated by an electrical current in a coiled wire, the orbital angular momentum of
an electron around the atomic nucleus results in an orbital magnetic dipole moment.
The s orbital, with / = 0, has no net orbital angular momentum and thus no magnetic
dipole, and the magnitude of the orbital magnetic moment increases with increasing
values of /. The magnetic quantum number, m,, determines the orientation of the
orbital angular momentum relative to an applied magnetic field. The magnetic
quantum number can take values from —/ to +/; therefore, for the p orbital with / =1,
m; has three values (-1, 0, +1) and thus there are three orientations of the orbital
angular momentum vector in relation to the external field. Due to this quantization,
the orbital momentum vector, and thus the orbital magnetic moment, can never point
in exactly the same direction as the external magnetic field, and instead precesses in a
cone around the field direction. The component of the orbital angular momentum
perpendicular to the applied field averages to zero. The quantization and precession
of the orbital angular momentum is illustrated in Figure 1.2(a) for a p orbital. In the
absence of an external magnetic field, the possible orientations of the orbital angular
momentum are equal in energy. However, in the presence of an external magnetic
field the orbital energies are split according to their orientation relative to the field.
This is known as the normal Zeeman effect and is observed in the atomic absorption

spectrum of a material in an applied field as splitting of the lines involving / > 0
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Figure 1.2. (a) Representation of the three possible orbital angular momentum vectors relative to an
external magnetic field for a p orbital (/ = 1). The orbital magnetic moment of m; = 0 is zero. The
orbital magnetic moments of m; = -1 and m; = +1 can never point in exactly the same direction as H,
instead they precess in a cone around H. (b) Zeeman splitting of the p orbital in an external
magnetic field. When the magnetic field is applied, the single p-s transition is split into a triplet.

transitions, as shown schematically in Figure 1.2(b).

Although only three quantum numbers arise from solution of the Schrédinger
equation (n, /, and m;), two additional quantum numbers are required to fully specify
the state of an electron in an atom. The spin quantum number, s, describes the
angular momentum of the spin of the electron around its own axis (analogous to / for
orbital angular momentum). Unlike /, which can take several values, the value of s
for electrons is always 2. Analogous to my, the spin magnetic quantum number, m,
determines the orientation of the spin angular momentum and can have the values +%
and -%, often referred to as "spin up" and "spin down." The spin angular momentum
cannot point exactly in the direction of an applied field, and instead precesses in a
cone around the field. The spin magnetic quantum number plays an important role in
determining how atomic orbitals are filled. One consequence of the Pauli exclusion
principle is that no two electrons in an atom can have the same values for all the
quantum numbers. Thus, two electrons can occupy each atomic orbital, with the
same values of n, /, and m;, but they must have opposite values of spin (m,; must be
+Y2 for one and —; for the other). In addition, Hund's first rule states that the lowest
energy state of electrons in a given shell is that which maximizes the total spin, S,

without violating the Pauli exclusion principle. For example, there are three p



orbitals of equivalent energy (for a free atom in the absence of an external magnetic
field) so in the lowest energy state a single electron will fill each orbital with all spins
parallel; the total spin S is then the maximum value of 2 + Y2 + 2 =3/2. A fourth
electron will be forced to pair up with one of the three, and by the Pauli exclusion

principle will have opposite spin. This reduces the total spinto (2- %)+ %2+ 2= 1.

Both the orbital and spin angular momenta produce magnetic moments. The orbital
magnetic moment is given by:

m = -pugm (1.1)
where m is the magnetic moment vector, pig is the Bohr magneton (the elementary
unit of orbital magnetic moment in an atom, defined as e#/2m.c in cgs units), and m,
is the orbital magnetic quantum number. Since m; always takes integer values, the
orbital moment will be an ihteger number of Bohr magnetons. The spin magnetic
moment is given by a similar expression:

m = -g,upm; (1.2)
where g, is referred to as the g-factor of the electron. For a single electron, g, =
2.002319 (which can be approximated as g, = 2) such that the spin magnetic moment
of a single electron is one Bohr magneton. Due to the negative charge of the

electron, the spin and spin magnetic moment point in opposite directions.

Spin-orbit coupling occurs when the orbital magnetic moment of an electron orbiting
the atomic nucleus produces a magnetic field that interacts with its spin magnetic
moment. The magnitude of the spin-orbit coupling depends on the charge of the
atomic nucleus. Similarly, orbit-orbit and spin-spin interactions can occur between

electrons in the atom.

For all but the heaviest atoms, Russell-Saunders coupling describes the total angular
momentum of the atom. Completely filled shells have no net angular momentum and

thus do not contribute to the overall magnetic moment of the atom. Therefore only
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the incomplete outer shells need to be considered in the calculation. Vector addition
of the orbital momenta determines the total orbital angular momentum (L), and
similar vector addition of the spin momenta determines the total spin angular
momentum (S). The total orbital and spin momenta are then combined by vector
addition to calculate the total angular momentum of the atom (J). From the total
angular momentum of the atom, the total magnetic moment can be determined as:

m = -gusM; (1.3)
where M; is the magnetic quantum number representing the projection of the total
angular momentum onto the magnetic field axis and can have values of —J to +J, and
g is the Landé g-factor. Because the spin moment of an electron has a g-factor of 2
(see Equation 1.2), while the orbital moment has a g-factor of 1, the total moment of
the atom depends not just on the total angular momentum, J, but also on L and S.
This is reflected in the Landé¢ g-factor, which is a function of L, S, and J. If the total
spin angular momentum is zero (S = 0), then J = L and the Landé g-factor is 1 for all
values of L. Since the total magnetic moment does not depend on L, the magnetic
moment and thus the Zeeman splitting of all electron energy levels is equal, and the
normal Zeeman effect is observed as discussed above (see Figure 1.2(b)). However,
fbr S # 0, the Landé g-factor takes a different value for each level, which results in a
different magnitude of Zeeman splitting for each level. This is referred to as the
anomalous Zeeman effect and produces a complex set of transitions in the atomic

absorption spectrum.

The orbital and spin magnetic moments of electrons in an atom lead to three general
classes of magnetic behavior in bulk materials: diamagnetism, paramagnetism, and
ferromagnetism. Diamagnetism occurs weakly in all atoms; however, it is only
readily observed in atoms with filled shells, in which no stronger magnetic properties
obscure the effect. Diamagnetic materials have a negative susceptibility, meaning
their internal magnetization decreases as the applied magnetic field increases. The

applied field induces electromagnetic currents, and thus magnetic dipole moments, in
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the material that oppose the applied field. Even in nonmagnetic atoms (in which the
magnetic dipole moments cancel), the individual magnetic moments still change to

oppose the applied field, resulting in a diamagnetic effect.

Paramagnetism occurs in materials in which the atoms have net magnetic moments,
but the moments of individual atoms are weakly coupled. In the absence of an
applied field, thermal energy overcomes the weak coupling between moments,
resulting in a random alignment of moments and no net magnetization for the
material. When a moderately strong magnetic field is applied, the moments shift
slightly to align with the field, but only a small fraction are able to point in the field
direction. To overcome thermal disorder and fully align the magnetic moments with
the applied field, very large magnetic fields or very low temperatures (near absolute
zero) are necessary. However, upon cooling many paramagnets undergo a
spontaneous phase transition, at a characteristic Curie temperature, to become

ferromagnets.

In ferromagnetic materials, the magnetic coupling overcomes thermal disorder and
the magnetic moments align. This magnetic ordering occurs even in the absence of
an applied magnetic field, leading to the characteristic magnetic hysteresis behavior
of ferromagnets (Figure 1.3(a)). Although Fe, Co, and Ni are the only transition
metal elements that are ferromagnetic at room temperature, there are a wide variety
of oxides, alloys, and other compounds that exhibit ferromagnetism. In the quantum
mechanics solution of the many-body Hamiltonian, the magnetic coupling between
neighboring atoms emerges as an energy term referred to as the exchange interaction.
The exchange interaction is of electrostatic, not magnetic, origin, and is a
consequence of the Pauli exclusion principle. If two electrons have antiparallel
spins, they can occupy the same atomic or molecular orbital. This means they will
overlap spatially, increasing the (unfavorable) Coulomb repulsion between them.

However, if the electrons have parallel spin, they must occupy different orbitals,
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which reduces the overall Coulomb repulsion. Thus the exchange energy of the
system is minimized if all the electrons have the same spin. Minimization of the
exchange energy by aligning electron spins is opposed by the energy required to
promote the electrons to higher electronic levels such that they are unpaired and can
reverse their spin. In simple metals such as K and Ca, the energy required to
promote a valence 4s electron to a higher level is greater than the gain of exchange
energy minimization, so these metals are not ferromagnetic. In the first row
transition metals Sc through Mn, the 4s and 3d densities of states overlap, creating
lower-lying states for electrons to reverse their spin, but the energy balance is such
that ferromagnetism is not observed. Mn and Cr are antiferromagnetic, meaning
each atomic row is magnetically aligned antiparallel to the neighboring rows.
Although the material is magnetically ordered, the magnetic dipoles cancel out and
bulk ferromagnetic behavior is not observed. For Fe, Co, and Ni, the overlap of the
3d and 4s bands, and the large density of states of the 3d band at the Fermi level,
provides many low-lying states to allow electrons to reverse their spin, so the
exchange effect dominates, resulting in ferromagnetism. For the later transition
metals Cu and Zn, the Fermi level lies above the 3d band, eliminating the density of
states at the Fermi level required for electrons to reverse their spin and thus

preventing the exchange interaction.

(a) m (b)

7.

Figure 1.3. (a) Sketch of a ferromagnetic hysteresis loop, showing the material’s magnetization, M,
versus the applied magnetic field, H. At zero applied field, the material retains it’s magnetic
alignment; M, is the magnetic remanence. A coercive applied field, H,, is required to bring the
magnetization to zero. (b) Sketch of the density of states (D) near the Fermi level (Ef) for a
ferromagnetic material. The exchange interaction shifts the densities of states for spin-up and spin-
down electrons relative to each other, resulting in permanent spin polarization and magnetic
alignment. For the first row transition metals, the density of states at the Fermi level is an overlap of
the 3d and 4s states.
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A simplified sketch of the density of states of a ferromagnetic material is given in
Figure 1.3(b). The effect of the exchange interaction on ferromagnetic materials is a
shift of the energy of the spin-up and spin-down densities of states relative to each
other. (This shift also occurs for paramagnets when placed in a magnetic field.) The
unequal number of electrons in one spin state relative to the other results in
permanent spin polarization and ferromagnetic alignment. Spin polarization is
conventionally defined as®

Pgin= (0t -nl)/(nf +nl) (1.4)
where Pg,in is the spin polarization (usually reported as a percentage), and n1 and n,
are the electron populations of the spin-up and spin-down densities of states. For
ferromagnetic metals, the spin polarization is typically ~50%.> The distribution of
electrons in the spin-up and spin-down densities of states also determines the

magnetic moment per atom.

GMR spin valve

In 1988 the modern field of spintronics was born® when the first report of giant
magnetoresistance (GMR), a spintronic effect that combines the properties of
electron spin and charge, was published.* Within 10 years, magnetic read heads for
computer hard disk drives based on GMR were introduced which revolutionized the
hard drive industry. Simply incorporating GMR read heads increased the storage on
a hard drive from 1 to 20 Gbit,’ and further improvements have allowed miniature
high-density hard disks for applications such as laptop computers. GMR magnetic

read heads now dominate the hard drive industry.’

Magnetoresistance refers to the change in electrical resistance of a material in the
presence of a magnetic field. Giant magnetoresistance is best illustrated by a spin
valve, as shown in Figure 1.4(a). A spin valve consists of two ferromagnetic

conducting layers sandwiching a nonmagnetic conducting layer. Assume for



14

(b)

Figure 1.4. (a) GMR spin valve consisting of a conducting metal layer sandwiched between two
ferromagnetic metal layers. (b) Sketch of density of states for 100% polarized ferromagnetic layers
when the magnetization orientation is parallel. Spin up electrons from the top ferromagnetic layer
can flow through the conductor and into the bottom layer with low resistance. (c) Sketch of same
density of states if the magnetization orientation is antiparallel. There are no density of states to
accommodate spin up electrons in the bottom layer. The electrons are scattered, creating a high
resistance state. Modified from [5].
simplicity that the spin polarization of both ferromagnetic layers is 100% (all
conduction electrons in the layer have the same spin orientation). Current injected
from the top layer into the conducting layer will be also be 100% spin-polarized. If
the two ferromagnetic layers have a parallel magnetization direction, their conduction
electrons will have the same spin orientation and efficient electron transport to the
bottom layer can occur, as illustrated in Figure 1.4(b). This is the low resistance
state. If the magnetization orientation of one ferromagnetic layer is switched by
180°, the spin-polarized conduction electrons entering the bottom layer will have the
opposite spin direction of electrons in the layer. As shown in Figure 1.4(c), for 100%
polarized material there is no density of states at the Fermi level that can
accommodate these electrons. They are scattered, reducing the overall conduction.

This is the high resistance state, and the dependence of the electrical resistance on

magnetization is the phenomena of magnetoresistance.

In a GMR spin valve such as those employed in magnetic hard drive read heads, the

ferromagnetic layers are constructed from metallic alloys of Fe, Co, and Ni, with a
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spin polarization of about 40%,°® and the nonmagnetic layer is a highly conducting
nonmagnetic metal such as Cu. The ;‘hard” ferromagnetic layer has its magnetization
direction pinned by coupling to an antiferromagnetic layer, making its magnetization
direction difficult to change. The “soft” layer is free, and its magnetization direction
is relatively easy to change. Resistance changes of 5-10% between parallel and
antiparallel magnetic orientation in these devices are typical,’ although improvements
such as incorporating a nano-oxide layer on the outside surface of the soft magnetic
layer, which lowers the background resistance due to surface scattering,’ can increase
the change in resistance to 20%.” As the GMR read head passes over the magnetic
bits on the hard disk, the change in the orientation of a bit from its neighbor changes
the magnetization of the soft layer of the read head. This results in a change in the
resistance of the spin valve, and by monitoring this change in resistance the hard disk

can be read.

Another application of GMR that is expected to produce significant commercial
success within the next few years is magnetic random access memory (MRAM).
MRAM would likely be based on a grid of magnetic tunnel junctions. A magnetic
tunnel junction (MTJ) is a variation of the GMR spin valve in which the nonmagnetic
conductor of the spin valve is replaced with a very thin insulating layer, commonly
AL O3, that acts as a tunnel barrier.’ Data would be stored by magnetic hysteresis as
the magnetic orientation of the soft layer of the tunnel junction, and read by the
magnetoresistance change in the junction.®* MRAM is expected to offer the
advantage of nonvolatile memory storage, in which the information is not lost when
the power is turned off, but unlike current nonvolatile memory technologies such as
electrically erasable programmable read-only memory (EEPROM) and flash
memory,’ the switching rates and rewritability cycles will be comparable to
conventional dynamic random access memory (DRAM).® While MRAM is not yet
available commercially, Motorola recently announced’ the production of 4 Mbit

MRAM for evaluation purposes.



16
Spin-FET

The considerable technological and commercial success of magnetic sensors utilizing
GMR has opened the door for a wide array of other spintronic devices. For the
microelectronics industry, it is highly desirable to integrate spintronics devices into
existing semiconductor technology. As a near-term goal, adding spin functionality to
existing device architecture could lead to significant improvements in device speed
and power consumption. In 1990, Datta and Das'® proposed a spin-based field effect
transistor (spin-FET). To fully understand the operation of the spin-FET, it is
instructive to first look at a conventional metal-oxide-semiconductor field effect

transistor (MOSFET).

A schematic of a typical MOSFET is shown in Figure 1.5. The source and drain are
highly n-type doped regions of the bulk p-type silicon substrate. The gate is formed
from a metal contact and dielectric oxide. When positive voltage is applied to the
gate contact, the positive charge at the oxide interface with Si repels holes and
attracts electrons from the Si bulk, creating a two-dimensional inversion layer at the
Si surface that is highly n-type doped. This highly doped region allows carriers to
flow from the source to the drain. When the gate voltage is removed, the inversion

layer disappears and no current can flow. Thus current flow through the transistor is

(a) (b) Vo> 0
i Gate contact
= . Gate oxide
- - Inversion layer

n-type inversion layer

p-Si i o4 p-Si

Figure 1.5. (a) Geometry of MOSFET device. The n-type inversion layer is only present when a
voltage is applied to the gate contact. (b) Illustration of charge distribution in the gate and Si when
a positive voltage is applied to the gate contact.
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Figure 1.6. (a) Geometry of spin-FET device. The high mobility two-dimensional electron gas
(2DEG) region at the InGaAs surface allows current to flow from the ferromagnetic source to
drain. (b) Illustration of electron spin direction with and without applied gate voltage. When no
voltage is applied, no spin precession occurs and electrons can enter the drain (left). When a
positive voltage is applied, the resultant magnetic field causes the spins to precess until they are
antiparallel to the drain; electrons are scattered and cannot enter the drain (right).

turned on or off by the application of a relatively small gate voltage.

A spin-FET would perform the same transistor function as a conventional MOSFET
with a similar geometry, but the principle of operation would be significantly
different.>®!! A sketch of the spin-FET device proposed by Datta and Das based on
an InGaAs substrate is given in Figure 1.6. The highly doped semiconductor source
and drain of the MOSFET have been replaced with ferromagnetic materials (Fe for
the Datta and Das structure). A permanent "inversion layer," or two-dimensional
electron gas (2DEQG), is created by replacing the gate oxide with a thin layer of
InAlAs. Without a voltage applied to the gate, current can flow from the
ferromagnetic source. This current will have the same spin pblarization as the
source, and can flow into the drain if the drain has the same magnetization direction
as the source. This is analogous to the low resistance state of the GMR spin valve. If
a voltage is applied to the gate, an electric field is set up in the 2DEG. Because
InGaAs has a large spin-orbit interaction, meaning the external magnetic field
generated by the electric field has a large effect on electron spin'! (known as the
Rashba interaction'?), the spin-polarized electrons will tend to precess in the direction
of the magnetic field. The strength of the electric field applied to the gate determines

the amount of precession of the spin-polarized current. If the spin is rotated 180°, the



18

electrons will have spin antiparallel to the drain and will be scattered, similar to the
high resistance state of the GMR spin valve. Analogous to a MOSFET, the current
flow through the transistor is controlled by the applied gate voltage. A spin-FET
would have several advantages over a conventional MOSFET, such as significantly
reduced electric fields required to control current flow and much faster switching
speeds.® In addition, the spin-FET could be "reprogrammed" by changing the
magnetization direction of the source or drain such that they were antiparallel. In this
configuration, spin-polarized current could not flow into the drain unless a voltage
was applied to the gate to rotate the spin direction. Despite its relative simplicity, to

date there has been no experimental demonstration of a spin-FET device."'
Challenges

The proposed spin-FET illustrates the challenges facing semiconductor spintronics.
The primary challenges can be subdivided into four categories:

- injection of spin-polarized carriers into the host semiconductor

- transport of the carriers through the semiconductor

- manipulation of spin polarization for device functionality

- detection of spin polarization
The last three points will be discussed first. In the transport of spin-polarized carriers
through a nonmagnetic semiconductor, spin lifetime and spin diffusion length must
be considered. In studies of bulk GaAs with spin-polarized carriers generated by
optical pumping, both the spin lifetime and spin diffusion length of electrons have
been found to be promising for spintronic devices, with spin lifetimes greater than
100 ns and diffusion lengths of several microns at low temperature.>">""* In quantum
dots and heterostructures, nanosecond-scale lifetimes persist to room temperature.’
While studies of optically pumped semiconductors provide important fundamental
information on spin behavior, the behavior of electrically injected spin-polarized

electrons in a 2DEG is more technologically relevant. Hammar et al.'® have found a
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spin diffusion length of at least 4.6 pm and spin lifetime of at least 3.8 ps for spin-
polarized electrons injected from ferromagnetic electrodes into a high-mobility InAs
2DEG at low temperature. Spin-polarized holes have been found to have very short
spin lifetimes due to valence band mixing'? and thus are not promising for

application in spintronic devices.

Successful spintronic devices developed thus far, such as GMR spin valves and
magnetic tunnel junctions, are passive devices in which the spin polarization of the
electron current is not altered before detection; instead, the polarization of the current
is passively read by the detector. In an active device such as a spin-FET, the spin
polarization of the carriers will be altered to produce the desired device functionality.
It has been shown experimentally that the spin orientation of spin-polarized carriers
can be altered by an external magnetic field through the Rashba spin-orbit

interaction.>!’

Detection of spin-polarized carriers in semiconductor spintronic devices would use
spin selectivity® similar to the magnetoresistance employed in GMR spin valves. The
interface between a nonmagnetic semiconductor and ferromagnetic material is spin-
selective, and only electrons with the same spin orientation as the magnetic material
are allowed to cross the interface without scattering. However, all the issues arising
in spin injection into semiconductors, discussed next, also apply to spin-polarized

electrons crossing the interface in the other direction for spin detection.

The most difficult challenge thus far has been the efficient injection of spin-polarized
carriers from a ferromagnetic material into a semiconductor. The original spin-FET
proposal by Datta and Das featured ferromagnetic Fe as the source and drain
electrodes. Ferromagnetic metals, which have Curie temperatures well above room
temperature, are an appealing source of spin-polarized carriers. However,

subsequent work on injection of spin-polarized electrons from ferromagnetic metals
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into semiconductors has found that the spin injection efficiency is very poor, on the
order of 0.1 — 1%, due to the conductivity mismatch between the metal and
semiconductor.'®!® Forming a tunnel barrier between the metal and semiconductor
can alleviate the conductivity mismatch problem,'® and several tunnel barrier
schemes have been investigated. Since Al,O; has been successfully implemented in
all-métal magnetic tunnel junctions, adding a thin layer of Al,O; at the interface of
the metal and semiconductor has been explored, with a resultant improved spin
polarization efficiency of 9%.%° Another approach is to utilize the Schottky barrier
that forms naturally at the ferromagnetic metal / semiconductor interface. With
appropriate doping profiles to narrow the depletion width in the semiconductor, a
sharp tunnel barrier can be formed. Injected spin polarization as high as 30% has

been realized by this structure.?!

Another significant issue in the injection of spin-polarized carriers is the interface
between the ferromagnetic material and the semiconductor. Even at high-quality
heteroepitaxial interfaces, a significant density of defects (such as stacking faults) are

present. Stroud et al.?

have experimentally observed a reduction in spin injection
polarization correlated to an increase in stacking faults at the ferromagnetic
semiconductor / GaAs interface, and theoretical calculations showed a high
probability of spin-flip scattering at interfacial defects. In general, spin-flip
scattering at the interface between the ferromagnetic material and the semiconductor

may play a significant role in spin-polarized injection.

An alternative approach to improve the spin injection efficiency is to explore other
ferromagnetic materials whose conductivity more closely matches the host
semiconductor. Dilute magnetic semiconductors (DMSs) have received considerable
attention as an alternative electrode material. A DMS is a host nonmagnetic
semiconductor with a small amount of magnetic impurity dopant, such that the

carriers of the semiconductor become spin-polarized. A DMS with conductivity



21

tuned to the host semiconductor could realize efficient spin-polarized injection for

spin-FET and other applications.

Dilute Magnetic Semiconductors (DMSs)

History

Due to the issues with conductivity mismatch between ferromagnetic metals and
nonmagnetic semiconductors, an obvious choice for a replacement magnetic material
in semiconductor spintronic devices would be a ferromagnetic semiconductor. The
first ferromagnetic semiconductor, CrBr;, was synthesized in 1960.2 Ferromagnetic
semiconductors such as EuO, europium chalcogenides (such as EuS and EuSe), and
chalcogenide spinels (such as CdCr,Se,) were extensively studied in the 1960’s and
1970’s and found to exhibit ferromagnetic properties including magnetic hysteresis
and spin-polarized carrier populations.” However, interest waned due to low Curie
temperatures and difficulty in preparing both single crystals and thin films integrated
with semiconductor device materials.>** Recent work on the ferromagnetic
semiconductor CdCr,Se4 has demonstrated epitaxial growth on GaAs and GaP,
although spin injection across the heterojunction has not been demonstrated.
Ferromagnetic semiconductors such as (La,Sr)MnOs; are also finding new application
as colossal-magnetoresistance (CMR) materials, in which the magnetoresistance is

several orders of magnitude greater than that observed in multilayered GMR films.?

In the 1980’s another class of magnetic semiconductor received significant attention.
Dilute (or diluted) magnetic semiconductors (DMSs) are materials in which a
magnetic element such as a transition metal or rare earth is alloyed in small quantities
(usually less than 20 atomic %) in a nonmagnetic semiconductor lattice. The first

promising DMS materials were II-VI semiconductors, such as ZnSe, CdTe, and
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HgTe, doped with Mn.*> These materials were extensively studied as bulk single
crystals. Epitaxial thin films, superlattices, and heterostructures grown by
nonequilibrium techniques such as molecular beam epitaxy (MBE) allowed the study
of compositions and crystal structures not accessible in bulk form. While study of
these materials provided deep scientific insights into magnetism in DMSs, the doped
[I-VI materials themselves exhibited only paramagnetic or antiferromagnetic

behavior; ferromagnetic behavior was never observed.**

Recent progress

In 1989 the first DMS based on a III-V semiconductor, Mn-doped InAs, was reported
by Munekata ef al.*®* When deposited by MBE at 200°C, phase-pure »-In, Mn,As (x
< 0.18) exhibited paramagnetic behavior; deposition at higher temperature resulted in
phase-segregated MnAs clusters. In p-type Ing9g7Mng o13As, partial ferromagnetic
ordering was observed below a Curie temperature of 7 K. The discovery of
ferromagnetic DMS behavior in InMnAs opened the possibility of developing DMS
materials which could be incorporated into existing III-V semiconductor technology.
In 1996, H. Ohno et al.*"?® reported ferromagnetic DMS behavior in p-type Mn-
doped GaAs, with a Curie temperature as high as 60 K. Since this discovery,
significant effort has been directed towards developing a DMS based on a
technologically relevant host lattice, such as GaAs, and exhibiting a Curie
temperature at or above room temperature. For conventionally doped GaMnAs, the
highest Curie temperature reported to date is 140-150 K.**° By 8-doping 0.3 ML
Mn between GaAs layers, a DMS with a Curie temperature of 172 K was obtained by
Nazmul ef al.*' Y. Ohno et al.** demonstrated electrical spin injection from GaMnAs
into an InGaAs quantum well in a light-emitting diode (LED) 60nﬁguration, in which
the spin polarization of the injected holes was inferred from polarization of the
emitted electroluminescence. Below the GaMnAs Curie temperature of 40-90 K,

spin-polarized injection of holes was achieved in the absence of an external magnetic
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field. Despite the impractical Curie temperature of the material in this study, the
feasibility of utilizing a ferromagnetic DMS for spin injection into a semiconductor

was successfully demonstrated.

The desire for a ferromagnetic DMS material with a Curie temperature well above
room temperature, combined with improved nonequilibrium growth techniques such
as MBE and pulsed laser deposition (PLD), has resulted in the investigation of
possible DMS behavior in a wide variety of materials. Applying the Zener model of
magnetism, Dietl ef al.*® calculated the theoretical Curie temperature for several
Group V, 11I-V, and II-VI materials, as well as semiconducting ZnO, assuming a Mn
doping of 5% and a carrier concentration of 3.5x10?° holes/cm®. Mn-doped GaN and
Mn-doped ZnO were the only materials predicted to have a Curie temperature above
300 K. Although attempts to fabricate bulk microcrystallites of Mn-doped GaN
resulted in paramagnetic behavior, thin films fabricated by post-growth dopant
diffusion into chemical vapor deposited GaN** or deposition of Mn-doped GaN by
MBE?*® produced ferromagnetism at room temperature. However, these results have
been called into question due to the possibility of ferromagnetic and/or ferrimagnetic
secondary phases such as Mn3;GaN and Mn,N,. If undetected, the magnetic response
of these phases could be inappropriately attributed to Ga;..Mn,N.** Room-

temperature ferromagnetism has also been observed recently in Mn-doped GaP.*’

Initial results on Mn-doped ZnO were not promising. Thin film material exhibiting
non-ferromagnetic®® or ferromagnetic behavior with a low Curie temperature (45 K)*°
was obtained, with a Mn doping concentration of approximately 30 at.% for both
studies. Recently, room temperature ferromagnetism has been reported by Sharma et
al.* for < 0.4 at.% Mn-doped ZnO bulk crystals and thin films deposited by PLD.
Low-temperature processing was found to be critical for maintenance of the
ferromagnetic properties. It was speculated that high temperature annealing (above

700°C) resulted in the formation of Mn clusters, which are antiferromagnetic and will
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suppress the ferromagnetic ordering in the material.

Dietl et al.'s prediction of ferromagnetism in the oxide semiconductor ZnO led to the
investigation of ferromagnetic DMS behavior in other oxide semiconductors.
Prompted by theoretical calculations predicting ferromagnetism in n-type ZnO doped
with Fe, Co, or Ni,*! ZnO thin films doped with Co, Mn, Cr, or Ni were deposited by
PLD, and n-type Co-doped ZnO was found to be ferromagnetic near room
temperature.* Doping with Cr, Ni, or Mn did not result in ferromagnetism. Using a
combinatorial approach with laser MBE, Matsumoto et al.**** doped both the rutile
and anatase phases of n-Ti0, with each of the 3d transition metals to screen for room
temperature ferromagnetism. Anatase TiO, doped with Co was found to be
ferromagnetic at room temperature, and will be discussed in more detail in the
following section. The success of Co-doped anatase TiO, has led to further
investigations of doped TiO,; recently room temperature ferromagnetism has been
reported in Co-doped rutile TiO,,** Cr-doped anatase TiOz,48 and Fe-, Ni-, and V-

doped anatase Ti0,.*°

In addition to investigating various transition metal dopants in the III-V, Ill-nitride,
and oxide semiconductors discussed above, room temperature ferromagnetism is
being explored in more unconventional materials. Some examples include Co,Mn-
codoped Ge,”' II-VI materials such as Cr-doped ZnTe,** half-metallic ferromagnetic
oxides such as CrO, and Fe;04 (magnetite) whose band structures exhibit 100% spin
polarization,® and Heusler alloys (X,YZ or XYZ in which X and Y are transition
metals, and Z is a Group III, IV, or V element), many of which are ferromagnetic

half-metals.>

The development of a feasible semiconductor spintronic material is still a very active
research area. All the materials investigated thus far have significant potential;

however, they each have drawbacks both fundamental and practical that have
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prevented the demonstration of a successful spintronic device thus far. A deeper
understanding of the fundamental mechanisms governing the magnetic properties of
DMS materials is one necessary step to developing the materials for practical

spintronic devices.

Theory of magnetism in DMS materials

The specific mechanism of magnetism in DMS materials is still under vigorous
debate. To understand the general features of magnetism in DMSs, and appreciate
the complexity of the problem, it is necessary to first look at some variations on the
exchange interaction discussed above for ferromagnetic materials. The most easily
understood exchange interaction is direct exchange, illustrated in Figure 1.7(a). In
direct exchange, there is a direct Coulomb interaction of electrons from the two
magnetic ions, resulting in magnetic ordering (either ferromagnetic or
antiferromagnetic). If the magnetic ions are separated by non-magnetic ions, as may
occur in a periodic crystal lattice, the electrons from the two magnetic ions do not

overlap, preventing direct exchange. Magnetic ordering can still occur, however, if
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Figure 1.7. (a) Direct exchange interaction from overlap of valence orbitals of magnetic atoms,
resulting in ferromagnetic behavior. (b) Superexchange interaction of non-overlapping spin-polarized
valence orbitals mediated by filled orbital on the non-magnetic atom between them, resulting in
antiferromagnetism. (c) RKKY-type carrier mediated interaction of two isolated magnetic atoms
through their exchange interactions with free carriers. For clarity, the spin-polarized carriers are
shown in black and the non-polarized carriers in gray; the magnitude of the magnetic moment of both
types of carriers is the same.
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the electrons from the magnetic ions couple to the non-magnetic ion in a mechanism
known as superexchange (Figure 1.7(b)). Superexchange across a non-magnetic
(closed-shell) ion can occur due to fluctuations in the transfer of electrons between
the ions. Assuming it is energetically favorable for some degree of covalent bonding
between the ions, there is some probability that the non-magnetic ion will
temporarily transfer an electron to one of the magnetic ions, leaving it with an
unpaired electron that can interact via direct exchange with the other magnetic ion.
In this way the magnetic ions interact indirectly. Superexchange is responsible for

antiferromagnetic order in compounds such as rock salt MnO.

In a DMS, the magnetic dopant ions are spatially separated such that neither direct
exchange nor superexchange can explain the observed ferromagnetic order. Instead,
the mechanism is an exchange interaction between the isolated magnetic ions and the
semiconductor carriers. Essentially, the localized electrons of the isolated magnetic
ion can interact via exchange with carriers in the vicinity, resulting in a spin-
polarized cloud of carriers surrounding the magnetic ion, as illustrated in Figure 1.7
(c). These carriers move through the material and interact with other magnetic ions,
facilitating long-range ferromagnetic ordering of the magnetic ions. This interaction
is often described by Ruderman-Kittel-Kasuya-Yoshida (RKKY) theory, which gives
the exchange coupling of two isolated magnetic ions as a function of the density of
states of carriers at the Fermi level and the exchange interaction between the carriers
and the localized magnetic ions.>* The interaction oscillates between ferromagnetic
and antiferromagnetic as the distance between the magnetic ions changes. A similar

model was first proposed by Zener>>™’

to explain the ferromagnetism of magnetic
metals. In this model, a mean-field approach is employed to describe the interactions
between two spin systems: the spins of the carriers and the spins of the localized d
electrons.”® The model failed to take into consideration several properties that are
now known to be key aspects of the theory of magnetic metals; however, the model

is appropriate for isolated magnetic ions in a semiconductor host.** In the case where
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the carrier concentration is less than the number of localized magnetic ions, the mean
field approximation to RKKY theory and the Zener model of magnetism, as applied
by Dietl et al. to calculate the Curie temperature of several potential DMS materials,

become equivalent.>

The RKKY / Zener model of magnetic exchange in DMS materials successfully
explains much experimental data for Mn-doped II-VI and III-V materials.>* This
agreement between theory and experiment has provided a fairly clear picture of the
physical mechanism of magnetism in these materials.’>>**® Mn substitutes as Mn(II)
in both II-VI and III-V compounds; thus, Mn is isoelectronic in [I-VI materials but
introduces a hole in I1I-V materials. In both cases the localized d-states of the Mn
ion fall within the valence band of the semiconductor. Hybridization of the Mn d-
states and the valence p-states results in an exchange interaction between the
magnetic Mn d electrons and the free carriers in the valence band (holes), leading to
carrier-mediated ferromagnetism of the isolated Mn ions. This exchange interaction
has the effect of spin—splitting» the free carrier energy bands, analogous to the case for
ferromagnetic metals (see Figure 1.3(b)), resulting in a spin-polarized carrier
concentration. Since the Mn d-states lie in the valence band of the semiconductor,
holes are expected to mediate the exchange interaction much more effectively than
conduction band electrons, as observed in experimental results of ferromagnetism in
p-type Mn-doped DMS materials.”® Only under certain circumstances, such as
quantum wells at a temperature of less than 2 K, has ferromagnetism been observed

in n-type Mn-doped semiconductors.’>*

If spaced closely enough in the crystal
lattice, Mn(II) ions undergo a strong, short-range antiferromagnetic superexchange
interaction that reduces the effective bulk ferromagnetism (since the
antiferromagnetic Mn ions are no longer participating in ferromagnetic ordering), and
lowers the ferromagnetic Curie temperature (through the RKKY interaction). Thus,
the ferromagnetic response and Curie temperature of Mn-doped DMS materials can

be increased in several ways: by increasing the number of free carriers (holes), by
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decreasing the Mn concentration, or by increasing the Mn position disorder in the

lattice.

Some experimental evidence does not support the RKKY / Zener model of
ferromagnetism in DMSs. A significant number of free carriers are required to
mediate the RKKY interaction, and the ferromagnetic ordering is expected to
increase with an increase in carriers. In GaMnAs, each substitutional Mn(II) ion acts
as an acceptor, introducing one free carrier hole per ion. However, the number of
carriers has been found experimentally to be almost an order of magnitude less than
the number of Mn ions.*® The high level of carrier compensation in the GaMnAs
system is believed to be a key component of the observed ferromagnetism, although
the role it plays is under active debate.®® In addition, ferromagnetism has been
observed in GaMnAs regardless of the carrier concentration; ferromagnetism has
even been observed in insulating samples.*® These experimental results have led to
the development of an alternate theory of the ferromagnetism in DMS materials by

Das Sarma et al.*°

For systems with sufficient free carriers to be metallic, Das Sarma
et al. modify the mean-field RKKY model to include the effects of an impurity band
which is formed in the gap and consists of free carriers interacting with the Mn ions.
When the interaction of the carriers with the Mn ions becomes strong enough, the
carriers become trapped and the material becomes insulating. In this case, Das
Sarma ef al. introduce the concept of a bound magnetic polaron, which consists of
one localized hole and many magnetic impurities whose spins are polarized by the
exchange interaction with the localized hole. As the polarons increase in size, they
begin to coalesce, eventually forming a single polaron throughout the material. This
results in a ferromagnetic DMS. These two models are able to explain certain
characteristics of the experimental data collected on GaMnAs, but there has been no
experimental or theoretical proof of their validity and they are generally less accepted

than the RKKY / Zener model proposed by Dietl et al.
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Unfortunately, the RKKY / Zener model of magnetism as applied to Mn-doped
p-type 1I-VI and III-V semiconductors does not apply to other host lattices such as
n-type oxides, or to alternative magnetic dopants such as Cr or Co. In these cases,
the d-states of the magnetic dopant fall within the bandgap of the semiconductor. For
dopants such as Cr and Co in p-type II-VI and III-V semiconductors, this prevents
hybridization of the valence band carriers and the transition metal d-states,
eliminating the possibility of a RKKY-type exchange interaction. Additionally, in
n-type oxides a significant quantity of valence band carriers do not exist to mediate
the RKKY interaction, and instead the ferromagnetism appears to be mediated by
free carrier electrons. Understanding the origin of magnetic ordering in these
materials is necessary since spin-polarized electrons are preferred over spin-polarized
holes for spin injection in practical spintronic devices. > Recent theories have
suggested ferromagnetism in these materials arises from double exchange.>®6!6?
Double exchange was proposed as part of Zener's model of magnetism>® to explain
the ferromagnetic ordering in mixed-valence semiconducting compounds such as
La,Ca;.xMnOj, which contains both Mn(IIl) and Mn(IV) separated by oxygen anions.
In the double exchange mechanism, a d electron is transferred from Mn(III) through a
neighboring oxygen anion to Mn(IV). Since this electron transfer can only occur if
the spin of the electron hopping from the Mn(III) is the same as the spin of the Mn
(IV) electrons, ferromagnetic ordering results. As applied to DMS materials such as
Co-doped ZnO and Co-doped anatase TiO,, the double exchange mechanism may
explain the ferromagnetic ordering of the magnetic dopant in an n-type material, in

the absence of an RKKY-type interaction.

The study of magnetism in DMS materials is providing significant insight into the
physical mechanisms of magnetism and magnetic ordering. These results have
shown the possibility of achieving nearly 100% spin polarization in DMS materials.%
It should be emphasized, however, that spin-polarized carrier populations, not

localized electrons or holes, are necessary for spin injection in spintronic devices.
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Thus, a semiconductor with small inclusions of ferromagnetic metal clusters may
have the properties of a ferromagnetic material with a high degree of ordering, but
since the spin polarization is restricted to localized electrons in the metallic cluster
and does not extend to the semiconductor carriers, the material would not be a true

DMS and could not be used as a source of spin-polarized carriers.

When investigating a new material for potential DMS behavior, it is difficult to
determine a priori the expected properties of the system. Even the magnetic
properties which are easily measured experimentally, such as the magnetic moment
per magnetic dopant atom, are difficult to obtain theoretically. The magnetic
moment on an isolated atom or ion, such as Co(IT) which has o’ electrons, is readily
obtained by filling the d orbitals with the proper number of electrons, then applying
the appropriate spin-orbit coupling scheme, such as Russell-Saunders coupling, to
determine the overall magnetic moment of the ion. However, the situation is much
more complicated when the magnetic ion is placed in a host crystal lattice. The
geometric positions of the electron orbitals of the surrounding host atoms can lift the
degeneracy of the d orbitals of the dopant ion, since some d orbitals may interact
much more closely with the orbitals of neighboring atoms. This is known as crystal
field splitting, and is illustrated in Figure 1.8. Many transition metal oxides, such as

TiO,, have octahedral coordination, which split the d orbitals into three lower-energy
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Figure 1.8. (a) Octahedral coordination of a transition metal cation surrounded by six neighboring
oxygen anions in a transition metal oxide. (b) The d orbitals of the cation that lie along the x, y,
and z axes (d and dy.y.) feel more Coulomb repulsion from the oxygen anions than the d orbitals
that lie between the anions (diy, dy,, dy;). This lifts the degeneracy of the d orbitals into higher
energy e, and lower energy ¢, orbitals. The energy separation is known as the crystal field
splitting (Acr). (c) Depending on the magnitude of Acr, electrons can assume either a low-spin state
(S = 1/2) or a high-spin state (S = 3/2) (shown using a d’ system, such as Co(Il), as an example).
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orbitals which lie between neighboring atoms, referred to as #,, orbitals, and two
higher-energy orbitals which point towards neighboring atoms, referred to as e,
orbitals. If the crystal field splitting between the #,, and e, orbitals is sufficient, it
may be more energetically favorable for electrons to pair up in the lower 5, orbitals
instead of filling the higher e, orbitals, resulting in a low-spin configuration with the
minimum magnetic moment. Alternatively, a high-spin configuration results if the
crystal field splitting is such that electrons fill the higher e, orbitals, resulting in the
maximum magnetic moment. It is also possible for intermediate-spin configurations
to occur. To know which spin configuration will be most energetically favorable for
a given magnetic dopant in a given host lattice, the detailed density of states of the
system must be determined. Density functional theory (DFT) calculations are often
employed for this; however, approximations must be made in the calculations that
may not hold in the actual material system. In addition, the role of free carriers in the
overall magnetization of the system must be taken into account. Due to these
difficulties, it is nearly impossible to determine with confidence the expected
magnetic behavior of a proposed material system; instead, experimental results and

careful materials characterization are necessary.

Cobalt-doped Anatase TiO,

Titanium dioxide, TiO,, occurs in three crystal structures: rutile, anatase, and
brookite. Rutile, the most stable form, has a tetragonal crystal structure. Brookite is
a metastable phase with a rhombohedral crystal structure. The crystal structure of
metastable anatase, shown in Figure 1.9, is a distorted form of the tetragonal rutile
structure, with lattice constants a = 3.785 A and ¢ = 9.514 A and distorted octahedral
coordination of the Ti(IV) ions. The Ti-O bond lengths are 1.94 A for oxygens in the
a-b plane and 1.97 A for oxygens in the ¢ plane.** Since anatase is a metastable

phase and undergoes a transition to rutile at relatively low temperatures, it is difficult
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Figure 1.9. Anatase TiO, unit cell (space group 14,/amd). Light spheres are Ti, dark spheres are O.

to obtain in bulk form.*> However, anatase is favored over rutile in fine TiO,
powders.®® In addition, thin films of anatase can be obtained by deposition on
suitable lattice-matched substrates, such as the (001) surface of LaAlO; (LAO),
which has a lattice mismatch of (Ganatase - @La0) / drao = 0.13%, and SrTiO3(001),
which has a lattice mismatch of —3.1%. Anatase TiO; is a wide bandgap
semiconductor with an indirect bandgap of 3.2 — 3.3 eV.°*®” Anatase can easily be
reduced to n-type by the introduction of oxygen vacancies; each oxygen vacancy

introduces two free carrier electrons in a donor band just below the conduction

band.®

Titanium dioxide has been studied extensively for a wide variety of applications.
TiO, is already employed as a pigment in paint (at a production rate of 4 million tons
a year worldwide®), as a component in heterogeneous catalysts, and as a component
in thin film optical interference coatings, among others. In addition, there is ongoing
research into its catalytic, photocatalytic, photoelectric, photochemical, optical, and

dielectric properties for applications ranging from solar cells to the replacement gate
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dielectric in MOSFET devices. For spintronic devices, it is especially appealing to
combine the optical properties of TiO,, such as its transparency in the visible and

near-infrared regions, with ferromagnetic DMS behavior.**

Cobealt is one of only three transition metals that are ferromagnetic at room
temperature, with a magnetic moment of 1.72 pg/Co atom and a Curie temperature of
1388 K (1115°C). Cobalt forms two oxides which are stable in bulk form, both of
which are antiferromagnetic. CoO, with an oxidation state of Co(II) and the rock salt
crystal structure, is antiferromagnetic due to superexchange interactions between the
Co cations through the oxygen anions. The Neél temperature (Ty, the transition
temperature from antiferromagnetic to paramagnetic behavior) of CoO is 291 K.%®
Spinel Co30,, which is a mixed-valence compound containing both Co(II) and
Co(III), has a low Ty of 40 K.%® 0,05, which has an inverse spinel structure
containing only Co(III), is not easily obtained in bulk form unless hydrated.”’ The
magnetic properties of Co,03 are not well established, although it has been reported
to be antiferromagnetic with a Ty of 33 K;” recent theoretical calculations have
predicted an antiferromagnetic ground state.”’ Cobalt also forms a stable titanate,
CoTiO3, with the ilmenite crystal structure and a low Ty of 38 K.®® The local
environment of Co in CoTiO; is a distorted octahedron, with bond lengths to the
nearest-neighbor oxygens of 2.08 A (three bonds) and 2.20 A (three bonds).** With
Ti as the next-nearest-neighbors, this local environment is very similar to that
predicted for Co substitution for Ti in anatase. Crystal structure and magnetic data

for common Co compounds are given in Table 1.1.

When Co substitutes for Ti(IV) in anatase, it is expected to adopt either the +2 or +3
oxidation state, with crystal field splitting of the d orbitals into 1,, and e, levels.
Since the 4s electrons are ionized before the 3d electrons, Co(Il) has 7 d electrons. In
the high spin state (S = 3/2), Co(II) would exhibit a spin magnetic moment of 3 g/

Co, and in the low spin state (S = 1/2) it would exhibit a spin magnetic moment of 1
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Table 1.1. Crystal structure and magnetic properties of Co metal and several Co oxides. Data from

[681,[70].
Compound Crystal Magnetization Moment/ | Tcor Ty
structure Co
Co hcp ferromagnetic 1.72 pg 1388 K
CoO rock salt | antiferromagnetic 291K
Co0304 spinel antiferromagnetic 40K
Co0203 inverse antiferromagnetic 33K (?)
spinel (?)
CoTiOs iimenite | antiferromagnetic 38 K

up/Co (see Figure 1.8(c) and Equation 1.2). Likewise, if Co adopted the +3
oxidation state, it would exhibit a spin magnetic moment of 0 ug/Co in the low spin
state (S = 0) and 4 pg/Co in the high spin state (S = 4/2). In transition metals, the
orbital magnetic moment is often quenched by strong coupling of the orbital angular
momentum to the crystal field, which prevents alignment with a magnetic field. If
the orbital angular momentum of the Coion is fully quenched, the measured
magnetic moment will be the spin magnetic moment, which will be an integer
number of Bohr magnetons. However, in the presence of an asymmetric crystal
field, such as that felt by a transition metal ion in octahedral coordination, the orbital
magnetic moment is not fully quenched. In this case, the orbital magnetic moment

makes a contribution to the overall magnetic moment of the ion.

Literature review of Co:TiO;

Interest in anatase TiO, as a host lattice for DMS materials originated with the

1.4 of room temperature ferromagnetism in anatase

discovery by Matsumoto et a
doped with up to 8% Co. Films were deposited by laser MBE on LaAlO5(001)

(LAO) and SrTiO3(001) (STO) substrates. Doping in a similar manner with other 3d
transition metals did not result in room temperature ferromagnetism. Unlike work on
733

GaN and ZnO, which began with theoretical calculations by Dietl et al.”” indicating

the possibility of room temperature ferromagnetism, anatase TiO, was chosen for its
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favorable optical, dielectric, and semiconducting properties. This discovery spurred

significant interest in Co-doped anatase as a potential DMS material.

By far the most widely implemented deposition technique for Co-doped anatase has
been pulsed laser deposition (PLD), which is sometimes referred to as laser MBE
when used at low deposition rates (< 0.2 nm/min).”* PLD is performed in a high
vacuum chamber with base pressure on the order of 1x10° to 1x10” Torr. Ceramic
targets of the desired composition are ablated with a pulsed laser, which locally heats
the target and produces a plume of vaporized and ejected target material during each
pulse. Deposition rates are typically 2-6 nm/min, allowing the growth of epitaxial
materials, although the instantaneous deposition rate during each laser pulse is much
higher than the overall rate. Oxygen gas is generally introduced into the chamber to

provide additional oxidant for the deposition of oxide materials.

The reported properties of Co-doped anatase deposited by PLD vary widely.
Kennedy et al.”>™ studied the deposition of both anatase and rutile on LAO(001) and
STO(001), (011), and (111), with a deposition temperature of 750°C, oxygen
pressure of 1x107 Torr, and high deposition rate of 20 nm/min. Deposition of
anatase on STO(001) resulted in a small fraction of rutile inclusions, while deposition
on LAO, which is better lattice-matched to anatase, produced pure anatase films, as
determined by x-ray diffraction (XRD). When 7% Co-doped anatase was deposited
on LAO, the Co was found to segregate entirely to the film surface and form faceted
Co metal particles at the tip of surface anatase particles. No Co was detected in the
anatase film, and the measured magnetic moment of the film was 1.7 pug/Co, identical
1075

to the value for Co metal. Similarly, Li et a

STO at 750°C. When deposited in 1.5x10™ Torr O,, a secondary phase identified as

deposited 5% Co-doped anatase on

CoT1,05 was observed in XRD. These films were insulating and not ferromagnetic.
Films deposited at 630°C in vacuum resulted in anatase and rutile phases, and no

secondary Co phases were observed. This led the authors to speculate the Co was
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incorporated into the rutile phase. The film was conductive and ferromagnetic with a

moment of 0.16 pg/Co.

Shinde et al.”® deposited 7% Co-doped anatase on STO and LAO at 700°C and
1x107 to 1x10™* Torr O,, and observed strongly ferromagnetic behavior with a
moment of 1.4 pp/Co and a Curie temperature of 1180 K. While no secondary
phases were observed in XRD, further investigation by scanning transmission
electron microscopy (STEM) revealed the presence of Co metal clusters distributed
throughout the film. In contrast to the results of Kennedy et al.,” the authors
reported some Co incorporation into the anatase lattice, and estimated the solubility
limit of Co in anatase as less than 2%. Surprisingly, annealing the film to 1200 K
appeared to dissolve the Co metal clusters into the anatase lattice, as indicated by
STEM images and Rutherford backscattering (RBS) channeling measurements. The
room temperature magnetic moment after annealing remained unchanged (1.4 pg/

Co), although the Curie temperature was reduced to 650 K.

In an effort to clarify the conflicting results reported for PLD-grown Co-doped

anatase films, D.H. Kim et al.”>"’

performed a detailed study of 4% Co-doped
anatase films deposited slowly (< 0.2 nm/min) on STO at 600°C under various
oxygen pressures from 1x107 to 1x10™ Torr. For deposition under high oxygen
pressure, the in situ reflection high energy electron diffraction (RHEED) patterns
remained streaky throughout the deposition, and the smooth surface was confirmed
with ex situ atomic force microscopy (AFM). Deposition under lower oxygen
pressure resulted in spotty final RHEED images, implying three dimensional island
growth. AFM confirmed the presence of surface islands 10-100 nm in diameter. For
all films, XRD indicated phase-pure anatase; the presence of Co metal or other
secondary phases was not observed. Both the ferromagnetic moment and electrical

conductivity increased as the oxygen pressure decreased, with a magnetic moment of

1.7 pp/Co for the film deposited at 1x107 Torr O,. TEM was utilized to observe Co
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cluster formation. Single crystal Co metal clusters of 11 + 6 nm diameter were
observed at the film / substrate interface for films deposited at less than 1x10° Torr
O,; for films deposited at higher oxygen pressure no metal clusters were observed.
These results were confirmed by Co K-edge x-ray absorption spectroscopy (XAS),
which clearly indicated Co in the +2 charge state (similar to CoO) for films deposited
at 1x10” Torr O, and above. For the film deposited at 1x107 Torr O,, the XAS
spectrum was almost identical to Co metal, indicating nearly all the Co in the film
was in the form of Co(0). In an extension of this work, J.-Y. Kim et al.”®
investigated the effect of annealing on the Co distribution and magnetic properties.
Films were deposited on LAO at 650°C in 1x107 to 1x10°® Torr O,, and the Co
concentration was varied from 4% to 10%. Co L-edge XAS of the as-deposited films
indicated Co was in the +2 high spin charge state. The room temperature
ferromagnetic moment, measured by magnetic circular dichroism (MCD), was low
(~0.1 pp/Co), and the MCD lineshape resembled that for Co metal. The films were
then annealed at 400°C under 1x10° Torr O,. After annealing, the XAS spectra
indicated Co metal, and the ferromagnetic MCD signal increased significantly
without changing lineshape, with a final moment of 1.55 up/Co. The presence of Co
metal clusters on the film surface was confirmed by scanning electron microscopy
(SEM). The overall intensity of the XAS spectra did not increase after annealing,
indicating there was no bulk movement of Co into the surface region (the authors
reported their XAS measurement has a probe depth of ~ 10 nm). Films that were
annealed at 650°C under the same conditions also showed evidence of Co clustering
into metallic clusters. In addition, bulk movement of Co to the surface was implied
by the significant increase in the Co XAS signal relative to the Ti and O signals.
Interestingly, if the as-deposited film was annealed in air at 400°C, the magnetism
was lost. The authors attribute this phenomenon to oxidation of the Co clusters
during the anneal. These annealing results are in direct contrast to the results of
Shinde et al.,”® who observed the dissolution of Co metal clusters into the anatase

lattice upon annealing and the retention of ferromagnetism.
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Two key points can be made regarding the deposition of Co-doped anatase by PLD.
The first is the difficulty of the material system. The distribution of Co in the anatase
film depends sensitively on the growth conditions, such as substrate temperature,
oxygen pressure, and growth rate. Small changes in one of these parameters can
have a dramatic effect on the resultant film. For example, the reported magnetic
moment per Co atom ranges from 0.32 pg/Co!**! to 1.4 pup/Col™ for films which are
nominally free of Co clusters. For films in which Co metal clusters are present, they
have been observed at the film / substrate interface,’”’ distributed throughout the
film,”® or on the film surface.”* This variation in morphology and properties leads to
the second key point, which is that careful and thorough materials characterization is
necessary before any claims of DMS behavior can be made. In all these studies,
XRD was employed to determine the crystal structure of the Co-doped film. While
secondary phases such as rutile and CoTi,05 were detected in some films, Co metal
was never observed, even in films in which Co metal clusters were clearly observed
by TEM. The necessity of thorough materials characterization is exemplified by the
reports of Yang et al.,” who deposited 7% Co-doped anatase films on LAO at 400-
700°C and 3x10”° Torr O,. The film properties were improved by UV-PLD, in which
an UV lamp was used to dissociate oxygen molecules near the substrate into more
reactive excited atomic species. Films grown at 400°C by UV-PLD were
ferromagnetic at room temperature, with a Curie temperature > 350 K. XRD
indicated the film consisted of epitaxial anatase with no impurity phases. An Auger
electron spectroscopy (AES) depth profile found Co segregation at the film / LAO
interface, but no further materials characterization was performed to determine if the

Co was present in metallic clusters at the interface, as observed by D.H. Kim et
al.”"" Without substantial proof that metallic Co is not present in their films, the

reported results cannot be considered reliable.

Utilizing oxygen-plasma-assisted molecular beam epitaxy (OPAMBE), Chambers et



39
al %8 have reported a detailed materials characterization study of Co-doped
anatase deposited on STO and LAO. For this study, metallic Ti in an electron beam
evaporator was employed as the Ti source and Co was evaporated from a high
temperature effusion cell. Oxygen gas was introduced through an electron cyclotron
resonance (ECR) plasma to produce atomic and excited oxygen species. By
controlling the oxygen pressure and Ti / O ratio, the concentration of oxygen
vacancies in the anatase films could be varied, resulting in electrical conductivity
ranging from insulating to n-type semiconducting. The initial report by the authors®®
focused on deposition on STO at a growth rate of 1.8 — 2.4 nm/min. Without Co
doping, epitaxial anatase was obtained at substrate temperatures of 550°C and above
with good crystal quality. However, the introduction of Co during the deposition was
found to affect the nucleation and growth of the epitaxial film in a complex way.
Additionally, x-ray photoelectron spectroscopy (XPS) measurements of the Co
concentration in the surface region of the film consistently resulted in a lower Co
concentration than expected. Further depth profiling measurements indicated Co
may diffuse into the STO substrate at elevated temperature (> 550°C). Surprisingly,
the Co distribution in the film was also found to depend critically on the method of
growth termination. If the film was allowed to cool from the growth temperature in
>the presence of the oxygen plasma, a significant concentration of Co was observed to
diffuse to the surface of the film, resulting in a near-surface concentration as high as
50% Co. Depth profiling confirmed the surface segregation of Co, with essentially
no Co in the middle of the film and a slight increase in Co at the film / substrate
interface. However, if the film was allowed to cool in vacuum, no surface
segregation of Co was observed. Co L-edge XAS of films with surface segregation
indicated the films contained a mixture of Co(II) and Co(III), while films without
surface segregation appeared to be Co(II) with a local environment similar to
CoTi03; Co metal was not detected in any of the films. The concentration profile of
Co also affected the magnetic properties of the film. Co-doped anatase films in

which surface segregation was observed were consistently nonmagnetic. Films in
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which no surface segregation of Co was observed were found to be ferromagnetic at
room temperature, with a magnetic moment of 1.26 pg/Co. This value is slightly
higher than the moment expected for Co(II) in the low spin state (1 pp/Co), but the
authors speculate that the asymmetric crystal field associated with the octahedral site
in anatase is not sufficient to fully quench the orbital moment, giving rise to an

additional contribution to the magnetic moment.

Due to the difficulties encountered in depositing Co-doped anatase on STO,
subsequent reports by Chambers et al.***"* focused on depositions on LAO. With a
relatively fast deposition rate of 2.2 nm/min, deposition of anatase on LAO produced
epitaxial anatase films with rutile inclusions. TEM images indicated the rutile
inclusions nucleate near, but not at, the film / substrate interface, and grow during
film deposition to become rutile protrusions on the film surface. When Co-doped
anatase was deposited under these conditions, the Co was found to preferentially
segregate to the rutile inclusions. At slower growth rates (0.6 nm/min), rutile
inclusions were not observed. However, subtle changes in the deposition conditions
at this growth rate dramatically altered the film morphology. In some films, a
smooth surface with Co incorporation into the bulk of the film was observed. In
other cases, large particles (up to 80-100 nm diameter, 7-14 nm high) were observed
on the film surface. Investigation by scanning AES showed the particles were Co-
enriched TiO, with a Co concentration up to approximately 40%, and negligible Co
was observed in the continuous anatase film. TEM images confirmed the particles
were epitaxial anatase, and no indication of Co metal or other secondary phases was
observed. Using Co K-edge XAS, the charge state and local environment of Co
atoms in an insulating smooth film and a semiconducting film with Co-enriched
particles, both with 5% Co, were compared. No significant differences were
observed in the near-edge or extended fine structure of the two films. The near-edge
structure of both films closely matched CoTiOs, indicating Co is in the +2 charge

state. No evidence of CoO or Co metal was observed. Fitting of the extended fine
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structure gave Co to O bond lengths intermediate between the values expected for Ti-
O bond lengths in anatase and Co-O bond lengths in CoTiOs. The effective
coordination number (number of nearest-neighbor oxygens) was calculated to be
5.45. For an ion in an octahedral site in fully stoichiometric anatase, a coordination
of 6.0 is expected. The authors hypothesize that, to maintain charge neutrality, one
electrically inactive oxygen vacancy must be produced for every Co(II) ion that
substitutes for a Ti(IV) in anatase. In this case, the true film stoichiometry would be
written Ti; xCoxO,.x. If each oxygen vacancy remains correlated with the Co ion that
necessitated it, the coordination number for Co would be 5.0. However, if the
oxygen vacancies were distributed randomly throughout the lattice, it was calculated
that the effective coordination number of Co would be 5.82 for 6% Co doping. Since
the calculated coordination number of 5.45 falls between these values, the authors
inferred partial but incomplete structural correlation of the oxygen vacancies and Co
ions. Magnetic measurements of both smooth films and films with Co-enriched
anatase particles consistently produced a room temperature magnetic moment of 1.1-
1.2 pg/Co for semiconducting samples (insulating samples were not ferromagnetic).
Since no evidence of Co metal or secondary phases has been observed, the authors

speculate Co-doped anatase deposited by OPAMBE exhibits true DMS behavior.

In addition to PLD and MBE, a few studies of Co-doped anatase deposited by other

techniques have been reported. Han et al.®

investigated the deposition of Co-doped
anatase on LAO with reactive co-sputtering. Ceramic TiO, and metallic Co targets
were ablated with an Ar ion beam for a growth rate of 0.53 nm/min at a substrate
temperature of 750°C. The pressure was maintained at 5x10~ Torr Ar; no oxygen
gas was introduced. The amount of Co incorporated into the film was found to be
significantly less than expected, although no Co segregation was observed in the as-
deposited films. Despite the oxygen-poor deposition conditions, as-grown samples

were found to be insulating. Annealing in vacuum (<107 Torr) at 750°C

significantly reduced the resistivity. Room temperature ferromagnetism was
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observed for an as-deposited film, with a magnetic moment of 1.135 pp/Co.
Annealing in vacuum was found to significantly increase the saturation
magnetization of the film. The authors speculate this increase could be due to Co

clustering into metallic particles in the oxygen-poor annealing conditions.

D.H. Kim et al.* studied the magnetic properties of Co-ion-implanted anatase films.
Pure epitaxial anatase films 500 nm thick were deposited on STO by PLD. Co" ions
of 250 keV energy were then implanted at a doping level of 3x10'® jons/cm? or
5x10' ions/cm?, resulting in 3% or 5% Co doping and ~200 nm incorporation depth.
The films were then annealed at 300-600°C under 1x10° or 1x10"! Torr O,. The
retention of the anatase phase after ion implantation and annealing was confirmed by
XRD. As-implanted films appeared to be ferromagnetic at 5 K but paramagnetic at
room temperature. The authors interpreted the magnetic results as
superparamagnetic behavior. Superparamagnetism arises from small ferromagnetic
particles or precipitates in which the anisotropy energy, which holds the
magnetization along an easy crystal direction, is reduced with size. At a critical
particle size, the anisotropy energy becomes comparable to the thermal energy, and
the magnetization of the particle can spontaneously switch direction; the temperature
at which this occurs for a given particle size is known as the blocking temperature
(Tg). In this regime, the particles behave as paramagnetic materials, but with a much
larger magnetic moment. Kim et al. calculated that Co metal clusters of
approximately 3 nm diameter would produce the observed superparamagnetic
behavior. STEM images confirmed the presence of 3-5 nm diameter particles in the
as-deposited film. Energy-dispersive x-ray spectroscopy (EDS) confirmed the
particles are significantly enriched in Co, although it could not be determined
whether the particles were metallic Co or a ferromagnetic Co intermetallic
compound. Post-annealing increased the particle size, and above a certain particle
size room temperature ferromagnetism was observed, with a magnetic moment of 1.5

up/Co attributed to the ferromagnetic Co metal clusters.
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Metalorganic chemical vapor deposition (MOCVD) utilizing a liquid delivery system
for the solid metalorganic precursors of Ti and Co was employed by Seong et al.¥’
for Co-doped anatase deposition onto SiO; (200 nm) / Si. The growth pressure was
held at 1 Torr, with a gas flow of 50 sccm O, / 50 sccm Ar. As-deposited films were
annealed in vacuum (1x10° Torr) at 700°C. Weak polycrystalline anatase was
observed by XRD for annealed films deposited at 400°C regardless of Co content;
annealed films deposited above 400°C were polycrystalline rutile. Annealed films
deposited at 400°C with Co concentrations of 3%-12% were ferromagnetic at room
temperature. For Co concentrations < 5%, no surface particles were observed after
annealing and the ferromagnetism was attributed to Co-doped anatase. For Co
concentrations > 5%, large Co,Ti, particles were observed on the surface, with a
corresponding increase in the saturation magnetic moment. The magnetization of
these samples was attributed by the authors to both ferromagnetism of Co-doped

anatase and soft magnetic properties of the Co,Ti, precipitate phase.

Several groups have produced Co-doped anatase by sol-gel processing. Soo et al.%
produced 6% Co-doped anatase powder which was annealed at 220°C, 450°C, or
1000°C in air. XRD indicated the as-grown and 220°C annealed powders were
amorphous, the powder annealed at 450°C was primarily anatase with some rutile,
and the 1000°C annealed sample was entirely rutile. The as-grown and 1000°C
annealed powders were paramagnetic at room temperature, but the powders annealed
at 220°C and 450°C were ferromagnetic. The near edge structure of Co K-edge XAS
confirmed Co was in the +2 oxidation state. The extended fine structure confirmed
the amorphous morphology of the low temperature samples. For the 450°C annealed
powder, the extended structure was fit an anatase-like local environment.
Unexpectedly, the extended structure of the 1000°C annealed sample also appeared
to be anatase-like, despite the rutile crystal structure observed in XRD. Manivannan

et al.¥” produced 10% Co-doped anatase powder which was annealed to 475°C. In
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contrast to the result by Soo et al.,*®

the powder exhibited paramagnetic behavior at
room temperature. Room temperature ferromagnetism was induced by passing H,
gas over the powder at 300°C. After hydrogenation, no Co metal was detected by
XPS. The authors speculate that H, increased the conductivity by removing oxygen
from the powder, although the conductivity of the powder was not measured. Shim
et al.®® used sol-gel processing to spin-coat thin films onto LAO and SiO,/Si
substrates. Films annealed in air at > 500°C crystallized into anatase, with (001)-

preferred orientation on LAO. The films were found to be ferromagnetic at room

temperature.

Theoretical calculations have been performed on the Co-doped anatase material
system in an attempt to clarify the experimental discrepancies from an ab initio first-
principles approach. The calculations were all based on density functional theory
(DFT). DFT calculations are based on minimization of the total energy of an
interacting electron system. For a magnetic system, the exact mechanism resulting in
magnetic ordering is not assumed nor revealed in calculation; instead, the local spin
density approximation (LSDA) is utilized, in which the electron-correlation
properties are determined at each point in space by the local charge density of
interacting electrons. The spin-orbit coupling is neglected, implying zero orbital

magnetic moment, unless another term in the calculation is explicitly included.®

Park et al.%* used the linearized muffin tin orbital (LMTO) band method with the
LSDA to calculate the density of states of an anatase supercell (Ti,603;) in which
zero, one, or two Ti atoms are replaced by Co atoms (x = 0, 0.0625, or 0.125). For
the case of pure anatase, the calculated band structure was consistent with previous
results, although the calculated TiO, bandgap, 4.0 €V, is an overestimation of the
known bandgap of anatase (3.2 eV). The top of the valence band was calculated to
consist primarily of O 2p character, while the bottom of the conduction band was

primarily Ti 3d. Replacing one Ti with an isoelectronic Co (as Co(IV)) in the lattice
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placed the Co d-states in the bandgap of TiO,, as expected. The d-states were split
by the crystal field into e, and #,, levels, and to a lesser extent the levels were split by
the exchange interaction. The Fermi level was calculated to fall above the spin-down
t2¢ band but within the spin-up #,; band, resulting in 100% spin-polarized half-
metallic character. This band arrangement led the authors to speculate the
mechanism of ferromagnetic ordering in Co-doped anatase is a double exchange
mechanism involving the Co d-states. Since the exchange splitting of the #,, band
was less than the crystal field splitting of the #,, and e, bands, the Co was predicted to
be in a low spin state, with a spin magnetic moment of 1 pup/Co atom. However, the
calculations showed the orbital magnetic moment was not fully quenched by the
crystal field, resulting in an orbital moment of 0.9 pp/Co and thus a total magnetic
moment of 1.9 pup/Co. The effect of oxygen vacancies, which allow Co to assume
the +2 charge state, was also investigated. The calculations indicated that an O
vacancy in a Ti octahedron was most stable and had little effect on the overall band
structure. However, an O vacancy in a Co octahedron, which may occur during a
nonequilibrium growth technique such as MBE, resulted in further asymmetry in the
crystal field, entirely lifting the degeneracy of the Co d-states. In this case, the Co
assumed an intermediate spin state with a total magnetic moment of 2.53 pp/Co.
Calculations were also performed on a supercell containing two Co ions separated by
two nearest-neighbor O atoms and one Ti atom, and it was found that the
ferromagnetic ground state was slightly more energetically favorable than the

antiferromagnetic ground state.

Utilizing the all-electron full-potential linearized augmented plane-wave (FLAPW)
method and CASTEP pseudopotential code, as well as LSDA to describe the
exchange-correlation interaction, Yang et al.’ calculated the electronic structure and
magnetic properties of Co-doped anatase and rutile. The lattice constants and atomic
positions of both anatase and rutile were optimized through the LSDA total energy

and atomic forces, and found to be in agreement with the known experimental values,
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although the calculated bandgap of 2.5 eV is a significant underestimation. In all
cases, the Co d-states were calculated to fall within the bandgap of TiO,, with a half-
metallic configuration. The quantitative substitution energies calculated for Co
substitution into TiO, were large (7.23 eV/atom for rutile, 8.51 eV/atom for anatase),
indicating low solubility of Co in either lattice. Uniform doping of Co in anatase was
calculated to be less energetically favorable than uniform doping of Co in rutile.
Calculation of the magnetic properties of Co ﬁniformly distributed in rutile and
anatase yielded the ferromagnetic ground state for both lattices, with 0.56 pu/Co for
rutile and 0.71 pp/Co for anatase. However, non-uniform Co distribution with
shorter Co-Co bond lengths was found to be more energetically favorable than
uniform distribution in anatase. Several conﬁgurations of non-uniform Co
distribution in anatase produced a ferromagnetic ground state, with a magnetic
moment ranging from 0.68 pp/Co to 0.71 pp/Co. A ferrimagnetic state was only
slightly less energetically favorable. The effect of oxygen vacancies was not
investigated. In all cases, the exchange interaction between Co atoms was found to
be strong despite the low magnetic moment and spatial separation of the atoms. The
authors speculate this property results in the experimentally observed high Curie

temperature.

Sullivan et al.’* used DFT to calculate the formation energies of interstitial Co,
substitutional Co, oxygen vacancies, interstitial Ti, and a defect complex consisting
of a substitutional Co and nearest-neighbor oxygen vacancy. The calculations were
performed assuming an equilibrium temperature of 700°C, which is a typical
deposition temperature for Co-doped anatase thin films. The calculations were
evaluated in the local density approximation (LDA) within the ultrasoft
pseudopotential formalism. The LDA is known to underestimate the bandgap; the
bandgap calculated for anatase was 2.2 ¢V. Calculations of Co substituting for Ti
indicated the Co d-states, which fall within the TiO, bandgap, were split by the

crystal field into e, and 7,, states, separated by 1 eV. In addition, the e, states were
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further split by 0.3 eV, and the 1,, states were split by 0.2 eV. The exchange splitting
further separated the spin-up and spin-down states. The authors assumed the orbital
magnetic moment is fully quenched. For both substitutional and interstitial Co(ID),
the magnetic moment was calculated to be 1 pg /Co. The defect formation energies
were calculated in the oxygen-rich thermodynamic limit, which is the condition
assumed by Chambers et al.***? for OPAMBE deposition conditions. However, the
calculations predict several properties known to be incorrect from experiment: Co
was found to be substitutional with a magnetic moment of 1.0 pp/Co, not 1.26 pg/
Co,°** placement of the Fermi energy below midgap is incompatible with the
known n-type doping of anatase, and Co(IV) was calculated to be the stable
oxidation state of substitutional Co, in contrast to numerous experimental results
indicating Co is in the +2 charge state. Calculations in the oxygen-poor limit,
however, predicted both substitutional and interstitial Co ions. The interstitial Co
ions were predicted to be in the +1 charge state, with a magnetic moment of 2 pg/Co.
In combination with Co(Il) in substitutional sites, the authors speculate interstitial Co
(I) may account for the measured magnetic moment of 1.26 pug/Co. Co(I) has not
been directly observed or ruled out in experimental studies. In addition, calculations
show the n-type carrier density may not be the result of oxygen vacancies, but instead
incomplete compensation of the interstitial Co(I) by substitutional Co(II). Oxygen
vacancies were found to have a negligible effect on the electronic structure or carrier
density of Co-doped anatase, although this may be a limitation of LDA, which also

does not predict n-type doping by oxygen vacancies in pure anatase.

The theoretical calculations performed to date agree on several key points. In all
cases, the Co d-states are found to fall within the TiO, bandgap, with half-metallic
behavior predicted due to the position of the Fermi level in one of the spin-split 7,
levels. Ferromagnetic ground states at room temperature are calculated for several
Co doping configurations, although none of the calculations are able to reproduce the

magnetic moments observed experimentally. A hint of the energetics favoring Co
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1.0

clustering was observed by Yang et al.,”” who calculated non-uniform Co doping in

anatase. Disagreement amongst the calculations occurs on the role of oxygen

1. found to strongly influence the calculated magnetic

vacancies, which Park ef a
moment but Sullivan ef al.’' found to have negligible effect on the electronic or
magnetic properties. This may be due to inherent inadequacies in the calculations
employed, such as the underestimation of the TiO, bandgap by LDA. Alternatively,
it may originate in the assumption by Park et al. that the orbital magnetic moment of
substitutional Co is not fully quenched in anatase, while Sullivan et al. assume a fully
quenched orbital moment. It is evident that the assumptions, implicit and explicit, in
the theoretical calculations of the electronic and magnetic structure of Co-doped
anatase must be refined to reproduce the experimental results. Thus it appears that,
instead of guiding experiment, theory will evolve along with experiment such that
theoretical results will be investigated experimentally and experimental results will
be explored theoretically, eventually resulting in a detailed understanding of the Co-
doped anatase material system. The discrepancies in both the experimental and

theoretical results to date indicate significant contributions must still be made before

a detailed understanding emerges.

Cobalt-doped SrTiO;

Strontium titanate, SrTiO;, has the cubic perovskite structure shown in Figure 1.10
(), with a lattice constant of @ = 3.905 A. The Ti(IV) ion has undistorted octahedral
coordination, with a Ti-O bond length of 1.95 A. SrTiO; (STO) is a wide bandgap
oxide with a bandgap of 3.3 ¢V.”? In contrast to anatase TiO,, reducing STO to
achieve n-type semiconducting behavior is hindered by the ease with which
secondary phases form. For bulk single crystals of STO, secondary phases have been
observed near the surface for crystals processed under either oxidizing or reducing

conditions at 950-1000°C.”* Ruddlesden-Popper phases of rock salt SrO layers
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Figure 1.10. (a) Perovskite SrTiOj; unit cell (space group Pm3m). Light spheres are Sr, black
sphere is Ti, dark spheres are O. (b) Unreconstructed Si(001) surface. Dark spheres are top layer Si
atoms, light spheres are Si atoms below top surface. Lattice spacing of atoms in a cubic cell rotated
45° from the Si unit cell is indicated.

interspersed in the STO lattice (SrO-(SrTi0s),,), as well as reduced titanium oxide
phases (such as TiO and Ti,0) were observed by XRD after thermal treatment.
Formation of these secondary phases to accommodate oxygen (or cation) non-
stoichiometry makes evaluation of the electrical properties difficult. Secondary
phases are generally observed in a 50-100 nm thick surface region in bulk crystals;
secondary phase formation in thin films (whose total thickness is generally on the
order of 100 nm or less) is much less well understood, although both Ruddlesden-
Popper phases and Ti-rich amorphous regions have been observed in homoepitaxial
STO thin films.*** To achieve n-type conductivity, bulk STO can be doped with

donor impurities such as La**” or Nb.[*%
Literature review of Co:SrTiO3

Magnetic studies of perovskites have focused almost exclusively on ferromagnetic
manganites, which exhibit colossal magnetoresistance (CMR) associated with a
significant drop in resistivity at their Curie transition temperature.”® The perovskites
are based on T, x\D,MnOQOs, in which T is a trivalent lanthanide cation such as La(III)
and D is a divalent alkaline earth cation such as Ca(II), Sr(II), or Ba(II). The end
compositions (i.e. LaMnO; and CaMnOs) are antiferromagnetic, resulting from

superexchange between Mn cations. Doping with 20-40% Ca, Sr, or Ba produces a
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ferromagnetic ground state®® (which can be above room temperature®) with
associated CMR behavior at the Curie temperature. The double-exchange
mechanism is believed to be at least partially responsible for the ferromagnetic

ordering in manganite perovskites.?**

Interest in SrCoQj originated with the discovery of unusual electrical and magnetic
properties in La;.,Sr,CoO;, which undergoes a transition to a metallic ferromagnet as
x increases.”!® SrCoOQ; is a cubic perovskite (a = 3.83 A)'® containing Co(IV), and
is also metallic and ferromagnetic below a Curie temperature 6f approximately

220 K,'® with an effective saturation magnetic moment of 2.1 — 3 ;J.B.IOO’”“ An
intermediate spin state for Co(IV) has been inferred for this system.”'*! Fully
oxygen-stoichiometric SrCoQ; is difficult to obtain by bulk ceramic processing
methods. Oxygen-deficient SrCoO; s undergoes order-disorder phase transitions to

102,103 i1y which

form perovskite-related structures such as brownmillerite (SrCoO, s),
the oxygen vacancies are ordered within the lattice and reduced Co cations occupy
an equal number of distorted tetragonal and distorted octahedral sites. While Co(III)

is generally assumed to occupy both sites, '

there is evidence that Co(II) occupies
the tetragonal sites and Co(IV) occupies the octahedral sites.'”® Oxygen-deficient
SrCo0O; 5 has received attention recently for application as oxygen separation

membranes and as electrodes in solid oxide fuel cells.'®!'*

Kharton ef al.'™ studied the oxygen permeability characteristics of bulk ceramic solid
solutions of SrCo0;_5 — SrTiO;. Results indicated SrCo,.,Ti,O;.5 formed a solid
solution for x < 0.2 and x > 0.7; material with intermediate values of x exhibited
phase segregation. From this, the equilibrium solid solubility of Co in SrTiO; is
predicted to be approximately 30%. However, the study focused on the oxygen

diffusion through the ceramics, and the magnetic properties were not measured.

Very little work has been attempted on developing DMS materials based on
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perovskites. Nakayama et al.'® performed DFT calculations utilizing the FLAPW
method within the framework of the LSDA to determine the magnetic ground state of
perovskite BaTiO; doped with 25% of 3d transition metals (Sc through Cu). Placing
a transition metal dopant in the octahedral Ti(IV) site was calculated to result in
crystal field splitting of the d-states, creating impurity states in the bandgap of
BaTiO;. BaTiO; doped with Cr or Fe was predicted to be ferromagnetic at room
temperature, and it was speculated that the mechanism of magnetism was double
exchange. Mn doping was calculated to be antiferromagnetic due to the
superexchange interaction between Mn ions. However, the ferromagnetic state was
stabilized by adding free carrier holes. Doping with Co was calculated to result in a
nonmagnetic material, although due to inherent deficiencies in LSDA the authors
hypothesized that Co-doped BaTiO; should be ferromagnetic, although a high Curie

temperature was not expected.

Following the theoretical prediction by Nakayama et al., Lee et al.'® studied the
magnetic properties of bulk single crystal BaTiO;, SrTiO;, and KTaO; ion-implanted
with Co or Mn. The ion implantation was performed at 350°C with 250 keV ions at
a dose of 3x10'® ions/cm? or 5x10'® jons/cm?, resulting in an incorporation depth of
approximately 200 nm and a transition metal concentration of 3 or 5%, respectively.
The crystals were then annealed at 700°C under flowing N to partially repair
implantation damage. No secondary phases were observed by XRD for the
implanted samples. BaTiO; was found to be ferromagnetic near room temperature
when doped with Mn, while ferromagnetism at room temperature was observed for
Co-implanted BaTiO;. For SrTiO;, implantation with 5% Mn resulted in
paramagnetic behavior, while doping with 3% Mn produced ferromagnetism near
room temperature. The authors attribute this to antiferromagnetic coupling of the Mn
ions at the higher doping concentration. Implantation with Co resulted in room
temperature ferromagnetism for both concentrations. Similar results were obtained

for KTaO;, where Mn implantation produced ferromagnetism with a Curie
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temperature of ~ 250 K, and implantation by Co resulted in room temperature

ferromagnetism.

Zhao et al.’® deposited Co-doped Lag sSrosTiO3.5 on LAO substrates by PLD. High
quality perovskite structure films were obtained, with no secondary phases observed
by XRD. Ferromagnetism of 1.5% Co:(La,Sr)TiO; was observed at room
temperature, with an estimated Curie temperature of 450 K. STEM images
confirmed the high crystalline quality of the film without evidence of clusters or
inclusions, although electron energy loss spectroscopy (EELS) indicated an
inhomogeneous Co distribution on the scale of 1-2 nm for the 7% Co-doped sample.
The role of carriers on the magnetic properties was investigated. It was found that
ferromagnetism only occurred for intermediate film resistivity values of 10%-10*
pQ-cm, which the authors interpreted as evidence of the complex role of carriers,
provided both by oxygen vacancies and Co substitution, in mediating the magnetism.
The highest magnetic moments obtained, for 1.5% Co doping and a film resistivity of
10%-10° uQ cm, was ~ 2.5 up/Co. The authors speculate this high moment may result
from high and low spin admixtures of Co(II) and Co(III) present in the film.

Oxide growth on silicon

Perovskites such as SrTiOj; are prime candidates for epitaxial deposition on Si(001)
due to the close lattice match of SrTiO3(001) and Si(001) if the a-b plane of the STO
lattice is rotated 45° relative to Si, such that (001)SrTiOs // (001)Si and [100]

SrTiOs3 // [110]Si (see Figure 1.10(b)). However, the deposition of oxides on Si is
greatly complicated by the ease with which Si oxidizes to form an amorphous SiO,
layer, which destroys the epitaxial Si template. Successful deposition of an oxide on
Si without the formation of an interfacial SiO, layer was first demonstrated by

McKee et al.,'”” who deposited epitaxial SrTiO; on Si by MBE utilizing intermediate
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Sr silicide and SrO layers. Deposition of ¥4 ML Sr on clean (2x1) Si at 850°C was
found to produce a 4x2 reconstructed surface as observed by RHEED. Subsequent
deposition of additional Sr metal at low temperature (200°C), followed by deposition
of 1 ML SrO, was found to satisfactorily protect the Si surface from oxidation while
preserving the epitaxial template. STO deposition was then initiated by deposition of
1 ML TiO; followed by 1 ML SrO, resulting in 1 ML of STO(001). High resolution
TEM images of the interface led the authors to conclude the initial ¥ ML Sr formed
SrSi; silicide, in which Sr atoms have replaced and displaced Si atoms at the
interface. The presence of this silicide was hypothesized to thermodynamically
protect the Si interface from oxidation. As a candidate replacement gate oxide
material in MOSFET devices, 10 nm STO deposited by this method was
demonstrated to have an equivalent oxide thickness of 5.4 A and favorable electrical

properties, although a forming gas anneal was necessary to passivate defects.'®

The deposition of STO on silicon as a replacement gate oxide has been extensively
studied by Motorola.'®!"* To clean Si(001) in UHV, the surface was exposed to Sr
at < 800°C.'"* At this temperature, Sr scavenged oxygen from surface contaminants
and SiO, to form volatile SrO, which then thermally desorbed from the surface.
Additional Sr remained on the surface as an ordered sub-monolayer silicide. This
silicide layer was exposed to a low pressure of oxygen (1 — 5 x10® Torr) at 200-
300°C, producing a silicate structure, before codeposition of Sr and Ti was initiated
to deposit STO. Recrystallizing the STO at high temperature and low oxygen
pressure (< 5x10” Torr) after each deposition of approximately 1-3 ML produced

epitaxial STO without an interfacial oxide.

The results of McKee ez al.'®” and Li et al. from Motorola'"? illustrate the importance
of the Sr silicide layer in protecting the Si surface from oxidation. However, the
exact structure of this layer, and the optimum structure for maximum oxidation

resistance and favorable electrical properties, is still debated. Liang et al.''® observed
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several surface reconstructions, as observed by RHEED, as the clean Si(2x1) surface
was exposed to Sr. At approximately 0.35 ML Sr, a 3x2 reconstruction was
observed. Increasing the Sr dosage to 0.5 ML produced a 2x1 reconstruction.
Further Sr exposure resulted in 5x1, 7x1, and 8x1 reconstructions. Of these, only 0.5
ML Sr (2x1 reconstruction) was found to be oxidation resistant when exposed to
1x10 Torr O, a temperatures <200°C. Subsequent annealing in vacuum at <500°C
was required to recrystallize the surface, which was then found to be oxidation
resistant at high temperature (450°C) and high oxygen pressure (5x107 Torr).
Investigation of this structure by XPS revealed a small peak in the Si spectrum that
was attributed to an interfacial silicate with Sr,SiO, stoichiometry. In contrast,
Lettieri et al.''® found that, in deposition of both % ML and % ML Sr deposited on
clean Si(2x1), the RHEED pattern of Si[110] underwent a transition from 2x to 3x
and back to the 2x reconstruction. Epitaxial deposition of SrO could be achieved
with either % or 2 ML Sr, with subsequent deposition of physisorbed Sr metal (3/8

ML) at low temperature before oxidant was introduced.

Recent theoretical calculations based on DFT have attempted to clarify the role of the
Sr silicide in the deposition of oxides on Si.''”"''® Introduction of ¥ ML Sr onto
clean reconstructed Si(001) was found to passivate the surface Si dangling bonds,
with Sr atoms sitting in the surface troughs between four Si dimers. Introduction of 1
ML oxygen to this surface resulted in oxygen bonding to the dimerized Si atoms;
addition of further oxygen results in oxygen insertion into the dimer bonds to form
Si-O-Si. These interface structures are simpler than the structures observed
experimentally. Calculations showed that both the oxygen-free surface and surface
with 1 ML oxygen were insulating, with no interface states in the gap. The
conduction band offset between STO and Si was found to depend strongly on the
interface structure, with a much larger offset for the oxidized silicide structure. This
large barrier to conduction electron injection from STO to Si is necessary for gate

oxide applications. In addition, Peacock et al. calculated the properties of the
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1.197 and found the interface would behave

interface structure proposed by McKee et a
as a metallic conductor, with poor electrical properties for gate oxide applications.
McKee et al. demonstrated favorable electrical characteristics of STO on Si with the

1.''7 speculate this discrepancy may

interface structure observed in TEM; Peacock et a
be due to differences in the interface structure of the film prepared for TEM and the

film prepared for capacitance measurement.

For spin injection in spintronic devices, a small conduction band offset between the
DMS and silicon is necessary. Despite the theoretical predictions of a large
conduction band offset for the oxidized interface structure, experimental
determination of the conduction band offset of STO on Si by XPS has produced a
very small offset (0 — 0.1 eV)."'*?® While detrimental for gate oxide applications,
this is a promising result for spin injection from Co-doped STO into silicon.
Additionally, Tuan et al.”® have measured the band offsets for 5 ML anatase TiO, / 5
ML STO / ¥a ML Sr/ Si(001) deposited by MBE, and found the conduction band
offsets to be 0.1 + 0.1 eV at both interfaces, indicating the possibility of spin
injection from anatase through STO to Si. STO is a well-suited template layer for the
deposition of anatase on Si; the lattice mismatch between anatase and STO is only -
3%. However, aside from the report of Tuan et al., there have been very few reports
of the deposition of epitaxial anatase on Si. Utilizing PLD, Sugiharto et al.®’
deposited a thick TiN buffer layer (227 nm) on clean Si(001), followed by deposition
of thick SrTiOs (450 nm), and finally anatase TiO, (762 nm). Although epitaxy of
the TiN, STO, and anatase films was observed by XRD, rocking curve measurements
indicate the layers are of poor crystalline quality. In addition, RBS data indicated

significant diffusion of Si and TiN.

To date, neither epitaxial Co-doped anatase nor Co-doped STO deposited on Si for
evaluation as a potential DMS spin injector material has been reported. Deposition

on Si is expected to significantly complicate the growth procedure due to attempts to
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limit or eliminate interfacial reactions. In addition, the film strain and defect
formation are expected to differ on Si versus oxide substrates. These issues need to
be investigated and addressed through careful experimental work and detailed
materials characterization to realize successful integration of a DMS material onto Si

for practical spintronic devices.
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CHAPTER II: EXPERIMENTAL METHODS

Deposition chamber

Thin films were deposited in a custom-designed molecular beam epitaxy (MBE)
chamber from DCA Instruments, as sketched in Figure 2.1(a). Pumping is provided
by both a cryopump (CTI-Cryogenics) and an ion pump (Varian), with a separate
gate valve between each pump and the chamber. A base pressure in the low 107'°
Torr range (as measured by an ion gauge) is ac':hieved after baking; after repeated
introduction of oxygen during depositions the base pressure is in the low 107 Torr
range. A vertically oriented cryoshroud around the sides of the chamber can be filled
with liquid nitrogen, allowing the inner chamber walls to be cooled and act as a
sorption pump, reducing the base vacuum pressure from the low 10 Torr range to
the low 10" Torr range before a deposition is initiated. A horizontal heat exchanger
located above the chamber floor (at the level of the metal beam sources) is cooled by

chilled water.

The chamber is equipped with a sample manipulator (Thermionics Northwest, Inc.)
capable of 3-axis rotation as well as x, y, and z translation. Substrates 1 cm x 1 cm
square and 1 mm thick are mounted on specialized Ta sample holders (Figure 2.2)
which allow transfer between the MBE chamber and the appended x-ray
photoelectron spectroscopy (XPS) chamber. Substrates are placed on the Mo
backing plate of the holder, and held in position by a 1 mm thick Ta retainer ring
with a 1 cm square opening (which fits around the substrate). A thin Ta foil shim
ring with a 1 cm diameter circular opening is spot-welded to the top of the retainer
ring to hold the corners of the substrate. Deposition occurs on the exposed 1 cm
diameter circle in the center of the substrate. Once attached to the manipulator, the
substrate faces down in the center of the chamber for deposiﬁon. Sample heating is

accomplished by electron bombardment from a high voltage filament located on the
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Figure 2.1. (a) Cross-section sketch of MBE deposition chamber utilized for thin film deposition. For
clarity, RHEED apparatus and vacuum pumps are not shown. (b) Schematic of metal source locations

in chamber if viewed from the top.
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Figure 2.2. Sketch of substrate sample holder. The substrate sits on the backing plate, and is held in
- place with the retainer ring; the thin shim ring is spot-welded to the retainer ring and holds the corners
of the substrate.

manipulator, which heats the Mo backing plate of the sample holder. The sample
surface temperature is monitored by a dual-wavelength optical pyrometer (Ircon)
mounted outside the chamber, which views the sample through a sapphire window.
Since the pyrometer measures the infrared radiation emitted by the heated sample at
two wavelengths (1.1 and 1.6 pm for temperature measurement in the range 550-
1000°C), the emissivity of the surface does not need to be known. However, the
difference in emissivity of the material at the two wavelengths does need to be
known to produce an accurate temperature reading. For silicon, this value is known.
The value for several other substrates commonly employed was determined ex situ
by calibrating against a thermocouple. Difficulty in temperature measurement is
encountered in substrates which are transparent at either of the measured infrared
wavelengths (such as SrTiOs). In this case the temperature reading more accurately

reflects the temperature of the backing plate than the substrate surface.

The MBE chamber can accommodate seven metal deposition sources. The position
of the seven sources is given in Figure 2.1(b). The floor of the chamber contains
three Knudsen-style effusion cells, containing Sr, Co, and Ti, aimed at the sample
growth position. Each cell has a crucible of approximately ¥2" diameter to hold the

metal source; heating to evaporation temperatures is achieved by a resistance
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filament coiled around the crucible. Cell temperature is monitored by a
thermocouple and controlled by an external temperature controller (Eurotherm).

Flux calibration is achieved by placing a quartz ‘crystal oscillator (QCO) in the
sample position. The metal flux is then calibrated against cell temperature. Each cell

is equipped with a shutter to block the metal flux.

Four shuttered electron beam evaporator sources are arrayed just above the chamber
floor, containing Ti (two sources), Cr, and Fe. Each e-beam evaporator source
contains a crucible approximately 1” diameter to hold the metal source; the source is
heated by electron bombardment from a high voltage filament. Sweep coils move
the electron beam in a roughly circular motion on the surface of the source material
to promote uniform heating and evaporation of the metal. Metal flux is monitored
and controlled by atomic absorption spectroscopy (AAS). For each metal source, a
lamp is utilized which produces a wavelength that is absorbed by the metal. This
wavelength is brought to the chamber through a fiber optic cable, passed into the
chamber through a quartz window after focusing and alignment optics, and directed
through the metal atom beam, where some of the intensity is absorbed. A similar
window and set of optics across the chamber collects the light. The intensity
difference between the incident and collected light is proportional to the metal flux.
Utilizing the QCO, the absorption can be calibrated to the absolute metal flux. Thus
the absorption of the AAS light is monitored to measure the metal flux; control of the
flux is accomplished by adjusting the e-beam filament current to maintain the desired
absorption. Difficulties are encountered when a low flux of atoms with a small
absorption cross-section is necessary for growth of high quality films, since the
absorption signal may be reduced until it is on the same order as the noise of the
AAS system. For example, to obtain the desired flux of Ti for SrTiO; deposition on
silicon, 0.4% absorption is necessary; the typical noise of the system is + 0.3%. In
addition, the AAS absorption baseline has been observed to drift when the metal

source begins evaporating, which can lead to a significant discrepancy between the
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desired and actual metal flux.

Oxygen is utilized as the oxidant in oxide film deposition. Oxygen is introduced via
a leak valve into an electron cyclotron resonance (ECR) plasma chamber (tectra
GmbH). A microwave magnetron generates 2.45 GHz microwaves which excite the
oxygen in the plasma tube, creating a plasma. The plasma density is significantly
increased by a magnetic quadrupole arranged around the plasma chamber, which
generates a static magnetic field. The combination of microwave frequency
radiation and the static magnetic field induces free electrons in the plasma to undergo
electron cyclotron resonance. The free electrons are accelerated in the ECR region,
which significantly increases their path length in the plasma and results in more
collisions with oxygen species. An ion trap removes ions from the plasma as the
beam exits the plasma tube. The exit of the plasma tube is directed at the sample
surface. Thus the oxygen pressure at the sample surface is approximately an order of
magnitude greater than the pressure measured by the ion gauge. Typical plasma
power settings are 70 mA and the ion trap set at approximately 1/3 of full scale. If
the plasma unit is not powered, molecular oxygen can be introduced through the

plasma unit into the chamber.

Reflection high energy electron diffraction (RHEED)

Real-time in situ analysis of the thin film surface during deposition is achieved with
reflection high energy electron diffraction (RHEED).'” The RHEED apparatus
(Staib) consists of an electron gun producing high energy electrons (typically 15
keV) and a phosphor screen for electron detection, as illustrated in Figure 2.3(a).
The electron beam crosses the sample at a very grazing angle of incidence (2.55° off
the sample surface) such that the electrons only penetrate the first one or two atomic
layers at the surface. The electron coherence length is approximately 1000 A in

RHEED; each surface atom illuminated by the incident electron wavepacket will
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Figure 2.3. (a) Sketch of the experimental apparatus for RHEED. The substrate is mounted to the
manipulator in the MBE chamber; the electron gun and phosphor screen are also in vacuum. (b)
Schematic representation of various RHEED diffraction modes, as well as example RHEED diffraction
images of each: diffraction arc from a smooth surface with broad terraces; streaky pattern from a
smooth surface with small terraces; bulk diffraction through epitaxial surface roughness or surface
particles; diffraction rings from a polycrystalline surface or surface particles.
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coherently backscatter a portion of the incident wave. Constructive interference of
the backscattered waves produces a diffraction pattern according to the Laue
condition for diffraction,

Re(k-K') =27m (2.1
where R is a real space lattice vector, k is the wave vector of the incident electron, k'
is the wave vector of the scattered electron, and m is an integer. Aiming the incident
electrons along densely-packed atomic rows results in high symmetry diffraction
patterns collected by the phosphor screen at a grazing exit angle from the surface.
The sample manipulator provides rotation of the azimuthal angle ®, allowing
RHEED images to be collected along these desired high-symmetry directions. The
spacing of the diffraction features is inversely proportional to the periodicity of the
surface. Surface reconstructions which affect the surface periodicity, such as the 2x1
reconstruction of Si(001), are observed as additional diffraction spots. Several
possible diffraction images are presented in Figure 2.3(b). On surfaces in which the
surface features are spaced further apart than the electron coherence length, such as
steps between broad terraces on well-polished substrates, the surface appears
atomically smooth and the resulting RHEED diffraction pattern consists of an arc
(Laue circle) of spots. Small surface features spaced more closely than the coherence
length, such as atomic steps, broaden the RHEED diffraction spots into streaks. An
epitaxial film with a two-dimensional layer-by-layer growth mode will produce a
streaky RHEED pattern. The electron beam will diffract through larger surface
roughness features, such as three-dimensional islands, creating a spotty bulk
transmission diffraction pattern. Polycrystallinity of either the smooth film surface
or islands appears as diffraction rings. A charge-coupled device (CCD) camera and
computer software are utilized to capture the RHEED diffraction patterns from the
phosphor screen. In addition, the software allows real-time monitoring of the
oscillating intensity of diffracted streaks during layer-by-layer growth mode
depositions; the period of the intensity oscillation is (usually) the time required to

deposit one monolayer.
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Deposition procedures

In the following discussion one monolayer of Sr metal is defined as 6.78x10'* atoms/
cm’ or one Sr atom at each Si site on the Si(001) surface, and one monolayer of
SrTiOs is defined as one unit cell of SrTiOs, consisting of one layer of SrO and one
layer of TiO,, strained to Si(001) such that the in-plane lattice parameter is 3.84 A.
One monolayer of anatase is defined to be % of the unit cell height, or 2.38 A, and

the film is assumed to be strained to Si.
SrTiO; on Si

The deposition method utilized for SrTiO; (STO) on Si(001) is a modification of the
methods developed by Li et al. at Motorola® and McKee et al. at Oak Ridge National
Laboratory.? Silicon substrates with (001) orientation (Virginia Semiconductor) were
carefully prepared to avoid metals contamination. Substrates were handled by plastic
tweezers only and were not allowed to come into contact with stainless steel. Before
deposition, the substrate was cleaned by placing in a Teflon beaker with buffered
oxide etch (BOE) solution (4.5% HF and 36% NH,F in water) for 1 minute. to etch
off the native oxide. The substrate was then rinsed in a Teflon beaker containing
distilled deionized (DI) water for approximately 1-2 minutes. The substrate was
removed and dried with dry N,. It was then placed on the sample holder without
attaching the retainer ring, and placed in an ultraviolet / ozone (UV/O3) cleaner,
approximately 5 mm below the UV lamp. The sample holder, substrate, and retainer
ring were exposed to the UV lamp for 3 minutes. to regrow a higher-density
protective SiO, surface oxide, as well as to remove carbon contamination.
Afterwards, the retainer ring was placed on the sample holder to secure the substrate.
To prevent significant thermal contact between the retainer ring and the sample
holder, the retainer ring screws were turned back approximately Y turn after

tightening to allow a small amount of movement in the retainer ring. The substrate
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surface was then blown with dry N, to remove any dust or particles, and immediately

loaded into the vacuum load lock.

The substrate was placed in the MBE deposition chamber after achieving a base
pressure in the 10'° Torr range by cooling the cryoshroud. To prevent the formation
of SiC, the substrate was not exposed to the RHEED electron beam until after in situ
cleaning. The substrate was heated to approximately 750°C for a few minutes to
degas. To desorb the UV/Os-grown protective oxide, the substrate was flashed to
960°C for one minute, then cooled back to 750°C for one minute. This procedure
was repeated twice more. The substrate was then cooled and RHEED images along
the [100] and [110] azimuths were collected to ensure a smooth, well-ordered surface

with a clear 2x1 reconstruction (observed along the [110] azimuth).

The first step in the deposition of STO on Si is the deposition of Sr metal at elevated
temperature to form a strontium silicide layer. The substrate was heated to 675°C in
vacuum and exposed to Sr metal at a deposition rate of 44 sec/ML (0.089 A/s) until
either ¥4 or /2 ML Sr had been deposited. In the RHEED pattern along the [110]
direction the 2x—3x—2x reconstruction was observed during the deposition. After
cooling at least 10 minutes and collecting RHEED images, the sample was reheated
to a low temperature (4.1 A /0 V on heater power supply, estimated temperature
350-400°C) for deposition of SrTiO;. Molecular oxygen was then introduced into
the chamber. When the chamber pressure reached 8x10°® Torr, the main sample
shutter was opened to begin co-deposition of Sr and Ti at a deposition rate of 44 sec/
ML (0.089 A/s), and the O, pressure was increased to 2x10”7 Torr. After deposition
the main sample shutter and oxygen flow were closed simultaneously; the sample
heater was then turned down. The sample cooled while residual oxygen was pumped
from the chamber, until a base pressure of at least 5x10” Torr was achieved. The
sample was then heated to approximately 550°C for 0.5 — 2 hours to recrystallize the

STO film, as observed by the emergence and sharpening of a streaky RHEED
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pattern. The sample was again cooled to collect final RHEED images of the STO

buffer layer. The sample was moved to the XPS system to collect survey and high

resolution photoemission spectra.
Co:TiO; on SrTiO3/ Si

After successful deposition and recrystallization of the STO buffer layer on Si(001),
the sample was heated to 550°C for deposition of Co-doped anatase TiO,. Before
deposition, the Co effusion cell was heated to 1000°C (just under the evaporation
point) and the cell shutter was opened. With the ECR plasma unit powered,
molecular oxygen was introduced into the chamber relatively quickly. When the
plasma was observed to light (approximately 1x10° Torr), the main shutter was
immediately opened to begin deposition of a pure TiO, buffer layer at a growth rate
of 18 sec/ML (0.133 A/sec) while the oxygen pressure was increased to 1.5x107
Torr. This method minimized exposure of the STO/Si substrate to the oxygen
plasma. After 24 A of TiO, buffer, the Co effusion cell was ramped to the desired
evaporation temperature over two minutes with the cell shutter opened. Co doping
was assumed to begin when the Co cell reached the target evaporation temperature.
Pure anatase films without Co doping were deposited in a similar manner, with a
deposition rate of 26 sec/ML (0.09 A/s) and an oxygen pressure of 7x10° Torr.
Deposition was stopped by simultaneously closing the main shutter and stopping the
oxygen flow, which immediately extinguished the plasma. The sample heater was
then turned down. The sample was allowed to cool before final RHEED images
were collected. The sample was then moved to the XPS system to collect survey and

high resolution spectra.
Co:SrTiO; on SrTiO;

Deposition of Co-doped STO on STO(001) substrates is considerably less
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complicated, since the deposition is essentially homoepitaxial and no care need be
taken to avoid substrate oxidation. Before introduction into the chamber, STO(001)
substrates (Princeton Scientific) were cleaned similarly to Si(001) substrates, since a
dilute HF solution preferentially etches SrO and produces a single termination TiO,
surface on STO.*® The STO(001) substrate was etched in BOE for 1 minute, rinsed
in DI water for approximately 1-2 minutes, and dried with dry N,. The substrate was
then set on the sample holder and placed in the UV/Oj; cleaner for 3 minutes to
remove carbon contamination. After mounting to the sample holder, the substrate

was blown off with dry N, and immediately loaded into the vacuum load lock.

The STO(001) substrate was cleaned in situ by exposure to the oxygen plasma at
2x107 Torr O, at room temperature for 30 minutes. to remove carbon contamination.
RHEED images of the surface were then collected to confirm the presence of a well-
ordered surface. The substrate was then heated to 800°C as measured by the
pyrometer. Due to the difficulties discussed above regarding the transparency of
STO to the infrared wavelengths measured by the pyrometer, this temperature
reading is inaccurate. By eye, the substrate appeared to be glowing a dull orange
color, and the true substrate temperature was estimated to be 650-700°C. However,
since the substrate is also transparent in the visible spectrum, it is impossible to be
sure the observed color originated from the substrate surface and not the backing
plate. Initial depositions of Co:STO on STO(001) were accomplished utilizing the Ti
e-beam evaporator as the Ti source. The Co effusion cell was brought to 1000°C
with the cell shutter opened. The main shutter was then opened to initiate deposition
of an STO buffer layer at a growth rate of approximately 10 sec/ML (0.39 A/s). For
Co doping, the Co effusion cell was ramped to the desired evaporation temperature in
3 minutes; deposition of Co:STO was assumed to begin when the Co cell reached
evaporation temperature. Intensity of the RHEED (00) spot was monitored during
growth to observe oscillations corresponding to layer-by-layer deposition. The main

shutter was closed to end the deposition. The sample temperature was then lowered
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relatively quickly to zero heater power; the oxygen flow was then stopped before the
sample had completely cooled. The sample was allowed to cool at least 10 minutes.
before final RHEED images were collected, then moved to the XPS system to collect

survey and high resolution spectra.

Later depositions of Co:STO on STO(001) utilized Ti in an effusion cell as the Ti
source to obtain better control over the Ti flux during deposition. After the
STO(001) substrate was cleaned in the oxygen plasma for 30 minutes, the oxygen
flow was stopped and the residual oxygen was pumped from the chamber. In a
further effort to improve STO stoichiometry control, the sample was moved out of
the way and the QCO was moved to the sample position. The flux of each metal
source was adjusted to obtain the desired deposition rate as measured by the QCO.
Once each source was producing the desired flux, its shutter was closed while it
remained at the evaporation temperature. Once all three sources were at the desired
evaporation temperature, the QCO was removed, the sample was brought to position,
and the oxygen plasma was reintroduced. The sample was heated to 800°C
(pyrometer reading) before closing the main shutter. The Sr and Ti effusion cell
shutters were then opened for 3 minutes to allow for heating transients to stabilize;
STO deposition was then initiated by opening the main shutter. After a buffer layer
of pure STO had been deposited, the Co effusion cell shutter was opened to begin Co
doping. Intensity of the RHEED (00) spot was monitored. The deposition was

ended as described above.

Analysis techniques
X-ray photoelectron spectroscopy (XPS)

XPS"? is available in an UHV analysis chamber appended to the MBE chamber for
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in situ characterization of film composition. In XPS, x-ray photons are directed at
the film surface. In laboratory-based XPS, Al K, (hv = 1486.6 V) or Mg K,
(1253.6 €V) x-rays are commonly employed; XPS performed at a synchrotron
facility can utilize a wide range of x-ray energies. Direct transfer of energy from the
x-ray photon to a core-level electron in an atom near the surface results in emission
of the electron, referred to as photoemission. A sketch of the atomic XPS process is
given in Figure 2.4. The kinetic energy (KE) of the emitted core-level electron is
characteristic of the chemical environment in which it originated, referred to as the
binding energy (BE), plus the additional energy gained by the energy transfer from
the x-ray photon (hv). The BE is determined primarily by the attractive force felt by
the electron for the nucleus of the atom; thus there is a characteristic BE for each
electron shell in an element, and these BEs vary from element to element. However,
the exact BE of a core-level electron is also determined by the bonding state of the
atom, which affects the atom’s electron distribution and results in a chemical shift of
the BE. By measuring the kinetic energy of photoemitted electrons, both elemental
and chemical state information is obtained. An additional effect is observed for p, d,
and f orbitals, where spin-orbit coupling lifts the orbital degeneracy such that a
certain fraction of electrons in the orbital have a higher BE than the remainder. This
results in a split of the photoemission peak into a doublet, referred to as spin-orbit
splitting. The relaxation process to fill the core hole may be by an Auger emission
process, so Auger electrons are also observed for some elements. Despite the low x-

ray cross sections, photoemitted electrons from the valence band of the material can
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Figure 2.4. Schematic representation of core-level photoemission in XPS. Inmdent x-ray photon
excites 1s electron, which is emitted and detected.
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also be detected at very low binding energies. By comparing the core level and
valence band energies, the level of the valence band maximum relative to the Fermi
energy can be determined.'®!! The surface sensitivity of XPS is determined
primarily by the ability of photoemitted electrons to escape the material without
undergoing inelastic collisions. For oxides such as STO and TiO,, the inelastic mean
free path (1) of electrons is on the order of 20 - 30 A, and since approximately 95%
of the XPS signal originates from the first 3\ of the surface, the sampling depth is
typically 40 - 80 A.

XPS data was collected in a GammaData/Scienta SES-200 photoelectron
spectrometer equipped with an Al K,, x-ray anode and monochromator providing an
incident photon energy of 1486.6 eV. Photoemitted electrons were detected utilizing
an electrostatic hemispherical energy analyzer placed along the sample normal (90°
takeoff angle). After traversing the analyzer, energy-resolved electrons were
amplified by microchannel plates and collected by a fluorescent screen. A CCD
camera imaged the screen, and computer software was used to convert the data into
an intensity versus energy plot. Survey scans were collected a“t a pass energy of 500
eV and detector slit width of 4 mm. High resolution scans were collected at a pass
energy of 150 eV and detector slit width of 1.8 mm. A low energy electron flood gun
was available to compensate electrical charging during measurements on insulating
samples. Peak fitting was accomplished utilizing the Scienta ESCA300 analysis
software. Peaks were fit as Gaussian functions, after fitting a Shirley background to

the spectral region.
Auger electron spectroscopy (AES)
A related surface analysis technique is Auger electron spectroscopy (AES).”'? In

AES, primary electrons with energies of 3-30 keV are directed at a sample surface.

The primary electrons are of sufficient energy to cause the emission of core-level



82
electron = 10 keV 900000 2P (L) -000000- v

—o—o— 2s(L)

o
K) L

Figure 2.5. Schematic representation of KLL Auger electron emission in AES. Incident electron
excites 1s (K) electron, which is emitted. 2s (L) electron loses energy to fill the core hole; its energy
is absorbed by another 2s (K) electron, which is emitted and detected.

electrons in the sample. In the Auger process, an electron from a higher electron
orbital will relax by transferring its excess energy to another electron in the same
orbital, and fall to fill the core hole. The excited electron is then emitted as a
secondary electron with an energy characteristic of the emitting element. If the
ejected core-level electron is from the n =1 core level (K), and an electron from the n
= 2 level (L) relaxes to fill the core hole by transferring energy to another electron in
the L level which is emitted as an Auger electron, the transition is referred to as a
KLL Auger process, and is illustrated in Figure 2.5. The emitted electrons are
typically collected in a hemispherical energy analyzer or in a cylindrical mirror
analyzer (CMA). The low kinetic energy of the Auger electrons (< 2000 eV) makes
this a very surface sensitive technique, with a sampling depth of less than 10
monolayers. In addition, AES offers the advantage of the ability to focus and raster -
the electron beam, allowing a very small area of the‘ surface to be sampled as well as
elemental mapping of the surface. However, chemical bonding information is very
difficult to extract from AES data, since the Auger process involves multiple
electrons and energy levels. Quantification of sample composition is accomplished
by determining sensitivity factors from known standards, which to avoid matrix
effects must be the same material as the sample of interest. Insulating samples
cannot be measured by AES since in general surface charging cannot be compensated

by the use of an electron flood gun.

The Auger data was collected on a scanning Auger microscope / Auger electron
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spectrometer (Physical Electronics Model 680 Nanoprobe). The electron source was
a Shottky field emission tip. Auger electrons were detected utilizing a single-pass
cylindrical mirror analyzer (CMA) with a multichannel detector to amplify the
signal. A fixed retard ratio (FRR) produced an energy resolution of approximately
0.4%, measured as the ratio of the full width at half maximum (FWHM) of the peak
to the kinetic energy of the detected Auger electrons (e.g., for 1 keV Auger electrons
the FWHM would be 4 eV). Spectra were collected utilizing a 10 nA / 10 kV

electron beam, with an approximate beam size of 300 A.

Rutherford backscattering spectrometry (RBS)

In a Rutherford backscattering spectrometry (RBS)'*'®

experiment, an energetic ion
beam (generally He" ions of a few MeV) is directed at the sample surface. Since
these ions are lighter than elements in the sample, a small fraction are backscattered
by elastic collisions with atomic nuclei. The energy of a backscattered ion is
dependent on the mass of the atom it collided with, as well as the energy lost
penetrating through the sample before and after backscattering. The Rutherford
scattering cross-section of a given element can be determined from the classical
Coulomb potential. This allows absolute quantitative compositional information
(i.e., the number of atoms of a given element within the sampling depth) to be
extracted from RBS data without relying on sensitivity factors. Since the Coulomb
potential increases with increasing nuclear charge Z, RBS is more sensitive to
heavier elements. Depth profile information is also extracted from RBS data due to
the energy loss experienced by the ions as they travel through the sample. The
sampling depth of the He ions is approximately 1 pm, with depth resolution of
approximately 100 —200 A. The RBS spectrum is analyzed by calculating the
simulated spectrum of a proposed layered structure and comparing to the
experimental spectrum. By varying the composition and thickness of layers in the

model structure, the experimental spectrum is fit. In channeling geometry RBS, the
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energetic ions are incident on the sample parallel to a high-symmetry crystal
direction. By comparing the backscattered ion yield from both random and
channeling geometry measurements, a measure of the crystalline order in the sample
is obtained; highly-ordered samples will backscatter fewer ions than poorly-ordered

samples in the channeling geometry.

He" ions were produced with a radio frequency plasma source (Alphatross) and
injected into a 3.4 MV tandem electrostatic accelerator (National Electrostatics
Corporation 9SDH-2), where they were focused and accelerated to 2 MeV. For
random geometry measurements, accelerated ions were incident on the sample at 7°
off the sample normal to avoid ion channeling effects, as sketched in Figure 2.6(a).
For channeling geometry measurements, the incident angle was adjusted to produce
the minimum backscattering yield. The surface-barrier-type detector was placed at a
scattering angle of 150° (37° off the sample normal) to collect backscattered ions.
Data was collected for a total incident charge of 10-30 uC. Experimental spectra

were fit utilizing the SimNRA software program.'®

(b)

Figure 2.6. (a) Experimental setup for RBS measurements. He" ions are incident on the sample
surface at 7° for random geometry or 0° for channeling geometry measurements. Backscattered ions
are collected at a scattering angle of 150°. (b) Experimental setup for PIXE measurements. H" ions
are incident on the sample at 45°, and x-rays are collected at 39°.
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Proton-induced x-ray emission (PIXE)

17,18 iS a

Proton-induced (or particle-induced) x-ray emission spectrometry (PIXE)
surface analysis technique related to RBS. In PIXE, energetic light ions (generally
H' or He" of a few MeV) are directed at the sample, analogous to RBS. Ions which
come close to the atomic nucleus, but not close enough to be backscattered, can
excite inner shell electrons in the atom which then relax by x-ray emission at
characteristic energies in the range of 1-20 keV. Detection of the emitted x-rays
provides elemental information with the advantage of a very low Bremsstrahlung
radiation background. Due to the increasing Coulomb potential with increasing Z,
PIXE is more sensitive to heavier elements. PIXE offers the advantages of higher
sensitivity and better mass resolution over RBS. The sample composition can be
quantified either by calculation from known cross section data, or by calibrating
against a standard with a known concentration of the element of interest. Matrix
effects do not interfere with the quantization since the emitted x-rays do not contain
chemical state information. Since the emitted x-rays are able to escape from

relatively deep within the sample, the sampling depth of PIXE is on the order of 1-2
pm, although without depth profile information.

H" ions of 2.5 MeV energy were generated by the plasma and accelerator described
above for RBS. Accelerated ions were incident on the sample at 45° off the sample
normal. The Si detector was placed 39° off the sample normal to collect the x-rays.
The experimental geometry is illustrated in Figure 2.6(b). Data fitting was
accomplished utilizing the GUIPIX version 2004 software program.

X-ray absorption near edge structure (XANES)

19,20 :

X-ray absorption near edge structure (XANES) " is one aspect of the broader

analysis technique of x-ray absorption spectroscopy (XAS).?! In XAS, X-rays are
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Figure 2.7. Schematic example of the atomic processes in XAS. Incident x-ray photon promotes a
core-level electron to a higher unoccupied level. The core hole can be filled by an Auger process, and
the emitted Auger electrons collected in TEY mode. Alternatively, the core hole can be filled by a
radiative relaxation process, and the emitted photons collected in TFY mode.

directed at the sample surface. Each element in the sample will absorb x-rays of
characteristic energy corresponding to the excitation of electrons from the core levels
into higher unoccupied levels. The allowed electron excitations are determined by
the dipole selection rule, which states that AL =+ 1, where L is the total orbital
angular momentum. For first-row transition metals, excitation from the 1s core level
(L = 0) to the 4p level (L = 1) is referred to as K-edge or K-shell absorption,
excitation from the 2p (L = 1) core level to the 3d level (L = 2) is referred to as L-
edge absorption, and so on. Relaxation processes of the excited atom emit both low-
energy Auger electrons, which trigger a cascade of secondary electrons, and photons.
The possible atomic absorption and emission processes are presented in Figure 2.7.
Unlike XPS, which utilizes a single high photon energy x-ray source and sweeps the
energy of detected photoelectrons, XAS sweeps the incident x-ray photon energy and
detects, without energy discrimination, either emitted photons (total fluorescence
yield or TFY) or emitted secondary electrons (total electron yield or TEY) at each
incident photon energy. To obtain a bright source of variable photon energy, XAS is

performed with a synchrotron x-ray source. The fluorescence or electron emission
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spectrum obtained by XAS shows a sharp increase in intensity as the photon source
reaches the energy of an absorption edge. For photon energies above the absorption
edge, the absorption intensity falls off to a constant level. Superimposed on this tail
is a significant amount of fine structure. In the first 50 eV above the absorption edge,
the fine structure is considered “near edge,” and analysis of this region is referred to
as near edge x-ray absorption fine structure (NEXAFS) or XANES. The fine
structure in this region is determined by a complex function of the final density of
states, the transition probability, and resonance and many-body effects of the
absorbing element. Development of the theoretical modéling of this region is being
actively pursued. In the absence of theory, a simple comparison of lineshape to
known standards yields considerable information. For a given element, the near edge
structure can change appreciably depending on the charge state, as well as the local
environment. For example, in Co K-edge XANES, the absorption spectrum for
Co(0) is significantly different from that for Co(II), and the spectrum for Co(II) in
CoO is distinguishable from Co(Il) in CoTiOs. Extending for several hundred eV
past the near edge region is fine structure due to interference effects in the
wavefunction of the excited electron as it is partially backscattered by neighboring
atoms, known as extended x-ray absorption fine structure (EXAFS).*"*** Analysis of
this structure from theoretical calculations yields the local coordination number and

nearest-neighbor bond distances for the element.

Co K-edge x-ray absorption measurements were made at the Advanced Photon
Source at Argonne National Laboratory, on the PNC-CAT beamlines. The
measurements were made in TFY mode in air. For both XANES and EXAFS
measurements, the x-ray beam was incident on the sample at grazing angle (~1° off
the sample surface). For XANES measurements, a bend magnet was utilized for
parallel orientation (s polarization) of the electric field vector of the incident x-rays
relative to the sample surface. For EXAFS measurements, an insertion device was

utilized for perpendicular orientation (p polarization) of the electric field vector
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relative to the sample surface. A focusing mirror was utilized for harmonic rejection,
as well as to focus the beam to 50 um if the bend magnet was used or 5 um using the
insertion device. The fluorescence signal was detected using a Ge detector with an
energy resolution of approximately 1.1 eV. To eliminate spurious signals due to
Bragg diffraction from the substrate, the samples were rotated at several hundred
revolutions per minute (rpm). The energy calibration was monitored using Co foil,
and the first peak in the derivative of the Co metal spectrum was set to E, = 7708.8
eV. After data collection, spectra were normalized by fitting smooth curves
(typically either linear or quadratic) to the data both above the absorption peak and
below the onset of absorption, extrapolating both to E,, and normalizing the data
such that the difference between the fitted curves was unity. FEFF8 and iFEFFIT
were utilized for EXAFS fitting.?!**2*

Atomic force microscopy (AFM)

Surface topography can be imaged with atomic force microscopy (AFM).*?" AFM
utilizes a fine, sharp tip mounted on a cantilever and rastered over the sample surface,
such that repulsive van der Waals interactions between the sample and tip cause
deflections of the cantilever. AFM can be performed in two regimes: contact mode,
in which the tip contacts the surface through the adsorbed surface fluid layer, and
tapping mode, in which the cantilever oscillates near its resonant frequency,
contacting the surface only at the lowest point of each oscillation. The lateral
resolution of tapping mode AFM is on the order of 1-10 nm, depending on the radius
of curvature of the tip. Cantilever deflections of < 1 A can be detected; the height
resolution is limited by thermal, electrical, mechanical, and acoustic noise. The
observed topography is a convolution of the true surface topography and the tip
shape. An ideal tip with a small radius of curvature and steep sidewalls will be
capable of resolving small surface features without distortion. A dull tip will have

poor resolution, and any uneven tip wear or accumulated debris on the tip will distort
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the observed shape of surface features. Thus in AFM it is necessary to insure
observed features are an accurate representation of the surface topography and free of

tip effects.

Tapping mode AFM images were obtained in a Digital Instruments Nanoscope Illa
equipped with a piezoelectric scanner. Cantilever deflections were observed by
reflecting a laser beam off the cantilever and monitoring the beam's deflection with a
four-quadrant photodiode. Veeco TESP probes were utilized, consisting of a single
crystal silicon substrate with an integral cantilever and tip produced by etching
techniques. The cantilevers were 125 um long with a resonant frequency in the range
of 300-400 kHz and a spring constant of 20-100 N/m. The Si tips had a nominal
radius of curvature of 5-10 nm. Scans were collected in 1-5 um square regions of the
sample surface, with 512 data points per line, at a scan rate of 0.25-1.00 Hz. After
data collection, images were processed utilizing the Flatten procedure within the DI
Nanoscope software. The third order Flatten procedure fits the scan line to a third
order polynomial, which is then subtracted from the scan line. This removes Z offset

between scan lines, as well as tilt and bow in each scan line.

Transmission electron microscopy (TEM)

829 s utilized to image thin samples of

Transmission electron microscopy (TEM)
materials with very high spatial resolution, and is capable of atomic resolution in
some cases. A well-focused energetic electron beam is directed at the sample; the
elastic scattering, inelastic scattering, and phase shift of the transmitted electrons are
used to produce direct images, high resolution (atomic-scale) images, and diffraction
patterns. In addition, compositional information can be obtained by either collecting
characteristic x-rays emitted by the sample due to electron-electron interactions with

the primary electron beam (energy-dispersive x-ray spectroscopy or EDS), or by

measuring the energy lost by the primary electron beam during the electron-electron
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interactions (electron energy loss spectroscopy or EELS). Special specimen thinning

techniques are employed to obtain electron-transparent specimens (usually <200 nm
thick).

Samples were prepared for TEM by standard thin film methods. The sample was
first cut in half and epoxied film side to film side to protect the film during
subsequent sample preparation. The sample was then cut to form cross-sections and
thinned using tripod wedge polishing followed by Ar ion beam milling to obtain
electron transparent specimens. High-resolution TEM analysis was carried out on a
Jeol JEM 2010F microscope with a specified point-to-point resolution of 0.194 nm.
The operating voltage on the microscope was 200 keV. All images were digitally
recorded with a slow scan CCD camera (image size 1024 x 1024 pixels), and image

processing was carried out using Digital Micrograph software by Gatan, Inc.

X-ray diffraction (XRD)

X-ray diffraction (XRD)***? provides information about the crystal structure of a
material. In XRD, x-rays of a given wavelength are directed at the crystalline sample
at varying angles of incidence. At certain incident angles (0, as measured from the
sample surface), the x-ray path length of beams diffracted by successive atomic
planes (parallel to the sample surface) will be an integer number of wavelengths,
leading to constructive interference of the diffracted x-rays exiting the sample. This
criterion is summarized by the Bragg diffraction equation,

nA = 2dsin(0) (2.2)
where n is an integer, A is the x-ray wavelength, and d is the vertical spacing of the
atomic planes. The diffracted x-rays are collected by a detector placed opposite the
anode at an angle 0 from the sample surface (20 from the transmitted x-ray beam).
At all incident angles which do not meet the Bragg criterion, the diffracted beams

will destructively interfere. Through the Bragg equation, the 6-20 values that
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produce peaks in the intensity plot provide precise information on the atomic spacing
of the diffracting planes in the crystal. From this data, the crystal structure,
orientation, and strain state of the sample can be determined. In addition, the width
of the x-ray intensity peak can reflect the crystalline quality of the sample, since
well-ordered samples meet the Bragg criterion at precisely one incident angle,
resulting in a sharp, narrow peak. In thin films of crystalline material the peak width
is also influenced by the film thickness, since thinner films have fewer atomic planes
to provide destructive interference at angles close to the Bragg angle, resulting in a
wider peak. Reciprocal space mapping is utilized to obtain more information on a
given diffraction peak. By tilting the sample slightly in all directions relative to the
detector, a three-dimensional "map" of the diffraction peak in reciprocal space is
obtained. The peak width provides information on the crystalline order in the
sample. In addition, the exact location of the diffraction peak maximum can be
located. This is especially useful for diffraction from planes which are not parallel to
the substrate planes and allows the determination of the in-plane lattice parameter of

the sample.

High resolution XRD patterns were obtained utilizing a Philips X Pert Pro MRD
System (PW3040/60 type) equipped with a four-circle goniometer which allowed
both 0-20 scans and reciprocal space mapping. Monochromatized Cu K, radiation
(1.5406 A) was employed as the x-ray source; the anode was operated at 45 kV and
40 mA. Incident x-ray beam optics included a %4° fixed divergence slit and 10 mm

axial beam mask. A Y4° receiving slit was placed in front of the detector.
Vibrating sample magnetometry (VSM)
Magnetic properties of a material can be measured by vibrating sample

magnetometry (VSM).>*** In VSM, the sample is mounted to a long arm which is

attached to a vibrating drive head. The sample is positioned between two large
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electromagnets which produce a variable DC magnetic field. The sample is vibrated
by the drive head with an up-and-down motion, such that the sample remains in a
uniform magnetic field. Sensitive detection coils placed near the sample detect the
change in magnetic flux emanating from the sample as the sample is vibrated relative
to the coils. This provides a measure of the magnetic moment of the sample (A) at
the given applied magnetic field (H). As the applied magnetic field is varied, the
magnetic hysteresis loop of the sample is obtained. The magnetic response of the
substrate is also included in the measurement, and can be subtracted out by either
performing a measurement on a substrate with no film to determine the background
signal, or, if the substrate response is diamagnetic, a linear background can be
subtracted from the data. By placing the sample in either a cryostat or heating unit
within the VSM, the temperature-dependent magnetic properties, such as the Curie

transition temperature, can be measured.

VSM measurements were performed with a 7400 VSM system (Lakeshore
Cryotronics, Inc.) equipped with a 4-inch electromagnet. For room temperature
magnetic measurements of the in-plane magnetic moment, the sample was mounted
to a glass rod with a small amount of vacuum grease; the glass rod was then mounted
to the drive head. A sketch of the experimental setup is given in Figure 2.8. The
drive head operates at a vibration frequency of 84 Hz and 3 mm vertical amplitude.
For maximum sensitivity, the gap between detector coils was set to be just large
enough to accommodate the sample without touching. The applied magnetic field in
the gap was measured by a Gaussmeter probe placed at the detector coils. After data
collection, the diamagnetic response of the substrate (either Si or STO) was removed

by subtracting a linear background from the data.
Four-point probe

Four-point probe measurements were made to determine the sheet resistivity of
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Figure 2.8. Experimental setup for VSM measurements. The sample is attached to the glass rod
with a small amount of vacuum grease applied to the back side of the substrate. The drive head then
vibrates the glass rod vertically; detector coils measure the change in magnetic flux caused by the
sample as it moves past the coils.

semiconducting oxides deposited on insulating oxide substrates. The four point
probe apparatus consists of four equally spaced metal tips which are contacted to the
film surface, as illustrated in Figure 2.9. Current and voltage are supplied and
monitored by a Keithley 2400 SourceMeter. To determine the resistivity of a thin
film sample, a set current (0.025 — 10 pA) is applied between the outer two metal
probes. The voltage drop arising from the resistance of the thin film is measured
across the inner two metal probes. The sample resistivity can then be calculated

_ from:

R=AV/I=(p/A)dr (2.3)
where R is the sample resistance in €, p is the resistivity of the sample in Q-cm, V is
the measured voltage drop, I is the applied current, and A is the area across which
current is flowing. Assuming uniform current flux across the depth of the thin film
such that A = 2nrt, where ¢ is the film thickness (in cm), Equation 2.3 can be
integrated between probes V; and V, to give:

p=(n/In2)(AV /1)t (2.4)
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Figure 2.9. Experimental setup for four-point probe resistivity measurements. Four equally spaced
metal probes are represented by arrows in the sketch. Current is applied across the outer probes, and
the voltage drop due to resistance in the film is measured across the two inner probes. Rings of
constant current flux flowing from I .. are included in the sketch.

A factor of 2 has been removed by assuming only half the current flowing from the
source probe reaches the sink probe. The maximum allowed voltage drop is set to 21
V; if necessary the current is reduced from the set value to maintain a voltage drop of
21 V or less. Resistivity measurements cannot be made accurately for thin films
deposited on semiconducting substrates such as Si, since the technique would

measure the resistive properties of both the film and the substrate.
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CHAPTER III: ANATASE TiO, / SrTiO; / Si(001)

To deposit epitaxial anatase TiO, on Si(001), it is necessary to utilize a buffer layer
to prevent interfacial reactions resulting in Ti silicide and SiO, formation, which
would destroy the Si surface template for epitaxy. In this work, a buffer layer
consisting of ¥ or Y2 ML Sr deposited on the clean Si(001) surface to form a silicide,
followed by epitaxial SrTiO; (STO), was employed. Epitaxy of STO on Si(001) is
possible since the lattice mismatch between STO(001) and Si(001) is only 1.5% if
the a-b plane of STO is rotated 45° relative to Si such that (001)STO // (001)Si and
[100]STO // [110]Si. For thin STO layers, the small lattice mismatch is expected to
cause the STO layer to grow with compressive strain to more closely match the Si
lattice. The lattice mismatch between anatase TiO, and Si(001) is -1.5%, and the
mismatch between anatase TiO, and unstrained STO is -3%. The actual lattice
mismatch between anatase TiO, and 10 ML STO deposited on Si is expected to be
between -1.5% and -3%, depending on the strain in the STO layer.

Silicon

For successful epitaxial deposition, it is necessary to begin with a clean, well-ordered
Si1(001) surface. After substrate preparation aé described in Chapter II, RHEED
images of the cleaned Si(001) surface were obtained to evaluate the surface order.
The top layer of atoms on the Si(001) surface form dimers to reduce the number of
surface dangling bonds, resulting in a 2x1 surface reconstruction that can be observed
in RHEED. Figure 3.1 shows a sketch of the Si(001) surface and the 2x1 surface
reconstruction (Figure 3.1(a)), as well as example RHEED images taken along the
[110] and [100] azimuths of clean Si, showing a clean, well-ordered surface with
broad terraces and a clear 2x1 reconstruction (Figure 3.1(b)), a relatively poor surface

with smaller terraces (Figure 3.1(c)), and a surface exhibiting a crystalline impurity
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Figure 3.1. (a) Sketch of Si(001) surface before and after 2x1 surface reconstruction. Arrows indicate
direction of electron beam and atomic spacing for RHEED measurements. Dotted circle indicates
original position of Si atom before reconstruction. (b) RHEED images along Si[110] and Si[100]
azimuths of cleaned Si. Arrows indicate the extra spots produced by the 2x reconstruction. (c)
RHEED images of cleaned Si surface with terrace size less than the electron coherence length. (d)
RHEED images of cleaned Si with crystalline $-SiC contamination. Arrows indicate spots produced
by SiC.

(Figure 3.1(d)). The crystalline impurity spots have been identified' as transmission
diffraction through epitaxial B-SiC, which has the zinc-blende structure with a = 4.36

A. For most samples the Si surface was strongly ordered without crystalline SiC,

although a strong correlation between the quality of the clean Si(001) surface and the
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Figure 3.2. XPS survey spectrum of Si(001) substrate after ex situ cleaning and in situ oxide
desorption. Surface contamination by oxygen and carbon is present. High resolution Si 2p
spectrum in inset shows no evidence of oxidized Si species.

quality of subsequent layers could not be made. An XPS survey spectrum of clean Si
is shown in Figure 3.2. The small carbon and oxygen peaks are the result of surface
contamination accumulated during UHV transfer to the XPS chamber. The lack of
Si-O bonding is evidenced by the high resolution spectrum of Si 2p shown in the
inset, in which no oxidized Si is observed. Fully stoichiometric SiO, shifts the Si 2p
binding energy approximately 4 eV above the bulk value; substoichiometric SiOy
falls between the bulk and fully oxidized binding energies, depending on the degree
of oxidation. On cleaned Si, no detectable SiOy is present, and the surface
contamination observed in XPS is most likely desorbed as the substrate is heated to

675°C for Sr silicide deposition.

Strontium silicide

Deposition of Sr metal onto clean Si(001) at elevated temperature (675°C) results in
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the formation of Sr silicide (nominally SrSi;). The deposition can be monitored in
real time by RHEED. At approximately 1/6 ML Sr,” the Si surface undergoes a
reconstruction observed in the [110] azimuth as a transition from the 2x to a 3x
reconstruction. As the Sr coverage is increased to ¥4 ML, the 3x reconstruction
transitions back to a 2x pattern. The 2x pattern remains up to % ML Sr coverage.
Between Y2 and 1 ML Sr, several higher order reconstructions (5x, 7x, 8x) are
observed.> Previous groups have claimed both % and % ML Sr coverages are
effective in protecting the Si surface from oxidation during subsequent oxide

deposition.>*

Figure 3.3 shows the Si [110] RHEED evolution during ¥4 ML Sr deposition. At

Si[110]

t=0sec
(0 ML)

t=6 sec
(0.14 ML)

t=11 sec
(0.25 ML)

Figure 3.3. Series of RHEED images as Sr metal is deposited on clean Si(001) at 675°C. Up arrows
indicate spots from the 2x reconstruction of Si(001); down arrows indicate spots from the 3x
reconstruction induced by Sr deposition.
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approximately 1/6 ML coverage, a clear 3x reconstruction is observed, although a
portion of the surface retains the 2x reconstruction of clean Si. The 3x reconstruction
transitions back to a 2x reconstruction by 4 ML coverage. The transition
2x—3x—2x was not always clearly observed during Sr deposition, but no correlation
between the observation of a clear 3x transition during Sr deposition and the quality
of the subsequent STO layer could be made. Likewise, the deposition of ¥4 or ¥2 ML
Sr did not significantly affect the crystalline quality of the STO layer, as observed by
RHEED. However, the use of % or %2 ML Sr was found to affect the oxidation
resistance of the Si surface during deposition of STO. Shown in Figure 3.4 are both
final RHEED images and high resolution Si 2p XPS spectra of 10 ML STO deposited
on Si(001) utilizing either ¥4 ML (Figure 3.4(a)) or %2 ML (Figure 3.4(b)) Sr at the
interface. The final quality of the STO film (after annealing to recrystallize) was
similar for both coverages, although the /4 ML Sr sample exhibited slight modulation
of the RHEED streaks, which indicates some surface roughness. The Y2 ML Sr
sample did not exhibit modulation, indicating a smooth STO surface. The XPS
spectra indicate that the Si interface protected by % ML Sr was partially oxidized
during STO deposition, as evidenced by the increased intensity centered around 102-

103 eV. No evidence of SiOy was observed for the Si interface protected by %2 ML
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Figure 3.4. Final RHEED images along th STO[001] azimuth and high resolution XPS Si 2p spectra
of 10 ML STO deposited on Sr / Si(001), along with a fitted Shirley background (dotted line). (a) 10
ML STO/ Va ML Sr/ Si(001). (b) 10 ML STO/ % ML Sr/ Si(001). Crystalline quality of the STO
surface is comparable, but no oxidation of the Si surface is observed with ¥4 ML Sr.
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Sr, which is clearly seen in comparing the XPS intensity to the fitted Shirley
background. This indicates the use of %2 ML Sr significantly improves the oxidation
resistance of the Si interface compared to % ML Sr. In the initial studies of pure
anatase deposited on STO / Si(001), ¥ ML Sr was utilized. In subsequent work on
Co-doped anatase, the STO buffer layer was prepared with %2 ML Sr.

SrTiO; buffer layer

It is necessary to deposit the STO buffer layer under carefully controlled conditions
to prevent oxidation of the Si interface. As described in detail in Chapter I, this is
accomplished by depositing the thin STO film (usually 10 ML) under sufficient
oxygen pressure (2x107 Torr) to oxidize the metals but at low temperature (350-
400°C) to reduce oxygen diffusion to and reactivity at the Si interface. This is
facilitated by the catalytic oxidation properties of Sr, which allows full oxidation of
Sr and Ti to STO at lower temperature and oxygen pressure than, for example, TiO,.
With this high oxygen pressure / low temperature method, 10 ML STO could be
deposited without significant oxidation of the Si interface, as illustrated above in
Figure 3.4(b). The crystallinity of the as-deposited STO film was found to range
from fully amorphous to well-crystallized, as judged by RHEED. The film
crystallinity was often improved by annealing under oxygen-free conditions to
relatively high temperature (550°C). The success of this deposition method on the
crystalline quality of the final STO film was found to vary significantly, as presented
in Figure 3.5 for four samples of 10 ML STO / % ML Sr/ Si(001) deposited and
annealed under nominally the same conditions. In some cases an as-deposited
amorphous film could be recrystallized to obtain a well-ordered STO(001) surface
(as shown in Figure 3.5(b)), while in other cases annealing produced no visible
change in the amorphous film (Figure 3.5(a)). Likewise, the degree of improvement

in film crystallinity after annealing was found to vary in films which were at least



104
STO [100]

Before
anneal:

After
anneal:

Before
anneal:

After
anneal:

€
2
i
g
a
i
&

T T i T v T
0 100 200 300 400 s00 600
Deposition time (sec)

Figure 3.5. RHEED images of four different samples of 10 ML STO / %2 ML Sr/ Si(001) deposited
and annealed under the same nominal conditions. (a) STO was amorphous as deposited, with no
crystallinity change after annealing. (b) Amorphous STO recrystallized during annealing. (c)
Partially crystalline STO was significantly improved by annealing. (d) STO was deposited well-
crystallized, and no anneal was necessary. RHEED oscillations were observed during deposition,
indicating two-dimensional layer-by-layer growth.
partially crystalline as deposited (such as Figure 3.5(c), in which significant
crystalline improvement was observed after annealing). Under some circumstances,
the STO film was deposited such that RHEED oscillations were observed, indicating
well-ordered two-dimensional growth, and no recrystallizing anneal was necessary

(Figure 3.5(d)).

The observed variation in STO deposition behavior is attributed to two factors: the
cation stoichiometry of the STO film and the oxidation of the Si interface. The

cation stoichiometry varied from run to run under the same nominal deposition
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conditions due to variation in the source metal fluxes, especially drift in the atomic
absorption spectroscopy (AAS) baseline used to control the Ti flux. The
stoichiometry was determined by comparison of the XPS survey spectrum for the
STO film to a reference spectrum taken for a clean, bulk single crystal n-SrTiO3
doped with 0.2 at% Nb. As shown in Figure 3.6 for this reference standard, the areas
under both the Sr 3p and the Ti 2p peaks were determined, after subtracting a Shirley
background, and their ratio (Sr/ Ti) was found to be 1.06. Since this ratio is nearly
unity (by coincidence), determination of the Sr 3p / Ti 2p ratio for the STO thin films
provides the approximate cation stoichiometry. The excess % or %2 ML Sr deposited
at the STO / Si interface is not accounted for with this method and thus introduces
error into the area ratio for STO thin films, although the error decreases as the STO

thickness increases and XPS signal from the interface is attenuated. By application
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Figure 3.6. XPS survey spectrum of a clean n-STO(001) bulk single crystal. The area ratio of the Sr
3p peak to the Ti 2p peak, after subtracting a Shirley background from each region, was determined
to be 1.06 for this stoichiometric sample. Comparison of the same area ratio for STO thin films
provides an approximate measure of the film cation stoichiometry. Inset: (1) Final RHEED image of
STO[110] azimuth for 10 ML STO /2 ML Sr/ Si(001). Film was stoichiometric, with Sr3p / Ti 2p
= 1.03. (2) STO [110] RHEED image of 10 ML STO / %2 ML Sr/ Si(001) for non-stoichiometric
film with Sr 3p / Ti 2p = 1.64. Arrows indicate faint 2x reconstruction.
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of Beer's law with a photoelectron inelastic mean free path of 20-30 A, the XPS Sr 3p
intensity from %2 ML Sr under 10 ML STO is estimated to be < 3% of the total Sr 3p
intensity. Strongly Sr-rich films also exhibited a faint 2x reconstruction in RHEED
images of the STO [110] azimuth, as seen in the inset to Figure 3.6, possibly due to

the formation of Ruddlesden-Popper SrO-rich phases with the rock salt structure.

The extent of oxidation of the Si interface was determined by the Sr silicide
coverage, as illustrated above in Figure 3.4, as well as subtle variations in deposition
conditions. The extent of SiO, formation was quantified by fitting the high
resolution Si 2p spectrum, as shown in Figure 3.7, and determining the area fraction
of the oxidized contribution. The effect of the cation stoichiometry and Si interface
oxidation on the crystallinity of the STO thin film is summarized in the phase
diagram presented in Figure 3.8, for 10 ML STO deposited on Si(001) with either %
or 2 ML Srsilicide. A general trend is observed that reducing Sr relative to Ti

increases the amount of SiOy formed during deposition. This is explained by the
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Figure 3.7. High resolution XPS Si 2p spectrum of 10 ML STO / %2 ML Sr/ Si(001). Solid gray
line is the fitted Shirley background. Dotted lines are best fit Gaussian peaks (as determined by the
ESCA300 software) for the Si 2psp,, Si 2pys, and SiOy peaks. All three peaks were allowed to vary
independently (neither the 2p;); to 2p;,, spacing nor area ratio were fixed.) The SiO, contribution
was determined as the area fraction of the fitted SiO, peak relative to the area of all three fitted
peaks.
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Figure 3.8. Crystallinity dependence of 10 ML STO / (V4 or %) ML Sr/ Si(001) on STO cation

stoichiometry and SiOy formation, as measured by XPS. The approximate transition from amorphous

to crystalline STO (after annealing) is indicated by the dash-dotted line.
higher oxidation rate and catalytic oxidation properties of Sr; less Sr means slower
oxidation and more opportunity for oxygen diffusion to the Si interface. The
exceptions to this trend are four nearly stoichiometric STO films deposited on Y2 ML
Sr silicide, in which no SiO, was observed. A delineation has been made on the
phase diagram indicating the approximate transition from amorphous to crystalline

STO (after annealing) as a function of STO stoichiometry and SiO, formation.

In high resolution XPS Ti 2p scans of STO films after annealing, a small amount of
Ti(III) was observed in addition to the expected Ti(IV). Figure 3.9(a) illustrates that
some Ti(IIT) was present in the as-déposited film, and increased during the STO

anneal due to oxygen loss under the oxygen-free annealing conditions. While the
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Figure 3.9. High resolution XPS spectra of 5 ML STO/ Y4« ML Sr/ Si(001) before and after
recrystallizing anneal. (a) Ti 2p region: some Ti(Ill) is observed before annealing, and increases after
annealing. For comparison, the Ti 2p spectrum of an »-STO bulk single crystal is also presented,
which is free of Ti(IIl). Spectra were overlayed without normalization; n-STO was shifted in
intensity to match the pre-edge background. (b) Si 2p region: no increase in SiO, is observed after
recrystallizing anneal in vacuum.
presence of Ti(Ill) would generally be detrimental, it was considered acceptable in
this case since the oxidation of Ti(II) to Ti(IV) during the subsequent anatase
deposition would eliminate reduced Ti as well as act as an oxygen sink, allowing less
oxygen to diffuse to the Si interface. The high resolution Si 2p spectra presented in
Figure 3.9(b) indicate that further oxidation of the Si interface does not occur during

the recrystallizing anneal. Likewise, no change was observed in the oxidation state
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of Sr as measured by high resolution XPS scans of the Sr 3d region before and after

annealing (not shown).

True epitaxy of the STO film with respect to the Si(001) surface would result in a
compressively strained STO film whose a-b plane lattice parameter matched that of
the Si surface (3.84 A). Compressive strain in the a-b plane results in a tetragonal
distortion of the STO unit cell, with a proportional increase in the c-axis lattice
parameter, as expressed by the Poisson's ratio for the material. As a critical STO
thickness is reached, relaxation of the film to the bulk STO lattice parameter (3.905
A) occurs through the formation of defects such as dislocations. Lattice parameters,
and thus film strain, can be determined by both  0-20 XRD and cross sectional
TEM diffraction patterns. Since diffraction peaks are only observed for lattice planes
parallel to the sample surface in 8-28 XRD, this technique is limited to determining
the ¢ lattice parameter of STO. Due to the deep penetration of x-rays, XRD provides
a macroscopic lattice parameter averaged over the film depth and a significant area.
Reduced intensity and peak broadening of thin STO films significantly increases the
uncertainty in the lattice parameter measurement; no measurement could be made for
5ML (20 A) STO. Transmission electron diffraction through a small area of the
cross-sectional TEM sample can provide the c lattice parameter of STO from careful
measurement of (00/) diffraction spots. Due to the relatively large error associated
with this measurement (~3%), the a and c lattice parameters of STO could not be
distinguished for samples which were not highly strained. In contrast to XRD,
electron diffraction provides a microscopic lattice parameter from a very small
section of the sample. Figure 3.10 presents the STO c lattice parameter, as measured
by both XRD and TEM, as a function of the STO film thickness for 100 A anatase /
STO /4 ML Sr/ Si(001) with 5, 10, 20, or 50 ML STO. For the thinnest STO layer
(5 ML or 20 A), the lattice parameter as measured by TEM was found to be
significantly greater than the expected bulk value. This is due to compressive strain

in thea-b plane of STO as a result of epitaxy with the Si substrate, which reduces the
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Figure 3.10. Plot of STO lattice parameter, as measured by both XRD and TEM, versus nominal
STO film thickness. XRD measures the c lattice parameter of STO; TEM measures The critical
thickness for STO to grow strained to Si appears to be between 5 and 10 ML (20-39 A). (5 ML STO
was too thin to obtain an accurate lattice parameter from XRD.) 10 ML or thicker STO films relax
to nearly the bulk STO lattice parameter. Error bars are the estimated error associated with each

measurement technique.

STO a lattice parameter and correspondingly increases the ¢ parameter. However, it
appears that even at 10 ML (39 A) of STO the critical thickness for true epitaxy to Si
has been exceeded, and the STO lattice parameter has relaxed to nearly the bulk
value. Increasing the STO thickness past 10 ML does not appear to affect the lattice
parameter. Although the strain exhibited by the 5 ML STO is favorable for
subsequent anatase deposition, recrystallization of such a thin STO layer generally
does not result in a strongly ordered surface. For this reason, 10 ML STO buffer

layers were utilized for subsequent anatase deposition.

Anatase TiO,

Pure anatase was deposited utilizing the oxygen plasma. It is expected that activated

oxygen from the oxygen plasma will be necessary to fully oxidize Co during the
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deposition of Co-doped anatase; thus, its use was first explored for deposition of pure
anatase. As would be expected, the successful deposition of anatase depended
strongly on the crystalline quality of the STO buffer layer providing the epitaxial
template, as seen in Figure 3.11. Well-crystallized anatase deposition was never
realized on a poorly-crystallized STO buffer layer. The surface of smooth, well-
ordered anatase exhibits a 4x1 reconstruction, as observed as a 4x pattern in the
RHEED images along the [100] azimuth. Figure 3.11(a) illustrates an example of
well-ordered anatase with a 4x1 surface reconstruction deposited on a well-ordered 9

ML STO buffer layer on % ML Sr/ Si(001). As shown in Figure 3.11(b), deposition

STO / TiO, [100] STO / TiO, [110]

9 ML STO

60 ML TiO,

1 9 ML STO

82 ML TiO-

Figure 3.11. RHEED images of 9 ML STO / ¥s ML Sr/ Si(001) after recrystallizing anneal, and
after deposition of anatase TiO,. (a) A high quality STO surface allows the deposition of high quality
anatase TiO,. Arrows in the TiO, [110] azimuth indicate the 4x reconstruction of the anatase
surface. (b) STO with poor crystalline quality results in poor anatase TiO, deposition, with
significant polycrystalline and amorphous regions.
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of anatase on poor quality STO results in a very poor film consisting primarily of
polycrystalline and amorphous regions. For this reason samples with poor STO

crystalline quality after annealing, as determined by RHEED, were discarded.

In an attempt to protect the Si interface from the strongly oxidizing plasma species
present during anatase deposition, the Ti flux was initiated as soon as the plasma lit.
Despite this precaution, after deposition of 5 ML (12 A) anatase under these
conditions the Si interface showed significant oxidation, as seen in the high
resolution XPS Si 2p spectra presented in Figure 3.12. After deposition of 5 ML
TiO,, the XPS intensity of SiOy increased and shifted to higher BE, indicating a
higher oxidation state of Si (closer to SiO,). To determine the role of STO buffer
layer thickness in the oxidation of the Si interface, 100 A of anatase was deposited on
¥4 ML Sr / Si(001) utilizing 5 ML, 10 ML, 20 ML, and 50 ML STO buffer layers.
Since the Si interface could not be observed by XPS after deposition of 100 A of

anatase, TEM was employed to quantify the extent of Si oxidation, as shown in

——10ML STO / % ML Sr/ Si(001) Si2p
20 -|[——5ML TiO, / 10 ML STO / % ML Sr / Si(001)
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Figure 3.12. High resolution XPS Si 2p spectra of 10 ML STO / ¥4 ML Sr/ Si(001) and the same
sample after 5 ML anatase TiO, utilizing the oxygen plasma. The SiO, peak increases and shifts to
higher binding energy (closer to Si0,), indicating significant interfacial oxidation during anatase
deposition. Each spectrum was normalized by its total integrated intensity (Si and SiO,), and the
pre-edge background was subtracted.
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Anatase

Figure 3.13. High resolution TEM images of 100 A anatase / STO / 4 ML Sr/ Si(001). SiO,
formed primarily during deposition of anatase TiO,. (a) 5 ML STO. (b) 10 ML STO. (c) Nominally
20 ML STO, TEM image indicates STO thickness is 25 ML. (d) Nominally 50 ML STO, TEM
image indicates STO thickness is 65 ML.
Figure 3.13. A thick amorphous oxide layer was observed for all STO buffer layer
thicknesses. In the high resolution images, the STO layer was observed to “float”
above the SiO; layer, and epitaxial registry of the STO to the Si substrate was
preserved, as observed in both high resolution and electron diffraction images. This

is further confirmation that the SiO, layer formed during anatase deposition, not

during STO deposition. The SiO; layer thicknesses, averaged over several
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Figure 3.14. Plot of average SiO, thickness, as determined by high resolution TEM images, versus
nominal STO thickness for 100 A TiO, / STO / % ML Sr/ Si(001). Error bars are one standard
deviation of several SiO, thickness measurements for each sample. Within measurement error, the
SiO; thickness is constant at all STO thicknesses.
measurements for each sample, are plotted in Figure 3.14. It was found that
approximately 25-30 A of SiO, was observed for each sample; the SiO, thickness did
not depend on the STO buffer layer thickness. Thus, STO does not act as an oxygen
barrier, and increasing the STO buffer layer thickness is not an effective mechanism
for eliminating oxidation of the Si interface. Oxidation of the Si interface appears to

be only a function of anatase deposition time, which for these samples was equal

(approximately 26 minutes), resulting in a similar SiO, thickness for each sample.

Analogous to the data presented above for STO, the strain in the anatase TiO, layer
can be determined by XRD and TEM diffraction images. To accurately determine
the anatase a lattice parameter from XRD, asymmetric reciprocal space mapping of

the anatase (116) peak was utilized to obtain the position of the maximum diffraction
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peak intensity. Results for the anatase lattice parameters determined by both XRD
and TEM are presented in Figure 3.15 for the samples discussed above (100 A of
anatase deposited on 5, 10, 20, or 50 ML STO on % ML Sr/ Si(001)). For anatase
deposited on 5, 10, or 20 ML STO, little dependence of lattice strain on STO
thickness was observed. For anatase on 10 and 20 ML STO, this is consistent with
the strain results obtained for STO above (see Figure 3.10), in which 10 and 20 ML
STO were observed to have relaxed to approximately the bulk STO lattice parameter.

However, 5 ML STO was observed to exhibit significant strain due to epitaxy with

_ 9.8 — - - T 4 Lattice parameters from XRD
< ® Lattice parameters from TEM Tl
5 &1 TiO, on STO(001) from XRD
E %67 bulk [
ulk anatase c¢ lattice parameter
§_ . & - @ .................. § ..........................................................;é
8 94 i
s
0 .
o 92 -+ o 1]
2
< 3.9 T
8
£ i
8 bulk anatase a lattice parameter ||
g- D R L LR LR T R D T LYY
[
(3]
8 1 e
8 3.7 +
] L
ON
= 1
36— | | l | |
0 10 20 30 40 50

STO thickness (ML)

Figure 3.15. Anatase TiO; lattice parameters, as measured by 6-268 XRD (¢ parameter), XRD
reciprocal space mapping (a parameter), and high resolution TEM images, versus nominal STO
thickness for 100 A TiO,/ STO / % ML Sr/ Si(001). Neither the a nor c lattice parameters appear to
depend on the STO thickness. Error bars are the estimated error associated with each measurement
technique. For comparison, the lattice parameters determined by XRD for 100 A TiO, deposited on
an STO(001) substrate are included.
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Si, which should reduce the lattice mismatch between STO and anatase and result in
an anatase layer exhibiting less strain. Instead, the anatase film on 5 ML STO
exhibits a similar magnitude of strain as the films on 10 and 20 ML STO. For
anatase deposited on 50 ML STO, unusual results WCI:C obtained. While it is
expected that expansion in one lattice parameter, such as the anatase a parameter as it
is strained to STO, would result in compression of the perpendicular parameter, the
anatase film deposited on 50 ML STO exhibited significant compression of both
lattice parameters, as measured by TEM. This is a physically unreasonable result
that represents a violation of Poisson's ratio, and thus must be attributed to the
inherent measurement error associated with lattice parameter determination by TEM.
In contrast, deposition of anatase on a bulk STO(001) substrate under the same

conditions resulted in expansion of @ and compression of ¢, as expected.

It is known from previous work on Co-doped anatase deposited on oxide substrates
that Co prefers to segregate to surface particles of epitaxial anatase.” The formation
of surface particles is not induced solely by the presence of Co, and can be observed
on pure undoped anatase films. Surface particle formation on pure anatase films was
investigated to determine the effect of deposition conditions and strain. Figure 3.16
shows 5 x 5 pm AFM images of the anatase films discussed above (100 A anatase on
5,10, 20, or 50 ML STO on ¥ ML Sr/ Si(001)), as well as the surface of 100 A of
anatase deposited on a single crystal STO(001) substrate. Surface particle formation
is evident on all samples. No secondary phases or polycrystalline rings were
observed in final RHEED images of these films, indicating the particles are
epitaxially oriented anatase. To quantify the particle coverage, the AFM image
analysis software was employed, as illustrated in Figure 3.16(f). The threshold
height for each sample was chosen such that the maximum number of particles was
included, without a significant contribution from the surface roughness of the film.
The error in surface coverage determination introduced by this qualitative judgment

is estimated to be roughly + 0.5% surface coverage. Table 3.1 summarizes the
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Figure 3.16. Tapping-mode AFM images of 100 A TiO,/ STO / ¥ ML Sr/ Si(001). Images are 5 x
5 um. (a) 5 ML STO. (b) 10 ML STO. (c) 20 ML STO. (d) 50 ML STO. (e) 100 A TiO, / STO
(001). (f) Example of surface particle coverage determination for (c). Dark areas in image are
counted as “particles,” and white areas are “film.” The threshold height was chosen to include as
many particles as possible without including surface roughness from the film.
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Table 3.1. Surface particle data for 100 A TiO, / STO / % ML Sr/ Si(001). Data are from image
analysis of tapping-mode AFM images. For comparison, 100 A TiO, on STO(001) is also presented.

100 ATiO,/STO/ | Average Average Surface
Ya ML Sr/ Si(001) | height (hm) | diameter (hm) | coverage (%)
5 ML STO 6.1 23.0 0.44
10 ML STO 5.8 56.0 0.36
20 ML STO 5.8 34.5 2.70
50 ML STO 7.6 42.2 3.97
STO(001) substrate 3.9 16.0 1.89

surface particle analysis results for the samples shown in Figure 3.16. Figure 3.17(a)
presents the surface coverage of particles as a function of strain in the anatase ¢
lattice parameter. From this plot, it is evident that no clear correlation can be made
between strain in the anatase lattice and the number or size of surface particles. Thus
strain in the anatase film is not directly responsible for surface particle formation.
However, a correlation between increasing particle coverage and increasing STO
film thickness is observed in Figure 3.17(b). This dependence on STO thickness,
without a corresponding dependence on STO or anatase film strain, indicates the
particle formation is influenced most strongly by the surface quality of the STO film.
Although significant surface morphology changes are not observed in RHEED
images of the STO film with increasing thickness, it can be assumed that thicker STO
films have more surface defects due to strain relaxation, as well as defects such as
stacking faults introduced during film deposition. It is speculated that these surface
defects provide nucleation sites for anatase film defects, some of which may persist
through the film and result in surface particle formation. It is unlikely that the
surface features are hillocks formed to relieve compressive stress in the film, as
occurs in strained metal films,® since the surface particles are also observed on
anatase films deposited on closely lattice matched LaAlOj; substrates (0.13% lattice
mismatch). However, LaAlO; is known to form twins, and the epi-polished surface
of an LaAlO3(001) single crystal substrate exhibits significant surface corrugation

due to twinning, which may provide nucleation sites for anatase particles.
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Anatase films were deposited under varying deposition conditions to evaluate the
effect of growth parameters on surface particle formation. Figure 3.18(a) shows
100 A anatase deposited on 10 ML STO / ¥ ML Sr/ Si(001) at a growth rate of
26 sec/ML (0.09 A/sec) and an oxygen pressure of 7x10° Torr. As discussed above,
this film exhibits small surface particles of epitaxial anatase. For comparison, Figure
3.18(b) shows 250 A anatase deposited on 10 ML STO / % ML Sr/ Si(001) at a
growth rate of 18 sec/ML (0.133 A/sec) and an oxygen pressure of 1.5>'<10'5 Torr.
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Figure 3.17. (a) Surface coverage of particles, as observed by AFM, versus % strain in TiO; ¢
lattice parameter as measured by TEM and 8-20 XRD. No dependence of particle formation on
anatase strain is observed. (b) Surface coverage of particles versus nominal STO film thickness. An
increase in particle coverage with increasing STO film thickness is observed. Error bars are
estimated error in surface particle analysis due to qualitative determination of threshold height.



120
The increase in oxygen pressure for this film more than compensates the increased
anatase deposition rate, such that oxygen deficiency during deposition should not be
an issue, and the only significant differences between the two films are film thickness
and anatase deposition rate. It is clear from Figure 3.18(b) that particle formation on
250 A anatase deposited relatively quickly results in a significantly different surface
morphology than that observed in Figure 3.18(a), with larger diameter, much taller

surface particles. In addition, the particles exhibit a distinct square or rectangular

Figure 3.18. 5 x 5 um tapping-mode AFM images. (a) 100 A TiO,/ 10 ML STO / V4 ML Sr/ Si
(001). Anatase deposition rate was 26 sec/ML (0.09 A/sec). Surface particles are round and
dispersed. (b) 250 A TiO,/ 10 ML STO / % ML Sr/ Si(001). Anatase deposition rate was 18 sec/
ML (0.13 A/sec). Surface particles are numerous, and exhibit a distinct square shape due to faceting.
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shape, indicative of faceting. Since faceted particles have been observed on several
anatase films, utilizing several different AFM tips for imaging, it is unlikely that the
square particle shape is the result of AFM tip shape effects. Larger, more closely.
spaced particles are expected as the deposition rate is increased, since nucleation
increases with increasing flux to the surface, favoring an island growth mode over a
layer-by-layer growth mode. However, it is unclear why a faster deposition rate

would result in faceting of the particles.

Summary

It was found that utilizing Y2 ML Sr on clean Si(001) as a protective silicide layer
reduced or eliminated interfacial oxide formation during the subsequent deposition of
10 ML STO, in contrast to ¥4 ML Sr, which did not completely inhibit Si oxidation.
The deposition of STO was found to fall into several regimes depending on subtle
variations in deposition conditions. In general, it was found that deposition under Sr-
rich conditions reduced oxidation of the Si interface and thus resulted in crystalline
STO. With ¥4 ML Sr at the interface, deposition under stoichiometric or Ti-rich
conditions resulted in more Si oxidation, preventing the crystallization of STO even
during post-growth annealing. Utilizing % ML Sr to eliminate interfacial oxidation
allowed stoichiometric or Ti-rich STO films to crystallize. The critical thickness for
STO films to deposit strained to Si was observed to be between 5 and 10 ML (20 —
39 A); films 10 ML or thicker relaxed to nearly the bulk STO lattice parameter.

Deposition of anatase on the STO buffer layer resulted in significant interfacial
oxidation due to use of the oxygen plasma. The SiO, thickness was not affected by
the STO buffer layer thickness, indicating that STO is not an effective oxygen
barrier. Strain in the anatase layer was not observed to depend on STO thickness or

strain. Significant surface particle formation was observed on the anatase film, and
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was found to depend only on STO layer thickness, indicating the primary influence
of particle formation may be the surface quality of the STO film. Deposition of
anatase at higher growth rate resulted in much larger particles exhibiting a square

shape due to faceting.
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CHAPTER IV: COBALT-DOPED ANATASE TiO, /SrTiO;/ Si(001)

Utilizing the insights gained during deposition of pure anatase on STO / Sr / Si(001),
several Co-doped anatase films were deposited. For evaluation as a true dilute
magnetic semiconductor (DMS) material with a spin-polarized carrier concentration,
Co-doped anatase must consist solely of Co atoms substituted for Ti in the anatase
lattice. Ferromagnetic secondary phases such as Co oxide or Co metal inclusions
would make a determination of the DMS properties of this material impossible, since
any magnetic signal from the DMS spin-polarized carriers would be superimposed on
the magnetic signal from the secondary phases. The oxidation of Co to Co(II) is
particularly important since the Co metal clusters observed in previous reports on
Co-doped anatase'” contribute a significant ferromagnetic component to the overall
magnetism of the sample. From a thermodynamic viewpoint, Co is more difficult to
oxidize than Ti. Table 4.1 tabulates the heat of formation (AtH°) of representative
oxide compounds from the elements.* It is apparent that the oxidation of Ti to TiO,
(AeH® = -944 kJ/mol) is significantly more thermodynamically favorable than the
oxidation of Co to CoO (-237.9 kJ/mol). These values provide only a rough estimate
of the situation during non-equilibrium MBE deposition of Co-doped anatase, but
serve to illustrate the challenges inherent in doping anatase with Co. In Co-doped
anatase deposition on oxide substrates, the substrate temperature and oxygen partial
pressure can be increased to insure all Co is oxidized to Co(II). When depositing on

Si substrates, however, an increase in the oxidative environment during Co-doped

Table 4.1. Thermodynamic heat of formation (A¢H°) of various oxides from their respective
elements. Data from [4].

Material AiH° at room temperature (kJ/mol)
'TiO; -944.0 '
CoO -237.9
Co30,4 -891.0
SiO; (a-quartz) -910.7
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anatase deposition must be balanced by the desire to prevent oxidation of the Si

interface.

Deposition conditions

As described in Chapter II, Co-doped anatase was deposited in a similar manner to
pure anatase films on STO / Sr/ Si(001); all Co-doped films utilized %2 ML Sr
deposited on Si(001). A higher activated oxygen partial pressure (1.5x107° Torr) was
chosen in an effort to ensure full oxidation of the Co dopant to Co(II). Deposition at
1.5x107 Torr activated oxygen and substrate temperature of 600-700°C is known to
fully oxidize Co to Co(Il) when deposited on LaAlO; (LAO) substrates.® To protect
the Si interface from oxidation, as well as to preserve the quality of the STO buffer
layer, a lower deposition temperature of 550°C was chosen. As discussed in the
previous section, these deposition conditions are still expected to result in some
interfacial Si oxidation; however, it was considered more important initially to

attempt to fully oxidize the Co dopant than to minimize oxidation of the Si interface.

Surface morphology and composition

After deposition of a pure anatase buffer layer (approximately 40 A) on 10 ML STO /
% ML Sr/ Si(001), Co was introduced and 200 A of Co,Ti;.,O, was deposited. The
Co flux was varied to achieve 1%, 2%, or 4% Co doping (calculated on a cation
basis). Final RHEED images of the three films are shown in Figure 4.1. The
RHEED images consist of a streaky pattern with a 4x1 reconstruction observed along
the TiO,[100] azimuth, indicating a smooth epitaxial anatase film surface. No
cfystalline secondary phases are observed, although some polycrystallinity is

observed in the [110] azimuth of 1% Co:TiO,. Modulation of the anatase streaks
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TiO, [100] TiO, [110]

Figure 4.1. RHEED images of 200 A Co:TiO, / 10 ML STO / % ML Sr/ Si(001). (a) 1% Co:TiO,.

(b) 2% Co:TiO;. (c) 4% Co:TiO,.
indicate roughness of the surface; the modulation appears to become more
pronounced with increasing Co concentration. This modulation is revealed to be due
to anatase particles on the film surface, as observed by tapping-mode AFM (Figure
4.2). For 1% Co-doped anatase (Figure 4.2(a)), the surface particles have a distinct
square shape. It is believed that this square shape is due to faceting of the particles.
As the Co concentration is increased, the faceted surface particles become less
numerous in favor of much larger particles with a less well defined, rounded shape.
However, even for 4% Co doping, small faceted particles are still observed along

with many large rounded particles (Figure 4.2(c)).

Segregation of Co to surface particles of epitaxial anatase has been observed for Co-
doped anatase deposited on oxide substrates.” Auger electron spectroscopy (AES)
was used to determine the surface Co distribution for Co-doped anatase films

deposited on Si. Results for 4% Co-doped anatase are shown in Figure 4.3. In the



50.0 nm

25.0 nm

Figure 4.2. 5x5 pm AFM images of 200 A Co:TiO,/ 10 ML STO / %4 ML Sr/ Si(001). (a) 1%
Co:TiO,. Numerous faceted particles are observed. (b) 2% Co:TiO,. Larger clustered particles also
present. (¢) 4% Co:TiO,. Primarily large particles with amorphous shape. (d) 2x2 pm AFM image of
4% Co:TiO,. Small faceted particles are still observed. (e) Enlarged view of faceted particle on 2%
Co:TiO,. The top 15 nm of the particle is not shown.
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scanning electron microscopy (SEM) image of the film surface, the large rounded
and small faceted particles protrude from the smooth continuous anatase film, in
agreement with the AFM image of the same film (Figure 4.2(c)). Numbers on the
SEM image indicate the position of the electron beam for AES compositional
analysis, and representative AES data are presented for Co, Ti and O. Table 4.2
summarizes the results of the AES compositionaI analysis. Due to matrix effects that
affect the known sensitivity factors necessary for accurate AES compositional
analysis, the peak-to-valley intensity of each AES peak was utilized to determine the

compositional data presented in Table 4.2. Large Co signals are observed on the
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Figure 4.3. AES of 4% Co:TiO, / STO / Sr/ Si(001). (a) SEM image of region investigated.
Numbers indicate points at which AES data were collected. (b) Co LMM peak for four
representative regions of film surface. A significant amount of Co is observed in the large particles,
while essentially no Co is observed in the flat anatase film. (c) Ti LMM peak. Ti is observed in the
large particles as well as the flat film. (d) O KLL peak. Oxygen is observed in both the anatase film
and the particles.
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Table 4.2. Summary of AES data for 4% Co:TiO,/ STO / Sr/ Si(001). Region numbers correspond
to the SEM image in Figure 4.3. Atomic fractions were calculated from comparison of the peak-to-
valley AES peak intensities.

Region | Description | Co/(Ti+Co) | O/(Ti+Co) | O..« expected*
1 large particle 0.16 1.37 1.84
2 large particle 0.25 1.19 1.75
3 large particle 0.13 1.43 1.87
4 large particle 0.28 1.21 1.72
5 flat film 0.006 1.62 1.99
6 flat film 0.005 1.60 1.99
7 flat film 0.004 1.60 2.00
8 flat film 0.004 1.59 2.00
9 small particle 0.004 1.51 2.00
10 small particle 0.010 1.51 1.99

*Expected from Co stoichiometry (Co,Ti1xO2.x)

large rounded particles, while very little Co is observed in the small faceted particles
and no Co is detected in the smooth film. This indicates that Co has segregated to
large particles on the sample surface, with a Co concentration on the order of 15 -
25%. Since no secondary phases were observed in RHEED images of this surface,
and Ti was also detected in the particles, it is believed that these particles are Co-
enriched anatase similar to those observed on Co:TiO, / LAO.” The flat anatase film
contains virtually no Co. All areas of the surface appear to be oxygen-poor
compared to the expected stoichiometry expressed as Co,Ti;4O,., although this
reduction may be due to strong matrix effects for oxygen which have not been
accounted for. However, the measured oxygen concentration follows the trend based
on the expected stoichiometry as shown in Figure 4.4, with a significant reduction in
oxygen content in the large particles relative to the continuous film. To maintain
charge neutrality, the substitution of Co(II) for Ti(IV) is expected to require the
formation of an associated oxygen vacancy. The reduction in oxygen concentration
in the large particles strongly implies that Co is substitutional for Ti in the anatase
lattice in the particles, and oxygen vacancies have been created to maintain charge

neutrality.
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Figure 4.4. Predicted and actual oxygen stoichiometry for each point in the AES compositional
analysis of 4% Co:TiO, / STO / Sr/ Si(001). Predicted stoichiometry calculated based on the Co
content as Co, Ti O, .. Actual stoichiometry determined as the ratio of the oxygen AES peak to the
Co and Ti peaks.

The formation of large, Co-enriched anatase clusters may be detrimental to the
integration of Co-doped anatase films as spin injector materials in proposed
spintronic devices. The segregation of Co to discrete clusters precludes the
formation of a true DMS material. If the mechanism of Co-enriched cluster
formation were understood, it may be possible to eliminate their formation.
However, many of the conventional mechanisms of cluster formation do not readily
apply in the case of Co-doped anatase. For example, the formation of clusters can be
induced or prevented by varying the substrate temperature and incident metal flux
during deposition; only in a certain range will two-dimensional layer-by -layer film
growth occur. If the substrate temperature is too low, incident atoms do not possess
enough thermal energy to move to a step edge and incorporate into two-dimensional
islands; instead, they incorporate into the lattice where they land, resulting in surface
roughness. If the substrate temperature is too high, the incident atoms possess
sufficient thermal energy to reach their true equilibrium position, which may be

clusters instead of a smooth film, depending on the interfacial energy and lattice
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mismatch of the system. Likewise, if the incident metal flux is low, arriving atoms
have time to move and incorporate into step edges, resulting in layer-by-layer
growth, whereas if the flux is high incident atoms will meet on terraces before
reaching step edges, creating nucleation sites and resulting in three-dimensional
island growth. Stranski-Krastanov growth mode results in an intermediate growth
mode, where a few monolayers of the film are able to grow layer-by-layer, before
strain causes the formation of clusters. While these mechanisms may play a role in
the cluster formation of Co-doped anatase, they do not explain the significant Co

enrichment in the clusters.

Phase segregation or spinodal decomposition may explain the separation of a Co-rich
phase (the clusters) from a Ti-rich phase (the anatase film). For phase segregation to
occur, highly Co-doped anatase must be a thermodynamically distinct phase from
pure anatase. If phase segregation were occurring, it is likely that clusters of the Co-
rich phase would be found throughout the film thickness, not segregated at the
anatase surface. However, density functional theory calculations by Yang et al.®
predict greater energetic stability for substitutional Co in anatase when the Co — Co
distances are reduced. This theoretical result implies that Co-rich anatase regions are

thermodynamically favored over the uniform distribution of Co in the lattice.

In conjunction with this thermodynamic driving force for non-uniform Co
distribution, a likely mechanism for the formation of surface clusters is modification
of the film growth kinetics by the presence of Co. The influence of a surface
segregating species on the thin film growth mode has been observed previously; both
enhancement and reduction of surface nucleation is possible depending on coverage
of the surface segregating species.” Co is known to be very mobile in anatase,
especially in an oxidizing environment.’ If Co segregates to the film surface during
deposition, it may act to reduce nucleation of two-dimensional islands (i.e., layer-by -

layer growth), resulting in the formation and growth of a few large three-dimensional
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clusters. Although the Co may be temporarily incorporated into the anatase lattice at
the film (or cluster) surface, it continues to diffuse out of the lattice and to the surface
as the growth front moves, leaving behind nearly pure anatase. In this way, large
clusters of significantly Co-enriched anatase are formed on a smooth, nearly pure

anatase film.

Another clue to the mechanism of cluster formation may be the observed faceting of
the surface particles. Faceting is often observed in deposition of strained films, such
as epitaxial Ge on Si(001), which has a lattice mismatch of -4.2%.'" Lattice
mismatch strain is unlikely to be the cause of faceting of Co-doped anatase clusters
on anatase, since the substitution of Co(II) for Ti(IV) in the anatase lattice is not
expected to result in a lattice expansion of the magnitude necessary to induce
faceting. Recently, large faceted clusters were observed in homoepitaxy of Al
(110)."" The proposed mechanism for faceted cluster formation in this system, which
is strain-free, was upward adatom diffusion of surface atoms which possessed
sufficient energy to overcome the kinetic barrier to climb the base of the cluster. A
similar mechanism of upward adatom diffusion may be occurring on Co-doped
anatase, resulting in faceted surface particles. In addition, if Co adatoms were able to
more easily overcome the kinetic barrier to upward diffusion than Ti adatoms, Co

enrichment of the clusters would result.

Film morphology

Epitaxial Co-doped anatase films with a high degree of crystalline order were
inferred from the RHEED images during growth, in which the streaky diffraction
pattern attributed to anatase was present throughout the deposition. Rutherford
backscattering spectrometry (RBS) in the channeling geometry can provide

confirmation of crystalline order in a thin film sample. Reduction in the
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backscattered ion yield in the channeling geometry relative to the yield in the random
geometry was observed for all Co-doped anatase films, as shown in Figure 4.5 for
2% Co:TiO, / STO / Sr / Si(001). For Ti, the minimum yield in the channeling
geometry, defined as Imax, channeling/ Imax, random, Was found to be 45% for 1% Co:TiO,,
37% for 2% Co:TiO,, and 44% for 4% Co:TiO,, indicating all three films possess
approximately equal crystalline order. For Ti, the yield in the channeling geometry is
a superposition of disorder in the surface particles, anatase film, and STO buffer
layer. The depth resolution of RBS is insufficient to precisely determine the sample
region in which most backscattering is occurring, although from comparison of the Ti
peak position in both random and channeling geometries it appears to originate

mainly from the film surface, implying the surface particles may possess the most
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Figure 4.5. RBS data for 2% Co:TiO, / STO / Sr/ Si(001) for both random and channeling
(aligned) geometry. Reduction of the ion yield for the channeling geometry is a measure of the
crystalline order in the film.
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crystalline disorder. Disorder in the 10 ML STO buffer layer can be quantified by
determining the minimum yield for Sr, which was found to be 83% for 1% Co:TiO,,
58% for 2% Co:TiO,, and 72% for 4% Co:TiO,. These high minimum yields imply
significant crystalline disorder in the STO buffer layer. From comparison of the Sr
peak position for both the random and channeling geometries, it appears that the
backscattering in the channeling geometry occurs primarily at the STO / anatase
interface, indicating a significant amount of disordering occurs when the deposition

of anatase is initiated on the STO buffer layer.

To determine the presence of secondary phases, XRD is commonly employed.
However, based on the low Co concentration in these films, secondary phase
crystallites would likely be too small to be observed by XRD. Grazing incidence
XRD (GIXRD) was utilized to confirm that no secondary phases large enough to be
observed were present. GIXRD of 2% Co:TiO, did not reveal any secondary phases.

High resolution transmission electron microscopy (TEM) is a much more sensitive
technique for the identification of inclusions and secondary phases, as well as
providing detailed information on the crystal structure and crystalline quality of the
thin film. A cross-sectional TEM image of 2% Co:TiO, / STO / Sr/ Si(001) is
presented in Figure 4.6. As expected, an amorphous SiO, layer approximately 35 A
thick has formed at the STO / Si interface during anatase deposition. This SiO, layer
is thicker than the 25 — 30 A SiO, observed when pure anatase is deposited on STO /
Si, as presented in Chapter III. Although both sets of films were deposited for
approximately the same growth time, an increase in SiO, thickness is expected since
the Co-doped TiO, samples were deposited under 1.5x10° Torr oxygen while the
pure anatase films discussed in Chapter III were deposited under an oxygen pressure
of only 7x10° Torr. The epitaxial STO buffer layer (10 ML thick) is observed to
float above the SiO, layer, implying that Si oxidation occurred during the deposition

of Co:TiO,, not STO. The Co:TiO; film and STO buffer layer possess high
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Figure 4.6. High resolution TEM image of 2% Co:TiO, / STO / Sr/ Si(001). The epitaxial
relationship and crystalline quality of the STO and Co:TiO, films can be seen. Arrows indicate
disorder at the Co:TiO, / STO interface. In addition, the amorphous SiO; layer that formed during
Co:TiO, deposition is observed.

crystalline order, although some disorder is observed at the Co:TiO, / STO interface.

This is consistent with the RBS channeling results presented above and suggests that

disordering occurs when the deposition of TiO, is initiated.

The surface particles observed by AFM (see Figure 4.2(b)) were also imaged by
TEM, as shown in Figure 4.7. The surface particles sit on top of a continuous
anatase film. From investigation of several particles similar to Figure 4.7(a), it is

concluded that the surface particles retain anatase crystallinity. Energy dispersive x-



136
ray spectroscopy (EDS) of several regions of the continuous anatase film, as well as
séveral particles, was able to detect small amounts of Co only in the surface particles;
no Co was detected in the continuous anatase film. However, the Co concentration
in the particles was consistently measured as less than 2.5%, considerably less than
the 15 — 25% concentration obtained by AES for large surface particles on 4%
Co:TiO,. In contrast to the majority of the particles observed for this film, the
particle shown in Figure 4.7(b) originates at the STO surface and propogates through
the film with a distinct inverted V shape. This "particle" appears to be a rutile
inclusion, as observed previously for Co:TiO, deposited on LAO.> In contrast to

previous reports,>'2 however, no Co was detected in the rutile inclusion.

No Co metal inclusions or other secondary phases were observed in either the
continuous anatase film or the surface particles after careful inspection. However,
the Co did not appear to be uniformly distributed, even within a single anatase
surface particle. As an example, the electron beam location and resulting Co

concentration determined by EDS for three locations on one Co-doped anatase

Anatase

Figure 4.7. High resolution TEM images of surface particles on 2% Co:TiO,/ STO / Sr/ Si(001).
(a) Surface particle of Co-enriched anatase sitting on continuous anatase film. Circles indicate
electron beam position for EDS composition measurements; resulting Co concentrations are shown.
(b) Rutile inclusion originating at STO surface and propogating through film to form surface
particle. Anatase surface particle containing Co is also indicated.
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particle is shown in Figure 4.7(a). Significantly more Co is present at the edges of

the particle than in the center.

Quantification of Co concentration

It is necessary to accurately determine the total concentration of Co in the Co-doped
anatase film in order to calculate the magnetic moment on a Co atom basis. RBS is
commonly employed for compositional quantification, since it does not rely on
sensitivity factors, and can provide depth profiling information. An RBS spectrum
for 2% Co-doped anatase is shown in Figure 4.8. To quantify the spectrum, the
SimNRA software program was utilized to develop a model film structure that
reproduces the experimental data. Due to the fact that Ti and Co have similar atomic
mass, they appear near each other in the backscattering spectrum. At a film thickness
0f 200 A, the Co peak may partially overlap the Ti peak. Several issues make
quantification of this spectrum difficult. The low Co signal, which is barely
detectable above the noise level, makes it difficult to determine what constitutes a
good simulated fit for the Co region. The width of the Co peak, which is related to
the sample thickness in which Co is present, is especially difficult to determine from
the experimental RBS spectrum, due to the low signal and interference from the Ti
peak. This could be overcome by assuming the Co and Ti are in the same film,
whose thickness is determined by fitting the Ti peak. The Co content of the
simulated layer would then be adjusted to reproduce the height of the experimental
Co peak. However, it is known from AES data on similar films that Co preferentially
segregates to surface particles such as those observed on this film by AFM. Thus,
the thickness of the region containing Co (the surface particles) is not equal to the
thickness of the region containing Ti (both the surface particles and the anatase film).
The simulation software does not allow the creation of a film containing voids, which

would be necessary to accurately model the surface particles. For these reasons, an
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Figure 4.8. RBS data and simulation for 2% Co:TiO, / STO / Sr/ Si(001) in the random geometry.
Inset shows Co peak and simulated fit.

accurate determination of Co content cannot be made by RBS.

Proton-induced x-ray emission (PIXE) offers several advantages over RBS for Co
determination. The atomic peak separation in PIXE is a function of the x-ray
emission energy, not the atomic mass, so the Co K, and K peaks appear without
interference from Ti, Sr, or Si. By comparing the Co peak area to that of a known
standard, the Co content can be accurately determined. As a standard, a thin film of
150 A y-Co,05 / MgO(001) was used, and the Co content was calibrated by RBS.
Figure 4.9 shows the PIXE spectrum and simulated fit as calculated by the GUIPIX
program for 2% Co-doped anatase. The x-ray background present in the
experimental data was subtracted before the simulation was performed. While the

simulation appears to fit the intense Si and Ti peaks well, the simulation does a poor
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job of fitting the small Co K, and Kg peaks This is most likely a consequence of the
low intensity and poor signal-to-noise ratio of the Co peak. Table 4.3 gives the
compositional results from PIXE, RBS, and the Co concentration estimated from the
Co flux during deposition. From these results, it is clear that both RBS and PIXE
significantly underestimate the number of Co atoms in the film relative to the
expected Co content determined from the Co flux. The discrepancy in the Co content
determined by RBS is expected, as discussed above. However, the PIXE
measurement was expected to provide a more accurate value for the Co concentration
than determination from the Co flux. The error in the Co flux determination, which
arises from changes in source flux during deposition from the anticipated value based
on the flux calibration, is not expected to be large enough to account for the

discrepancy between the flux and PIXE values. Thus it appears there is an error in
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Figure 4.9. PIXE data and simulation for 2% Co:TiO, / STO / Sr/ Si(001). Inset shows simulated

fit for Co K,, and Kp peaks. The low intensity and poor statistics make it difficult to fit the Co
peaks accurately. Asterisks (*) indicate pile-up peaks arising from detector overload.
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Table 4.3. Summary of Co content in Co:TiO; determined by calculation based on the assumed Co
flux during deposition, simulation of the RBS spectrum, and simulation of the PIXE spectrum for
each sample. RBS and PIXE consistently underestimate the Co content relative to the expected
value.

Nominal Co Co atoms in film (x 10™)
concentration Co flux RBS PIXE
1% Co 0.49 0.36 0.00
2% Co 1.09 0.62 0.26
4% Co 2.16 0.39 0.23

the PIXE measurement or data analysis which results in a severe underestimation of
the Co content for these films. A likely source of error is the underestimation of the
Co peak in the PIXE simulation. For this reason, the Co content determined from the
Co flux during deposition will be utilized for quantification of the magnetic

measurements for these films.

Magnetic measurements

The magnetic properties of Co-doped anatase / STO / Sr/ Si(001) were measured by
vibrating sample magnetometry (VSM) at room temperature. The raw magnetic loop
for 4% Co-doped anatase is presented in Figure 4.10(a). Since VSM measures the
properties of the entire sample, the weak signal from the Co-doped anatase film is
superimposed on the strong diamagnetic signal from the Si substrate. To remove the
diamagnetic signal, a linear background was fit and subtracted from the raw data.

The resultant magnetic signal attributed to the 4% Co-doped anatase thin film is
shown in Figure 4.10(b). Similar data for 2% and 1% Co-doped anatase are shown in
Figures 4.10(c) and 4.10(d), respectively. The characteristic "S" shape of the
magnetization curves and the observed hysteresis at low field indicate these films are
ferromagnetic at room temperature. The magnetization properties measured for the
1% and 2% Co-doped anatase films were similar, with a remanence (M,) of 9% of the

saturation moment (M) and a coercive field (H.) of 100 G. These values correlate
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well to the magnetic properties measured for Co-doped anatase films deposited on
LAO substrates (M, = 20% and H, = 125 G).” In contrast, the square loop with high
remanence (M; = 56%) and high coercive field (H, = 410 G) observed for 4% Co-
doped anatase is consistent with a significant magnetic contribution from

ferromagnetic Co metal.

To quantify the magnetic moment per Co atom for these samples, the measured total
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Figure 4.10. Magnetic hysteresis loops measured by VSM at room temperature for 200 A Co:TiO, /
STO / Sr/ Si(001). (a) Raw magnetic loop for 4% Co:TiO,. Diamagnetic response from Si substrate
dominates measurement. Dotted line is linear background due to diamagnetic signal. (b) Magnetic
loop for 4% Co:TiO, after subtraction of linear background to remove the diamagnetic signal. The
saturation magnetization (M;), remanence (M), and coercive field (H,) are given. (c) Magnetic loop
for 2% Co:TiO, after subtraction of linear background. (d) Magnetic loop for 1% Co:TiO, after
subtraction of linear background.
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saturation moment was converted to Bohr magnetons (ug) and divided by the total
number of Co atoms in the film, as calculated from the Co flux during deposition.
Since the number of Co atoms in the film was not independently quantified, an
unknown amount of error (which could be as high as 50 — 100%) is introduced into
determination of the magnetic moment per Co atom by estimating the Co content
based on the flux. Figure 4.11 presents the results of this conversion of the magnetic
hysteresis loops shown in Figure 4.10. It is expected that the saturation magnetic
moment per Co atom would be the same for all Co-doped anatase films if all the Co

incorporated into the anatase lattice and participated equally in the ferromagnetic

3 —|=— 1% CoTiO, / STO / Sr/Si(001)
=== 2% Co:TiO, / STO / Sr/Si(001)
— 4% Co:TiO, / 8STO / Sr/ Si(001)

2 —

Moment (u ;/Co)

1% Co: 3.1 pg/Co
2% Co: 2.6 pg/Co
4% Co: 2.6 p;/Co

| ]
-4000 -2000 0 2000 4000
Field (G)

Figure 4.11. Magnetic hysteresis loops normalized to total Co content for 200 A Co:TiO,/ STO /
Sr/ Si(001) with 1%, 2%, or 4% nominal Co doping. The Co content of each film was determined
from the expected flux during deposition. The average saturation magnetization for each film is
given in the inset. Samples were measured by VSM at room temperature.
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ordering. From previous work on Co:TiO, / LAO, the magnetic moment per Co
atom is predicted to be 1.1 — 1.2 pg/Co. From Figure 4.11, it is apparent that this is
not the case, and the moment per Co atom ranges from 2.6 to 3.1 pp/Co. This is an
unexpected result, since the measured moment is significantly higher than both the
moment measured previously for Co:TiO, / LAO and the known magnetic moment
for Co metal (1.72 pg/Co). In addition, there appears to be some variation in
hysteresis and saturation magnetization between the samples. To determine the
source of these variations, the charge state and local environment of the Co dopant

needs to be investigated.

Cobalt charge state

The charge state of Co, as well as information about its local environment, can be
determined by x-réy absorption near edge structure (XANES). Since the films
measured were only 200 A thick with low Co concentration (< 5%), the Co K-edge
XANES sampling depth is expected to be greater than the film thickness; thus,
XANES is probing all the Co in the film. Due to the difficulty of modeling the
XANES region theoretically, a simple lineshape analysis was performed by
comparing the experimental absorption spectrum to known standards. Table 4.4 lists
the Co standards utilized. The normalized Co K-edge absorption spectra (E, =
7708.8 eV) for the Co standards are presented in Figure 4.12. Lineshape differences

and shifts in the leading absorption edge are clearly observed between standards with

Table 4.4. Materials used as Co standards for Co K-edge XANES measurements.

Sample Crystal structure | Form for XANES | Co charge state
Co metal hcp foil Co(0)
CoO rock salt epi film on MgO Co(ll)
CoTiOs iimenite powder Co(ll)
C00.06Ti0.9402 anatase 220 A film on LAO Co(ll)
v-C0,03 spinel 150 A film on MgO Co(lll)
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Figure 4.12. Co K-edge XANES reference spectra of Co standards. Lineshape differences are
easily observed for Co in various charge states. A distinct shoulder in the absorption spectrum for
Co metal, indicated by an arrow, can be utilized as a characteristic feature of Co(0) present in Co-
doped films.

different Co charge states. Most importantly, a distinct shoulder is apparent in the
Co metal absorption spectrum along the leading edge (indicated by an arrow in
Figure 4.12); since this shoulder does not appear in the spectra for oxidized Co
compounds, it can be used as a signature of Co(0) present in the film. In addition,
differences are observed between CoO and CoTiOs, which both consist of Co(II).
This is due to differences in the local Co environment, which is an undistorted
octahedron for CoO (rock salt structure) and a distorted octahedron for CoTiO;
(spinel structure). The spectrum for 200 A CogsTi9 940, anatase on LAO is very
similar to CoTiO3, indicating the local Co environment is a distorted octahedral cage
in the Co:TiO; film. This result is consistent with Co substitution for Ti in the
anatase lattice.

In Figure 4.13(a), the experimental absorption spectrum for 1% Co:TiO, / STO / Sr/
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Si(001) is presented, along with the Co reference standards. In contrast to Co:TiO;
deposited on LAO, the film does not closely match any of the reference standards.
The absorption leading edge appears to have a slight shoulder, indicating the
presence of Co(0), and the shift in the absorption peak indicates the oxidized Co

occurs primarily as Co(IlIl). To quantify the presence of various charge states of Co,
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Figure 4.13. Co K-edge XANES spectra for 200 A Co:TiO, / STO / Sr/ Si(001), as well as Co
reference spectra for comparison. Simulations were obtained by a linear combination of the Co
reference spectra. (a) 1% Co:TiO,. (b) 2% Co:TiO,. (c) 4% Co:TiO,.
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a linear combination of reference spectra was determined which best simulated the
experimental spectrum. The difference between the experimental (I..,) and simulated
(Isim) intensity was quantified as %* = (Iexp~Isim)* / Lim for each experimental data
point, and the sum of * was minimized to obtain the best fit of the simulated
spectrum. The best fit results, as presented in Figure 4.13(a), are 28% Co metal, 0%
Co:TiO,, 2% Co0, and 70% Co0,0;. From this, it is concluded that the film consists
primarily of Co(0) and Co(III), with little or no Co(II). However, the simulation does
not fit the data well at the absorption peak, indicating a portion of Co may be in a

charge state or local environment not represented by the reference standards.

The absorption spectrum for 2% Co:TiO, / STO / Sr/ Si(001) and the best fit
simulation are presented in Figure 4.13(b). From the simulation, it appears this film
consists of 13% Co metal, 20% Co:TiO,, 18% CoO, and 49% Co0,0;. Despite the
higher Co concentration in this film, it appears to have less Co metal and more Co(II)
than the 1% Co-doped anatase film, which may indicate better substitutional
incorporation of Co into the anatase lattice. In addition, the simulation is able to fit
the experimental data, including the absorption peak, indicating the various Co

environments in the film are well represented by the reference standards.

The results for 4% Co:TiO, / STO / Sr/ Si(001) were quite different, as shown in
Figure 4.13(c). The experimental absorption spectrum could be fit well, and
indicated the film consists of 59% Co metal, 17% Co:TiO,, 24% Co0, and 0%
C0,03. In contrast to 1% and 2% Co:TiO,, this film contains a significant amount of
Co metal and no Co(IlI). The presence of Co(II) may indicate that at least some Co

has substituted for Ti in the anatase lattice.

It is clear from these results that, in contrast to Co:TiO, deposited on LAO, Co:TiO,
films deposited on STO / Sr/ Si(001) do not exclusively contain Co(II) substituted

for Ti(IV) in the anatase lattice. Deposition on Si appears to result in a mixture of
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Co(0), Co(Il), and Co(IHI). As presented in Figure 4.14, the proportion of atoms with
the Co(0), Co(Il), and Co(III) charge state varies with total Co concentration. The
observed increase in Co(0) and corresponding decrease in Co(III) as the total Co
concentration is increased is attributed to the increased competition for oxygen by Co
atoms in the more highly doped films. This implies a significant quantity of excess
oxygen was not present under these deposition conditions, such that sufficient
oxygen was not available to oxidize all the incident Co. The situation for Co(Il) is
more complicated. As plotted in Figure 4.14, the total number of Co atoms with the
+2 charge state is a combination of the fractions of Co:TiO, / LAO and CoO utilized
in the XANES fitting. From Figure 4.14 it is evident that Co oxidation to Co(II), and
thus possible incorporation into the anatase lattice, increases with increasing Co

concentration. This is unexpected in light of the situation for Co(0) and Co(III); with

pag® | GO0
-2x10 —&— Co(ll)
—@—- Co(lll)

# Co atoms in given charge state from XANES

1.0 1.5 20 25 3.0 3.5 4.0
Co:TiO, film stoichiometry (% Co)

Figure 4.14. Co charge state in 200 A Co:TiO, / STO/ Sr/ Si(001) samples, as determined by
simulating the Co K-edge XANES spectra with a linear combination of the Co reference spectra.
The Co(ll) charge state is a combination of Co:TiO, / LAO and CoO. With increasing Co doping
concentration, Co(0) and Co(Il) increase as Co(II) decreases.
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decreasing excess oxygen the oxidation of Co to Co(II) should decrease. Likewise, if
the solid solubility of Co in anatase was exceeded for higher doping concentrations,
the proportion of substitutional Co, represented by Co:TiO;, / LAO in the XANES
simulation, should plateau with increasing Co concentration. Instead, it is observed

to increase along with CoO.

XANES is a much more sensitive technique than either XRD or TEM to identify Co
that has not incorporated as Co(l]) into the anatase lattice. In particular, XANES is
much more effective at identifying the presence of Co(0). For example, 2%

Co:TiO, / STO / Sr / Si(001) was measured by both grazing incidence XRD and high
resolution TEM, and no secondary phases were identified; in contrast, the XANES
data indicates the film contains a significant portion of Co as Co(0) (13%) and Co0,0;
(49%). However, while the XANES data provides information about the charge
states and local environments felt by Co atoms in the film, it cannot distinguish the
form these local environments take. The difference between secondary phases which
have precipitated out of the anatase lattice and distorted, interstitial, or grain
boundary sites in anatase whose local environment is similar to a bulk secondary
phase cannot be determined from XANES. In samples with primarily one local
environment, extended x-ray absorption fine structure (EXAFS) can be utilized to
obtain information on the specific geometry of the local environment, such that bulk
secondary phases could be distinguished from interstitial sites, for example.
However, in these Co:TiO; films the mixture of Co charge states and local

environments make interpretation of EXAFS spectra impossible.

Magnetic measurements, revisited

In light of the various Co charge states present in each film, as determined by

XANES, it should be possible to reinterpret the saturation magnetic moment per Co
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atom discussed above. For example, 4% Co:TiO, was found to consist of 59% Co
metal; thus, 59% of the Co atoms should ferromagnetically order with the known
magnetic moment of Co metal (1.72 pg/Co). Assigning the oxidized Co species is
more difficult. If the "CoO" and "Co,05" fractions observed in XANES are separate
phases precipitated out of the anatase lattice, the Co atoms will be
antiferromagnetically coupled and will not contribute to the observed saturation
magnetization. However, if the Co atoms are in CoO-like or Co,03-like
environments distributed throughout the anatase lattice (i.e., Co(III) substituting for
Ti(IV) in the anatase lattice), such that antiferromagnetic coupling is not possible, the
magnetic moment on each Co will contribute to the overall measured magnetism.
Assuming the orbital magnetic moment is fully quenched, Co(Il) will have a
magnetic moment of 1 pp/Co in the low spin state and 3 pp/Co in the high spin state.
Likewise, the spin magnetic moment of Co(III) is 0 pp/Co in the low spin state and 4
us/Co in the high spin state. In first row transition metal salts, the orbital magnetic
moment of the transition metal cation is quenche:d.13 However, in work on Co:TiO, /
LAO, the magnetic moment has been found to be 1.1 — 1.2 pp/Co in films with
exclusively Co(II), which was attributed to low spin Co(II) with some contribution
from the orbital magnetic moment.'* Incomplete quenching of the orbital magnetic
moment in this case may arise from distortion of the octahedral environment in
anatase. Prediction of the expected.orbital magnetic moment arising from
incomplete quenching by the crystal lattice would require detailed knowledge of the
local environment of each Co atom, which cannot be extracted from Co K-edge
XANES spectra. Due to this, the contribution of an unquenched orbital magnetic

moment to the total saturation moment cannot be quantified.

Measurement of the magnetic moment of Co:TiO, / LAO suggests that Co(Il) is in a
low spin state;'* however, Co L-edge x-ray absorption spectroscopy (XAS) of
Co:TiO, / LAO deposited by pulsed laser deposition suggests that Co(Il) is in a high

spin state."> Since it is difficult to know a priori the spin state and ferromagnetic or



150
antiferromagnetic coupling of Co in various environments in the samples, some
assumptions must be made before attempting to quantify the magnetic measurements.
Co(0) present in the film is assumed to be in ferromagnetic clusters with a moment of
1.72 pp/Co. In addition, all Co(Il) and Co(III) present in the film is assumed to
participate in the ferromagnetic ordering. This assumption is reasonable based on the
high overall moment per Co atom measured for these films; if a significant fraction
of Co atoms were antiferromagnetically coupled, the overall magnetic moment would
be lower than expected (i.e., less than 1 pg/Co). The orbital magnetic moment is
assumed to be fully quenched for both Co(II) and Co(IlI). With these assumptions,
the predicted magnetic moment per Co atom can then be calculated from the
following equations:

Co(II) low spin / Co(III) low spin:

M, 1owniow = Xco0)*1.72 + Yoy * 1 + Zeogmy*0 4.1)
Co(1I) low spin / Co(III) high spin:

M, 1owmigh = Xco©)*1.72 + Yeoun ™1 + Zeoamy*4 4.2)
Co(II) high spin / Co(III) low spin:

M, hightlow = Xco)*1.72 + Yeouy™3 + Zeoqm ™0 (4.3)
Co(II) high spin / Co(III) high spin:

M, highmigh = Xco©)*1.72 + Yeoan*3 + Zeogmy*4 4.4)

where M; is the predicted saturation magnetic moment (up/Co) and Xco), Ycoan, and
Zcoam are the atomic fractions of Co in the respective charge states as determined by
XANES simulation. Table 4.5 presents the results of these calculations for 1%, 2%,
and 4% Co:TiO,. For comparison, the measured saturation moments for the films are
also tabulated. Overall, it appears that the measured magnetic moment can be
reproduced reasonably well assuming both Co(II) and Co(III) are in high spin states.
The difference between the measured value and the predicted value, defined as (M
measured — M, predicted) / Ms, measured> 15 ~8% for 1% Co:TiO,, -30% for 2% Co:TiO,, and
13% for 4% Co:TiO,. The measured magnetic moment for 2% Co:TiO, is better

reproduced by assuming Co(II) is in a low spin state and Co(III) is in a high spin
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Table 4.5. Measured saturation moment for 200 A Co:TiO, / STO / Sr/ Si(001), on a per Co basis
(as determined by the flux during deposition). Predicted moment calculation is based on the
fraction of Co in each charge state, as determined by simulation of the Co K-edge XANES spectra.

Nominal | Measured | Predicted moment with Co(ll) / Co(lll) spin state
Co moment (us/Co)
content | (us/Co) |Low /low| Low / high | High / low | High / high
1% Co 3.1 0.5 3.3 0.5 3.3
2% Co 2.6 0.6 2.6 1.4 3.3
4% Co 2.6 1.4 1.4 2.2 2.2

state (0% difference between measured and predicted values); this implies the local
crystal field splitting for Co(Il) is sufficiently different from that for Co(III) that low
spin is favored for Co(II) and high spin is favored for Co(III). This situation would
only be possible if the Co(I) participating in ferromagnetic ordering were in a

distinct crystal phase from Co(III).

Utilizing the XANES results to predict the saturation magnetization for each Co:TiO,
film, it appears that essentially all the Co in the film participates in ferromagnetic
ordering, and the oxidized Co species are in a high spin arrangement. Unfortunately,
this analysis cannot determine if the Co atoms are substitutional in the anatase lattice
or forming secondary phases which are ferromagnetic. Error may also be introduced
in calculating the number of Co atoms in the film from the Co source flux during
deposition; this calculation sensitively affects the measured saturation magnetization

per Co atom.

Investigation of Si oxidation influence

The Co oxidation state in a Co:TiO, film deposited on STO / Sr/ Si(001) is very
different from Co:TiO, deposited on LAO, even though the deposition conditions
were very similar. While Co:TiO, / LAO consists entirely of Co(Il) in distorted

octahedral sites (CoTiO;-like), consistent with substitution for Ti(IV) in the anatase



152
lattice, Co:TiO, / STO / Sr / Si(001) consists of Co(0), Co(II), and Co(III), with the

proportion of each charge state dependent in a complex manner on the Co doping

concentration.

The variation in Co oxidation state when deposited on STO / Sr/ Si(001) might be
attributed to the Si substrate. One possibility is that the strong thermodynamic
driving force for oxidation of Si to SiO, at the interface during the deposition of
Co:TiO; may act as an oxygen sink, pulling oxygen through the STO buffer layer and
thus reducing the concentration of oxygen available for reaction with Co and Ti at
the film surface. The STO buffer layer does not act as an effective barrier to oxygen
diffusion during anatase deposition, and a 35 A thick SiO, layer has been observed
after deposition of 200 A Co:TiO,. Since oxidation of Ti is more thermodynamically
favorable than oxidation of Co (see Table 4.1), the reduced oxygen concentration at

the film surface primarily affects Co oxidation.

To eliminate the influence of Si oxidation on the oxidation of Ti and Co, with the
goal of reducing the Co(0) content in the film, two approaches were considered. The
first was to eliminate the formation of SiO, by reducing the amount of oxygen
supplied to the film during deposition, such that all oxygen is consumed by Ti and
Co with no excess to diffuse to the Si interface. However, this method would still
result in a reduced oxygen concentration at the film surface, which would negatively
impact oxidation of Co. Alternatively, a thick SiO, layer was purposefully grown at
the Si interface after deposition of 10 ML STO / % ML Sr by exposing the heated
STO / Sr/ Si(001) film to the oxygen plasma for 45 minutes before deposition of
Co:TiO, was initiated. This plasma treatment should result in a thick SiO, film at the
Si interface, significantly reducing the thermodynamic driving force for oxygen
diffusion through the STO buffer layer. Thus, deposition at the same oxygen partial
pressure should result in a higher oxygen concentration at the film surface during

Co:TiO, deposition.
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Figure 4.15 shows the RHEED images of 10 ML STO / Sr/ Si(001) as-deposited,
after plasma treatment for 45 minutes, and after deposition of 200 A 4% Co-doped
anatase. From these RHEED images, it is apparent that the STO buffer layer surface
became slightly rougher after the plasma treatment, but retained its epitaxial
relationship with the underlying Si(001) substrate. The effect of the degraded surface
quality of the STO buffer layer is observed in the Co:TiO, film, which contains
significant polycrystallinity along with epitaxial regions and surface roughness. The
low quality crystallinity of the Co:TiO; film is not expected to significantly affect the

oxidation of Co and Ti.

From the XANES spectrum, shown in Figure 4.16, the film appears to contain
primarily Co(0) and Co(IIl); the simulated fit indicates the film consists of 50%
Co(0), 0% Co:TiOZ / LAQO, 4% Co0, and 46% Co0,0;. This is in contrast to the 4%
Co:TiO, / STO / Sr/ Si(001) sample deposited without plasma treatment, which

STO / TiO, [100] STO/TiO, [110]

10 ML STO
as-deposited

STO after 45
min plasma
treatment

200 A 4%
Co:TiO,

Figure 4.15. RHEED images of 10 ML STO as-deposited on 2 ML Sr /Si(001); the same film
after exposure to the oxygen plasma at elevated temperature (550-575°C) for 45 minutes; and after
deposition of 200 A 4% Co:TiO,. STO surface roughness after plasma treatment resulted in
significant polycrystallinity and amorphous regions in Co:TiO, film.



154

(a)
O 4% Co:TiO,/STO/ :' \‘
Sr/ Si0, / Si(001) [
1.5 |— Co metal ] p
' -~ CoTiO,/ LAO
=== COO
. ~ C0,0,
-‘(é E,=7708.8 eV
g 1.0
E ‘x.“/' """
:g' 0.5 4% CoTi0,/STO/ St/ SK00Y)
O 4% Co:TiO, / STO/ Sr/ $i0, / Si{001)]
8 . 0.4
g g
= 0.5 s
.‘é 0.2+
g
£ 04
0.0 n : , .
4 -2 ] 2 4 6 8 10
0.0 - Coxmmmms Energy (E-E,, eV)
T T T T T T T
-10 0 10 20 30 40 50
Energy (E-E,, eV)
(b)
1.2- Q Experimental
) = Simulation
E, 7708.8 eV
1.0
)
£ 0.8-
3
a
&
- 0.6
2
a
_3; 0.4 4% Co:TiO2 ISTO/Sr/ SiOZI Si(001):
Co metal: 50%
0.2 Co:TiO,: 0%
) CoO: 4%
y Co,0,: 46%
0.0 == | | T ! T T
-10 0 10 20 30 40 50

Energy (E-E,, eV)

Figure 4.16. (a) Co K-edge XANES of 200 A 4% Co:TiO,/ STO / Sr/ SiO, / Si(001). Co
reference standard spectra are included for comparison. Inset shows the Co(0) shoulder region;
compared to 4% Co:TiO, deposited without prior plasma treatment to grow SiO,, the amount of Co
(0) in the plasma treated film is not significantly reduced. (b) Simulated spectrum obtained by linear
combination of the Co reference spectra. Film consists primarily of Co(0) and Co(III).

consisted of Co(0) and Co(II) (see Figure 4.13(c)). The increased proportion of
Co(III) in the plasma-treated film may result from an increased concentration of

oxygen at the film surface during deposition. This indicates that oxidation of the Si
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interface during anatase deposition has at least some effect on the oxygen
concentration at the anatase film surface. However, from the inset to Figure 4.16(a),
it is evident that no significant reduction in Co(0) content was achieved by

deliberately growing a SiO; layer before anatase deposition.

Summary

Co-doped anatase films were deposited on STO / Sr / Si(001) with the goal of
obtaining single-phase anatase films containing Co substituted for Ti and distributed
throughout the anatase lattice. From the AFM and AES results, it is clear that large
particles or clusters form on the surface of Co-doped anatase films, and that most, if
not all, Co segregates to these particles. Determining the true mechanism of Co-
enriched cluster formation would require a significant experimental and theoretical
effort. It is unlikely that the resulting mechanistic understanding of cluster formation
would lead to a deposition scheme that produces flat anatase films with uniform Co

incorporation while simultaneously oxidizing Co to Co(II) and preserving the STO /

Si(001) interface.

Analysis by XANES indicates that the Co atoms in the sample are present in a
mixture of charge states and local environments. Co(III) and Co(II) in the form of
CoO are not desired since they indicate Co may not have substituted for Ti in the
anatase lattice. Particularly detrimental is Co(0), which is likely in the form of
ferromagnetic Co metal clusters. The presence of Co(0) under oxidative conditions
which are known to oxidize the Si interface strongly suggests that no regime exists in
which Co is fully oxidized to Co(II) while simultaneously preventing oxidation of the
Si interface. Based on these results, it is concluded that Co-doped anatase on Si is a

poor candidate as a DMS material for spintronic devices.



156

Notes to Chapter IV:

1. P.A. Stampe, R.J. Kennedy, Y. Xin, and J.S. Parker, "Investigation of the cobalt

distribution in the room temperature ferromagnet TiO,:Co." J. Appl. Phys. 93
(10), 7864 (2003).

. S.R. Shinde, S.B. Ogale, S. Das Sarma, J.R. Simpson, H.D. Drew, S.E. Lofland,
C. Lanci, J.P. Buban, N.D. Browning, V.N. Kulharni, J. Higgins, R.P.
Sharma, R.L. Greene, and T. Venkatesan, "Ferromagnetism in laser deposited
anatase Ti;,Co.0,5 films." Phys. Rev. B. 67, 115211 (2003).

. D.H. Kim, J.S. Yang, K.W. Lee, S.D. Bu, D.-W. Kim, T.W. Noh, S.-J. Oh, Y.-W.
Kim, J.-S. Chung, H. Tanaka, H.Y. Lee, T. Kawai, J.Y. Won, S.H. Park, and
J.C. Lee, "Investigations on the nature of observed ferromagnetism and
possible spin polarization in Co-doped anatase TiO, thin films."J. Appl.

Phys. 93 (10), 6125 (2003).

. D.R. Lide, ed. CRC Handbook of Chemistry and Physics, 84th ed. (CRC Press,
2003).

. S.A. Chambers, C.M. Wang, S. Thevuthasan, T. Droubay, D.E. McCready, A.S.
Lea, V. Shutthanandan, and C.F. Windish Jr., "Epitaxial growth and
properties of MBE-grown ferromagnetic Co-doped TiO, anatase films on
SrTiO;(001) and LaAlO5(001)." Thin Solid Films 418, 197 (2002).

. S.A. Chambers, S.M. Heald, and T. Droubay, "Local Co structure in epitaxial
CoxT1,.40,« anatase." Phys. Rev. B 67, 100401 (2003).

. S.A. Chambers, T. Droubay, C.M. Wang, A.S. Lea, R.F.C. Farrow, L. Folks, V.
Deline, and S. Anders, "Clusters and magnetism in epitaxial Co-doped TiO,
anatase." Appl. Phys. Lett. 82 (8), 1257 (2003).

. Z. Yang, G. Liu, and R. Wu, "Distribution and magnetization of Co impurities in
anatase TiO,." Phys. Rev. B 67, 060402 (2003).

. A.M. Dabiran, S.M. Seutter, and P.I. Cohen, "Direct observations of the strain-
limited island growth of Sn-doped GaAs(100)." Surf. Rev. Lett. 5 (3), 783
(1998).

10. R.S. Williams, G. Medeiros-Ribeiro, T.I. Kamins, and D.A.A. Ohlberg,

"Thermodynamics of the size and shape of nanocrystals: epitaxial Ge on
Si(001)." Annu. Rev. Phys. Chem. 51, 527 (2000).



157

11. F.B. de Mongeot, W. Zhu, A. Molle, R. Buzio, C. Boragno, U. Valbusa, E.G.
Wang, and Z. Zhang, "Nanocrystal formation and faceting instability in
Al(110) homoepitaxy: true upward adatom diffusion at step edges and island
corners." Phys. Rev. Lett. 91 (1), 016102 (2003).

12. J. Li, C.H. Sow, X.S. Rao, C.K. Ong, and D.N. Zheng, "Epitaxial growth and
magnetic and electric properties of Co-doped TiO, thin films."Eur. Phys. J.
B 32,471 (2003).

13. C. Kittel, Introduction to Solid State Physics, Seventh ed. (John Wiley and Sons,
New York, 1996).

14. S.A. Chambers, S. Thevuthasan, R.F.C Farrow, R.F. Marks, J.U. Thiele, L.
Folks, M.G. Samant, A.J. Kellock, N. Ruzycki, D.L. Ederer, and U. Diebold,
"Epitaxial growth and properties of ferromagnetic Co-doped TiO; anatase." -
Appl. Phys. Lett. 79 (21), 3467 (2001).

15. J.-Y. Kim, J.-H. Park, B.-G. Park, H.-J. Noh, S.-J. Oh, J.S. Yang, D.H. Kim,
S.D. Bu, T.-W. Noh, H.-J. Lin, H.-H. Hsieh, and C.T. Chen, "Ferromagnetism
induced by clustered Co in Co-doped anatase TiO; thin films." Phys. Rev.
Lett. 90 (1), 017401 (2003).



158
CHAPTER V: COBALT-DOPED SrTiO; / SrTiO5(001)

As discussed in Chapter IV, Co-doped anatase TiO, on STO / Sr/ Si(001) is
ferromagnetic at room temperature, an essential criterion for a dilute magnetic
semiconductor (DMS) material in practical spintronic devices. However, the
deposition results in segregation of Co to surface clusters, with essentially no Co
incorporation in the underlying anatase film. In addition, the Co occurs in a mixture
of Co(0), Co(Il), and Co(IIl) charge states, depending in a complex way on the Co
doping concentration and deposition conditions. Both of these materials issues are
detrimental to the utilization of Co-doped anatase as a DMS material. As an
alternative, Co-doped perovskite SrTiO; (STO) was considered. Very little work'™
has been attempted previously on STO as a host lattice for DMS materials, since
undoped STO is generally an insulating rather than semiconducting oxide. However,
STO can be made semiconducting by donor doping or the introduction of oxygen
vacancies. STO is an appealing oxide for integration with Si; STO can be deposited
epitaxially on Si without the formation of an interfacial SiO, layer, as demonstrated
in Chapter IIl. The deposition of STO on Si is facilitated by the catalytic effect of Sr
on the oxidation of Ti, allowing stoichiometric STO to be formed at lower
temperature and/or oxygen pressure than would be required for TiO,. This property’
is also expected to aid in the oxidation of Co. To evaluate the materials and magnetic
properties of Co-doped STO as a potential DMS material, Co-doped STO films were
deposited on STO(001) substrates.

Deposition conditions

As described in Chapter II, 300 — 450 A Co-doped STO / STO(001) was deposited
under similar conditions to Co-doped anatase / LAO.* In an attempt to fully oxidize

the Co dopant to Co(II) and avoid Co(0), the oxygen plasma at an oxygen partial
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pressure of 2x107° Torr was utilized, and a substrate temperature of 650-700°C
(800°C pyrometer reading) was chosen. These growth conditions would most likely
have to be modified for deposition on Si; they were selected to produce high quality
Co-doped STO for materials and magnetic evaluation, not for compatibility with Si.
Initial depositions utilized electron beam evaporation of Ti; however, difficulty in
stoichiometry control of the multicomponent STO film prompted a change to Ti

evaporation from an effusion cell.

Stoichiometry of SrTiO;

Stoichiometry control is vital to the successful deposition of STO. Unlike TiO,,
where Ti is the only metal cation and flux variations can be accommodated under
excess oxygen conditions, in STO the Sr and Ti fluxes must be equal to achieve
stoichiometric films. Slight variations in the flux of either Sr or Ti result in
stoichiometry variations in the film. For this reason, the Ti source was changed from
electron beam evaporation to an effusion cell, which is expected to provide a more
stable and reproducible flux. To further improve stoichiometry control, the metal
fluxes were checked by the quartz crystal oscillator (QCO) prior to deposition. Since
the QCO is placed in the sample position, geometric factors (such as a tooling factor)
do not need to be used to correct the measured flux to determine flux reaching the
sample during deposition. However, other issues reduce the accuracy of the flux
values measured by the QCO relative to film deposition.” QCO measurements are
performed in vacuum with a minimal background pressure of oxygen, while film
deposition occurs in 2x107® Torr of oxygen. This partial pressure of oxygen may
form a thin oxide layer on the heated metal sources, reducing their flux during film
deposition relative to that during QCO measurement. In addition, the QCO is held at
ambient temperature with the aid of cooling water during flux measurements.

However, the substrate surface during film deposition is held at approximately 650-
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700°C. Thus, the sticking coefficients of the metal atoms may be significantly higher
on the cooled QCO crystal than on the heated substrate, reducing the apparent flux to
the substrate. This is expected to be a concern especially for Sr, which is relatively
volatile in both Sr metal and SrO forms.” Due to these issues, matching the absolute
flux as measured by the QCO for Sr and Ti will not result in a stoichiometric STO
film. In most cases, the film will be rich in Ti, which indicates there may be a
significant desorption of Sr from the heated substrate surface. As an alternative
method, the metal fluxes were measured prior to deposition and compared to the
STO film stoichiometry as determined by x-ray photoemission spectroscopy (XPS),
as discussed in detail below. The metal fluxes measured by the QCO were then
adjusted to compensate for observed non-stoichiometry in the film. In this way,
target fluxes measured by the QCO were developed which produced nearly
stoichiometric STO films. For example, a measured deposition rate of 11.3 sec / ML
STO for Ti and 8.25 sec / ML STO for Sr was found to produce stoichiometric or
slightly Ti-rich films, despite the increased Sr rate relative to Ti. Despite these
attempts, a certain amount of STO stoichiometry variation was observed, attributable

to slight variations in deposition conditions during each growth.

As expected for homoepitaxy of STO on STO(001), oscillations of the RHEED (00)
spot intensity were observed for nearly all depositions, regardless of stoichiometry.
A particularly clear example is shown in Figure 5.1 for 340 A Co:STO / STO(001)
doped with nominally 6% Co. The oscillation spacing corresponds to the time to
deposit one monolayer of STO. As discussed above, the expected deposition rate,
based on the metal fluxes, was 8.25 — 11.3 sec / ML STO. However, the deposition
rate calculated from the RHEED oscillations was 16 sec / ML, indicating the overall
flux from each metal source was significantly reduced during deposition. This may
be attributed to the formation of an oxide skin on the metal sources during
deposition. The changes in overall RHEED spot intensity over the course of the

deposition may be due to subtle changes in the metal fluxes or oxygen partial
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Figure 5.1. Intensity oscillations of the RHEED (00) streak during deposition of 340 A nominally
6% Co:STO / STO(001). As indicated in the inset, the oscillation spacing corresponds to the time
required to deposit one monolayer of STO.

pressure in the chamber.

In situ x-ray photoelectron spectroscopy (XPS) was employed to quantify the STO
composition after deposition. As discussed in Chapter III, the ratio of the area under
the Sr 3p peak to the area under the Ti 2p peak, after subtracting a Shirley
background for each region, was compared to the same ratio for a bulk single crystal
of n-STO. For this reference standard, the ratio of St 3preference / T1 2Preference Was
found to be 1.06. For thick (300 - 500 A), pure STO films, the experimentally
determined ratio is directly comparable to the reference standard. However, for Co-
doped films, the occupation of Ti sites by Co must be considered when calculating
stoichiometry. To account for this, assuming all Co substitutes for Ti, the expected
ratio for Sr(T1;.4<Cox)Os is corrected as Sr 3preference / [T1 2Preference * (1-x)] or 1.06 / (1-

x). To normalize the stoichiometry of films with varying concentrations of Co, the
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experimental Sr 3p / Ti 2p ratio was divided by the corrected reference standard ratio,
such that an exactly stoichiometric film exhibiting the expected Sr / Ti ratio will have
a corrected stoichiometric ratio of 1.0. Deviations from this value indicate excess Sr
(ratio > 1) or excess Ti (ratio < 1). All Sr/ Ti ratios given below have been corrected
in this way for Co incorporation. For the purposes of the discussion below, "nearly

stoichiometric" STO films are defined as those with Sr/ Ti > ~ 0.85.

Due to the insulating properties of the STO films, it was necessary to utilize the low
energy electron flood gun during XPS measurements to compensate for surface
charging. Imperfect charge compensation by the flood gun results in some peak
asymmetry. However, the peak asymmetry will not affect the area under the peak
provided the background subtraction is accurate; the slight asymmetry observed in
these STO films does not alter the background subtraction, such that the peak area is

unaffected.

Quantification of Co concentration

Quantification of Co content in Co:STO presents the same challenges as
quantification in Co:TiO,, as discussed in Chapter IV. For Co:STO, Co is only
observed in XPS in some cases for higher doping concentrations; thus, XPS cannot
be utilized to quantify the Co content in the films. Instead, quantification was
attempted with both Rutherford backscattering spectrometry (RBS) and proton-
induced x-ray emission (PIXE). Interpretation of RBS data is made more difficult by
the presence of both Sr and Ti throughout the film and substrate, such that the Co
signal rides on the Sr background, and interference from Ti may occur. The RBS
spectrum and simulated fit as determined utilizing the SimNRA computer program
for nominally 6% Co:STO / STO(001) are shown in Figure 5.2. Although the Co

peak is small relative to the background level, the simulation appears to fit it
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Figure 5.2. RBS spectrum and simulated fit for nominally 6% Co:STO / STO(001). The inset
shows the simulated fit in the Co region.

reasonably well. The Co content extracted from the simulation is 4.20x10" Co
atoms/cm’. Using the film thickness calculated from the deposition rate as measured
by RHEED oscillations (342 A), this corresponds to a doping concentration of 7.3%.

This value is in reasonable agreement with the nominal Co concentration of 6%.

PIXE is expected to provide a more sensitive measurement of Co content than RBS.
Although PIXE spectra can be fit by theoretical models in much the same way RBS
data is simulated, to eliminate errors in this method the PIXE simulation by the
GUIPIX software was only utilized to obtain the area under the Co K, peak. This
peak area was then compared to the peak area for a reference standard of
approximately 144 A epitaxial y-Co,03 / MgO(001), whose Co content has been
determined independently from both RBS and x-ray reflectivity (XRR) to be (5.0 +

f
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0.2) x10'® Co atoms/cm®. Due to the high Co concentration, the Co K,, peak area in
the PIXE spectrum for this standard was obtained with significantly better statistics
than can be obtained in a reasonable amount of time from the Co:STO films. To
determine the accuracy of both PIXE and RBS at lower Co concentrations, another
v-C0,03 / MgO(001) standard was grown, with a thickness of only 31 A as measured
by XRR. As presented in Table 5.1, both RBS and PIXE (utilizing the thick y-Co0,0;
film as a standard) significantly underestimate the Co content of the thin reference
film as compared to the Co content calculated from the known film thickness. The
source of this discrepancy is currently under investigation. To reduce the error in
quantifying smaller amounts of Co, the 31 A film was chosen as the PIXE reference

standard for Co:STO.

Figure 5.3 shows the PIXE spectrum and simulated fit for the same film as discussed
above for RBS (nominally 6% Co:STO / STO(001)). The film contains sufficient Co
to produce clear Co K, and Kg peaks, which are fit well by the simulation. From
comparison of the Co peak area to that for the reference standard of 31 A y-Co,05 /
MgO(001), the Co content of this film is estimated to be 4.64x10'° Co atoms/cm?,
slightly higher than the value obtained from RBS (4.20x10'"> Co atoms/cm?). The Co
concentration calculated from PIXE is 8.1%. Similar results are presented in Table
5.2 for several other Co:STO / STO(001) samples. From these results, it is evident

that the expected Co content was not always obtained, and in some cases the

Table 5.1. y-Co,0; / MgO(001) reference standards utilized for quantification of PIXE spectra.
The actual film thickness was measured by x-ray reflectivity and used to calculate the expected Co
content. The Co content determined by RBS for 144 A Co,0; was used to calibrate the data from
PIXE. The Co content by PIXE for the thin Co,05 film was determined using the thick Co,0; film
as reference.

1—-C020; Calculated Co content
thickness (x 10"® atoms/cm?)
(XRR) Expected RBS PIXE
144 A 52.0 50.0 —
31A 11.3 3.0 6.97
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Figure 5.3. PIXE spectrum and theoretical simulation for nominally 6% Co:STO / STO(001). The

simulation appears to fit the Co K, and Ky, peaks well, as shown in the inset. Asterisks (*) indicate
pile-up peaks arising from detector overload.

discrepancy appears to be too great to be accounted for by the observed error in PIXE
quantification. The difference is especially apparent in the nominally 12% Co:STO
sample, which by both RBS and PIXE is only doped with 4.1 - 4.7% Co. From this,
it appears that Co flux variations occurred during deposition relative to the flux
values obtained by measurement with the QCO. Thus, despite the inaccuracy in
determining the absolute Co concentration values from PIXE, it is expected to
provide a better relative measure of the Co content of Co:STO / STO(001) than

calculations based on the Co flux.

The underestimation of Co content by RBS and PIXE may also result if a significant
concentration of Co diffused deep into the STO substrate during deposition. Co

diffusion into STO during deposition has been inferred previously.® If Co resides
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Table 5.2. Co content of several Co:STO / STO(001) films, as determined by calculation based on
the expected Co flux during deposition, RBS spectra, and PIXE spectra. Values in parenthesis are
the Co doping concentrations based on the Co content and the film thickness.

Nominal Co Co atoms in film (x 10™)
concentration Co flux RBS PIXE

1% Co 0.94 0.62 (1.3%)
1% Co 0.82 0.00 0.00

3% Co 2.80 0.46 (1.0%)
3% Co 2.26 0.00 0.00

6% Co 5.44 3.30 (7.3%) 3.65 (8.1%)
6% Co 5.04 3.07 (6.3%)
9% Co 8.26 8.25 (15.3%) 13.24 (24.5%)
12% Co 9.76 2.36 (4.1%) 268 (4.7%)

deeper than the approximately 1 um probe depth of RBS and PIXE, it will not be
detected, lowering the measured Co concentration relative to the actual content. This
may be the reason no Co signal was detected by either RBS or PIXE for two Co:STO
samples (1% and 3%); since these films exhibited ferromagnetism, it is believed that
they do contain Co. However, currently there is no independent verification of Co

diffusion into the STO substrate in these samples.

To distinguish Co concentrations calculated with various methods, the following
notation will be utilized: Co concentrations determined from the expected flux during
deposition will be expressed as %py,x; Co concentrations determined by RBS will be
expressed as %gps, and Co concentrations determined by PIXE will be expressed as

0,
A)PIXE~

Surface morphology

Regardless of STO stoichiometry or Co content, all Co:STO films exhibited a smooth

surface morphology free of large clusters or particles. As illustrated in Figure 5.4(a)



167
for a 6%p,x Co:STO film with the corrected stoichiometric ratio from XPS of Sr/ Ti
= (.63, poor quality "spotty" final RHEED images are associated with atomic-scale
roughness as observed by tapping-mode AFM, not the formation of large surface
particles. Only a few small surface protrusions are observed. Streaky RHEED
images of the final film correspond to a smoother film, as shown in Figure 5.4(b) for
a nearly stoichiometric 1%gy,x Co:STO film, with Sr/ Ti = 0.90. Faint atomic-scale
terraces are observed as nearly vertical lines in the AFM image. Figure 5.4(c) shows
the RHEED and AFM images of a very high quality surface with broad atomic
terraces, from 8%pxg Co:STO with Sr/ Ti = 0.89. Although the RHEED images
contain spots, they arise from diffraction of single atomically flat planes,
characteristic of a smooth surface with terraces larger than the electron coherence
length. The streaks in the image indicate that some areas of the surface possess
terraces which are smaller than the coherence length. In general an improvement in
both RHEED (00) oscillations and final RHEED diffraction images was observed
with increasing Sr content in the STO film, regardless of Co doping. This may be
due to the ease with which STO can incorporate excess Sr into lattice-matched
Ruddlesden-Popper phases which do not signiﬁcantly disrupt the epitaxial lattice.
Incorporation of excess Ti cannot be accommodated as easily, and Ti-rich secondary

phases are expected to disrupt the STO lattice to some extent.

For Co:STO films which are nearly stoichiometric (0.85 < Sr/ Ti/ < 1.02), the effect
of Co content on the surface morphology as observed by RHEED is presented in
Figure 5.5. Increasing the Co doping level in the film does not appear to be
detrimental to the surface morphology or crystallinity. Instead, the opposite effect of
a slight improvement in surface crystallinity with increasing Co content is observed.
This is surprising since the addition of Co to STO is expected to expand the lattice,
creating strain in the film. As the Co content is increased, the film strain is expected

to increase as well, and surface roughness is often associated with film strain.
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Figure 5.4. Final RHEED images and 5 x 5 um tapping mode AFM images of representative

Co:STO / STO(001) film surfaces. (a) 400 A 6%y Co:STO / STO(001); Sr/ Ti = 0.63. RHEED
images are spotty, corresponding to atomic-scale roughness obsreved by AFM. (b) Streaky RHEED
images of 330 A 1%gyx Co:STO / STO(001) correspond to smooth film in which closely-spaced atomic
terraces are observed. Sr/Ti = 0.90 for this film. (c) 340 A 8%pxe Co:STO / STO(001); Sr/ Ti =
0.89. Modulation in the RHEED images is the result of an atomically smooth film, as observed in the
AFM image of a smooth film with widely-spaced atomic terraces.
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Figure 5.5. Final RHEED images of nearly stoichiometric Co:STO / STO(001). (a) 330 A 1%piux
Co:STO / STO(001). (b) 340 A 1%pxe Co:STO / STO(001). (c) 340 A 8%pix: Co:STO / STO
(001). (d) 400 A 15%gps Co:STO / STO(001). A slight improvement in the RHEED images is
observed with increasing Co content.

Film morphology

Incorporation of Co into the STO lattice can be inferred from a change in deposition
rate when Co is introduced; if Co incorporates into STO, the deposition rate should
increase, whereas if Co forms secondary phases the STO deposition rate will not be
affected. The RHEED oscillations observed during deposition provide a monolayer-
by-monolayer measure of the STO deposition rate; a change in deposition rate is
observed as a change in the oscillation frequency. Figure 5.1 above shows the

RHEED (00) oscillations for 8%opixg (6%rx) Co:STO / STO(001); in Figure 5.6 the
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time at which each peak minimum and maximum occurred is plotted for the first 600
seconds of deposition. A change in oscillation frequency would appear as a slope
change in this plot. Least squares linear regressions of both the peak minima and
maxima indicate a slight decrease in slope of approximately 0.27 sec / oscillation
after Co was introduced. This corresponds to a slightly increased deposition rate, as
expected for Co incorporation into the lattice. Although this change in slope is
within the measurement error of approximately =+ 0.4 seconds, it is believed to be a
real effect since it is observed for both the oscillation minima and maxima. The
change in deposition rate is approximately 2% after the introduction of Co. For 8%

Co doping, a change in deposition rate of 8% would be expected.

More convincing evidence of Co incorporation into the STO lattice is obtained by
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Figure 5.6. Plot of deposition time for RHEED (00) intensity oscillation minima and maxima versus
number of clearly observed oscillations for 8%pxg Co:STO deposited on STO(001). The slope of
least squares linear regressions of each set of data are indicated. For both the minima and maxima, a
clear change in slope is observed after the Co shutter was opened. The faster deposition rate after
opening the Co shutter is evidence of Co incorporation into the STO lattice.
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high resolution XRD rocking curves. Figure 5.7 shows STO(002) rocking curves for
300-500 A nominally stoichiometric STO / STO(001) doped with 1%giux, 1%pixe,
8%pixE, and 15%gps Co. The multiple peaks observed for the STO substrate are due
to defects such as twinning. The small oscillations observed in the background are
thickness fringes arising from diffraction interference of the film and the substrate.
Due to strain in the lattice, the Co:STO film has a different lattice spacing than the
STO substrate and thus appears as a distinct peak in the diffraction pattern. Film

strain can arise from two primary sources: substitution of Co for Ti and lattice
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Figure 5.7. High resolution XRD rocking curve patterns of the STO(002) reflection for Co:STO /
STO(001) films. Strained Co:STO film is observed as a distinct diffraction peak occurring at lower
angle than the STO substrate peak. (a) 330 A 1%g1x Co:STO / STO(001). (b) 340 A 1%pixe
Co:STO / STO(001). Unusual film peak shape may be due strain gradients resulting from
Ruddlesden-Popper phases incorporated into the film. (c) 330 A 8%p;xg Co:STO / STO(001). (d)
400 A 15%gps Co:STO / STO(001). Clearly resolved thickness interference fringes indicate film is
uniform and of high crystalline quality.
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Table 5.3. Co:STO film strain, relative to bulk STO, as measured by high resolution XRD rocking
curves of the STO(002) reflection. For 1%pxg Co:STO, the tabulated lattice parameter is from the
highest-strained portion of the film diffraction peak. For reference, the lattice parameter of bulk
STO is also presented.

Film Thickness | Lattice parameter Strain
1%kix Co:STO 330 A 3.925 A 0.64%
1%PIXE Co:STO 340 A 3.999 A 2.54%
8%pixe C0:STO 330 A 3.923 A 0.59%
15%krps C0:STO 400 A 3.933 A 0.85%

Bulk STO -—-- 3.905 A 0

matching of this film to the STO substrate. As presented in Table 5.3 for the films
shown in Figure 5.7, the Co:STO peak appears at lower 20 angle (larger ¢ plane
spacing) relative to the STO substrate peak, indicating the Co:STO film has an
expanded lattice compared to bulk STO. This implies that Co has substituted into the
STO lattice, and possesses a larger ionic radius than the atom it is substituting for.
Using this result, the various possibilities of Co substitution can be evaluated. If Co
acts in a similar manner to Co-doped anatase TiO,, it will substitute as Co(Il) for
Ti(IV), creating an associated oxygen vacancy to maintain charge neutrality.
However, Co in perovskite SrCoO; processed under highly oxidizing conditions is
present as Co(IV),” thus Co in Co:STO may take the higher oxidation states of
Co(1I) or Co(IV). In addition, Co(Il) may substitute for Sr(Il) as an isovalent
dopant. To determine the effect of these possible substitutions on the STO lattice,
the effective ionic radii®® of Co(II), Co(III), Ti(IV), and Sr(II) are given in Table 5.4.
For substitution of Co for Ti in an octahedral site (coordination number of 6), only
Co(II) possesses a larger ionic radius than Ti(IV), so a lattice expansion would only
be observed for Co(II) substitution. If Co were to take a higher oxidation state, a
lattice contraction would result. This trend is observed for SrCoO;, which has a
lattice parameter of 3.84 A,'%!! a significant contraction from SrTiO; (3.905 A).
Although data is not readily available for the ionic radius of Co(II) with a
coordination number of 12, it is likely that if Co(II) were to substitute for Sr(II), it

would possess a significantly smaller ionic radius and result in a lattice contraction.
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From the observed expansion of the Co:STO film lattice, it is concluded that Co

substitutes as Co(Il) for Ti(IV).

The film strain in the ¢ axis direction is included above in Table 5.3 for the samples
shown in Figure 5.7. In some cases, the film strain can be used to calculate the
doping concentration by comparing to bulk undoped specimens and applying
Vegard's law, which states that the lattice parameter changes linearly with
composition between two known endpoint compositions. Unfortunately, Vegard's
law cannot be applied to Co:STO / STO(001) due to lattice matching to the STO
substrate. In films which are truly epitaxial, the in-plane lattice parameter is
constrained to be 3.905 A to match the STO(001) substrate; the observed expansion
in the ¢ lattice parameter thus results from both inherent lattice expansion due to Co
doping and expansion due to the in-plane compressive stress. Since these two effects
cannot be separated by STO(002) rocking curves alone, the reported film strain will
contain both effects. Thus, lower Co-doped films may actually exhibit more strain
than higher doped films, since the lower doped film is able to epitaxially match the
STO substrate while the higher doped film relaxes in-plane. This is likely why
1%gx Co:STO exhibits more strain than 8%p;xg Co:STO.

Table 5.4. Effective ionic radius for various charge states and coordinations of Co. For octahedral
coordination, the radius for both low spin (LS) and high spin (HS) electronic configurations are
given. For comparison, the ionic radii expected for Ti(IV) and Sr(II) in STO are also given.
Values from [9].

Charge | Coordination | Effective ionic

state number radius

0.65 A (LS)

Co () 6 0.745 A (HS)
D) 8 0.90 A

0.545 A (LS)

(1) 6 0.61 A (HS)

(IV) 6 0.53 A (HS)
Ti (V) 6 0.605 A
Sr ()] 12 1.44 A
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It is clear from Figure 5.7 that 1%pxg Co:STO / STO(001) does not exhibit the same

film strain characteristics as the other samples. Rocking curve measurements of this
sample in various orientations, as well as a triple-axis scan, confirm that the observed
diffraction pattern is not an artifact. This unusual peak shape can be interpreted as
arising from a heterogeneous strain profile in the ¢ direction of the film. The
significant strain observed in this film may be due to the formation of Ruddlesden-
Popper (RP) phases. RP phases consist of single layers of rock salt SrO periodically
interspersed in the STO lattice in the {100} directions, and form to accommodate
excess Sr. SrO, with a lattice parameter of 5.16 A, is reasonably well lattice-matched
to the "SrO" layer of STO(001) with an in-plane rotation of 45°. As measured by the
XPS Sr/ Ti ratio, this film contains more Sr than the other films shown in Figure 5.7.
Suzuki et al.'? found epitaxial Sr; ,5TiO; 25 thin films formed RP planar faults; the
measured lattice parameter in the ¢ direction was significantly expanded (4.087 A),
while the in-plane lattice parameter was measured to be 3.905 A indicating an
epitaxial relationship to the STO(001) substrate. This magnitude of ¢ lattice
expansion is observed in 1%pixg Co:STO (c = 3.999 A), although the significant
strain gradient observed in Co:STO was not seen in the St 55TiOs 55 film.'> The large
heterogeneous strain gradient, indicating the ¢ lattice parameter in the Co:STO film
ranges from 3.999 A to nearly the bulk STO parameter of 3.905 A, may result from
non-periodicity of the inserted SrO layers in the STO lattice.

The semiconducting properties of Co:STO films on STO(001) were evaluated by
measuring the film resistivity with a four point probe apparatus. All films, regardless
of STO stoichiometry or Co content, were found to exhibit p > 5x10° Q-cm. For
most films the resistivity was too high to be measured with the four point probe
apparatus, indicating the resistivity was greater than approximately 15x10* Q-cm.
These resistivity values place the Co:STO films in the range of semiconductors
(generally defined as 102 < p < 10° Q-cm)."* However, the measured resistivities are

significantly higher than previously reported for semiconducting Co:TiO, / LAO (p ~
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100 Q-cm)“’6 and ferromagnetic Co-doped Lag sSro 503 (p ~ 10%-10? Q~cm);3 in

comparison, the Co:STO films can be considered insulating.

Cobalt charge state and local environment

The charge state of Co in Co:STO was investigated by Co K-edge x-ray absorption
near edge structure (XANES), as shown in Figure 5.8 for stoichiometric 1%pxg
Co:STO / STO(001). The experimental spectrum was fit by a linear combination of
the Co reference standards by minimization of 2, as described in Chapter IV. The
resulting best fit simulation is shown in Figure 5.8(b). The data is best fit with 5%
Co metal, 11% CoTiOs, 33% Co0, and 51% Co0,0;. However, the simulation does
not fit the data well in either the absorption edge or absorption peak regions.
Although the best fit model includes 5% Co(0), the lack of intensity in the pre-edge
region implies little or no Co(0) present. As shown in the inset to Figure 5.8(b),
performing the fit with the Co(0) contribution set to zero slightly improves the fit to
the experimental data in the region of the Co(0) shoulder. From this, it is concluded
that the Co:STO film does not contain Co(0). This is a significant result, since it
indicates Co is fully incorporated into oxide phases. The experimental data exhibits
a double peak shape which the simulation is unable to reproduce, indicating the local
environment of Co in STO is not well represented by the Co reference standards.
The absorption edge for Co:STO appears at approximately the same energy as the
Co(1I) reference standards, indicating most or all the Co in the film is Co(II). No
significant differences were observed in spectra for several other Co:STO films,
regardless of Co content (approximately 1% to 5% Co) or STO stoichiometry (Sr/ Ti
=0.63 to 1.02). As an example, Figure 5.9 shows two Co:STO / STO films with
similar Co content but different STO stoichiometry (Sr/ Ti = 0.76 and Sr/ Ti =

1.02). Despite these variations, the two spectra are nearly identical.
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standards are shown for comparison. The experimental lineshape does not appear to match any of

the Co standards. (b) Simulated fit to the experimental data. The data cannot be fit well along the

leading edge or at the peak. Shown in the inset is the pre-edge region of the experimental spectrum,
as well as a comparison of the simulated fit including Co(0) to a simulated fit with no Co(0). The fit
in this region is slightly improved assuming no Co(0), indicating there is no Co(0) in the film. For

reference, the Co metal spectrum is also included.
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Figure 5.9. Co K-edge XANES of Co:STO / STO(001) samples. A nearly stoichiometric 1%pxe

Co:STO film with Sr/ Ti = 1.02 has an almost identical lineshape to a Ti-rich 3%, Co:STO film

with Sr / Ti = 0.76, indicating the Co is in a similar local environment in both samples regardless of

Co concentration or STO stoichiometry.
From the XANES spectra the presence of secondary phases cannot be ruled out,
although they are unlikely since the lineshape does not change with Co content or
STO stoichiometry. The experimental lineshape may arise from Co(II) substitution
for Ti(IV), in which the local Co environment is sufficiently different from Co(II) in
either CoO or CoTiOs that these reference standards do not reproduce the lineshape.
Alternatively, the lineshape may arise from some Co(II) substitution for Sr(II), and
the charge state and 12-coordinate symmetry of this site is not represented by the
reference standards. Although no experimental XANES spectrum of Co:STO or
SrCoO; is available, comparison of the lineshape with the XANES spectrum14 for
brownmillerite structure Sr,Co,0s, reproduced in Figure 5.10, shows qualitative
agreement. Brownmillerite Sr,C0,0s has a defected perovskite structure with an
ordered array of oxygen vacancies, containing Co(III) in both distorted octahedral

and distorted tetrahedral sites. In XANES, the influence of charge state in an
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otherwise identical structural environment is to shift the absorption edge to higher
energy without signficantly affecting the lineshape. Thus, the similérity in the
XANES spectra lineshape for Co:STO and Sr,Co,0s implies that Co(Il) in Co:STO
is primarily incorporated into the STO lattice at Ti sites. A mixture of octahedral and
tetrahedral coordinations is not expected in Co:STO; however, octahedral versus
tetrahedral coordination should not have a significant effect on the K-edge XANES
lineshape' since K shell excitation does not probe the 3d shells. In addition, oxygen
vacancies which form near the Co cations in Co:STO to maintain charge neutrality

may distort the local coordination and structural environment of the Co cations.

To elucidate the local Co environment in Co:STO, EXAFS was utilized. Figure
5.11(a) shows the raw EXAFS data for stoichiometric 1%pixg Co:STO / STO(001);
Sr/ Ti=1.02. The observed oscillations are due to interference of the propagating

wavefunction generated by the excited (absorbing) electron and backscattered waves
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Figure 5.10. Reproduced from [14]. Co K-edge XANES spectrum of brownmillerite Sr,Co0,0:s.
E-E, = 0 was defined as the inflection point of the absorption edge.
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Figure 5.11. Co K-edge EXAFS spectrum and theoretical fit to the data for stoichiometric 1%pxg

Co:STO / STO(001). (a) Raw EXAFS spectrum. Oscillations arise from electron wave interference

with neighboring atoms. Inset shows extracted data. (b) First shell theoretical fit to the data

assuming all Co substitutes for Ti in the STO lattice. '
generated when the propagating wave encounters neighboring atoms. Thus,
information regarding the number and distance of neighboring atoms can be
extracted from EXAFS data, providing a clear picture of the local environment of the
absorbing atom. After subtraction of a smooth background function from the raw

EXAFS data presented in Figure 5.11(a) and multiplication by k* (where K is the
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photoelectron wave vector in A™") to compensate for amplitude attenuation as a
function of k, the extracted EXAFS data shown in the inset to Figure 5.11(a) is
obtained. Figure 5.11(b) shows the extracted EXAFS spectrum after Fourier-
filtering, as well as a first shell theoretical calculation fit to the data, assuming all Co
substituted for Ti in STO. From this best fit calculation, Co was found to have
approximately 6 nearest neighbors with a Co-O bond length of 2.00 A. This
corresponds well to Co substitution for Ti in STO, in which Ti has six nearest oxygen
neighbors with a bond length of 1.95 A. A slight lattice expansion is expected when
Co(II) is substituted for Ti(IV), since Co(Il) is slightly larger (Table 5.4).

Shown in Figure 5.12 is a comparison of the theoretical first shell fits for two 350 A
thick films with the same STO stoichiometry as measured by XPS (Sr/ Ti = 0.9).
Although both films were nominally doped with 1%p,, Co, intensity differences in
the x-ray absorption spectra indicate the film in Figure 5.12(b) contains 2-3 times as
much Co as the film shown in Figure 5.12(a); since ferromagnetism was not
observed in this film (as discussed below), it is assumed to have > 5%nominat CO
doping. Assuming Co substitution for Ti only, the quality of theoretical fit to both
data sets appears to be similar, although slightly different parameters are necessary to
fit the data for each sample. As a comparison of the effect of increasing Co
concentration on the local Co environment in Co:STO, Figure 5.13 shows the Fourier
transformed EXAFS data for all three samples. Since this data includes higher shells
it is more sensitive to differences in Co environment than the first shell data shown in
Figures 5.11 and 5.12. It is evident from this plot that the local environment in each
of the three samples is not equivalent. Instead, each sample appears to contain

differing admixtures of Co in several local environments.

To determine the exact local environment for Co in Co:STO, the theoretical fits
shown in Figures 5.11 and 5.12 could be improved by both expanding the calculation

to include further shells of neighboring atoms, as well as by including the effects of a
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portion of Co in another lattice site. For example, the fit shown in Figure 5.11(b) can
be improved by allowing approximately 20% of the Co atoms to occupy Sr sites in
the STO lattice. Although Sr is much larger than Co, substitution may be favored
since Co(II) would be an isovalent dopant; no oxygen vacancies would be necessary
to maintain charge neutrality. However, a full analysis considering all the possible

Co sites, including Co substitution at various points in the lattice, interstitials, and
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Figure 5.12. (a) Theoretical fit to the Co K-edge EXAFS spectra for 1%g,, Co:STO / STO(001);
Sr/ Ti = 0.90. (b) Theoretical fit for > 5%nomina C0:STO with similar STO stoichiometry (Sr/ Ti =
0.89).
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Figure 5.13. Fourier-transformed EXAFS data for three nearly stoichiometric Co:STO samples
with varying Co concentration. Clear differences are observed in the Co environment for the three
samples.

secondary phases, is required before any proposed model can be considered

definitive. Despite this, the initial fits presented here strongly indicate that most if

not all Co substitutes for Ti in the STO lattice.

Magnetic measurements

Several of the Co:STO / STO(001) films were ferromagnetic at room temperature.
From the XANES data presented above, a ferromagnetic response due to the
presence of Co(0) precipitates can be ruled out. Likewise, since no secondary phases
were observed by XRD or XANES, the magnetic signal appears to originate from
substitutional Co in the STO lattice. Figure 5.14 presents the room temperature

hysteresis loops, after subtraction of a linear background to eliminate the diamagnetic
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signal from the substrate, obtained by vibrating sample magnetometry (VSM) for two
representative films: 5%pxg Co:STO and 8%pixg Co:STO. The film with less Co
exhibits clear ferromagnetic hysteresis, with a coercive field of 84 G and 17.5%
remanence. In contrast, the sample with higher Co content appears to exhibit no
ferromagnetic hysteresis, although the faint "S" shape of the loop may indicate the
film is superparamagnetic. From comparison of the ferromagnetic properties of these
two films, there appears to be a dependence of the ferromagnetism on Co content.
This dependence is clearly observed in Figure 5.15, which plots the ferromagnetic
saturation magnetization per Co atom versus the Co content as determined by PIXE

' in several Co:STO films. At Co doping concentrations less than 5%pixE,
ferromagnetism is observed, while at concentrations greater than 5%pxg, consistently
non-ferromagnetic films are obtained. The ferromagnetic moment per Co atom

appears to be high (2 — 7 pp/Co). High spin Co(ll) is expected to have a magnetic
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Figure 5.14. Magnetic hysteresis loops obtained at room temperature by VSM for Co:STO / STO
(001) with varying Co dopant concentration (as calculated from PIXE data). 5%pxg Co:STO
exhibits clear ferromagnetic hysteresis, while 8%pxg Co:STO is non-ferromagnetic.
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Figure 5.15. Plot of ferromagnetic moment per Co atom versus the Co dopant concentration in

Co:STO / STO(001). Data points were determined using the Co concentration obtained by PIXE;

inherent error in quantification makes the magnetic moments representative, not absolute values.

At low Co concentrations, ferromagnetism is observed. As the Co content is increased, the

ferromagnetic moment decreases until approximately 5.5%pixe Co, when ferromagnetism

disappears.
moment of 3 pp/Co if the orbital magnetic moment is fully quenched; the moment
will be higher with contributions from an unquenched orbital moment. However, the
orbital magnetic moment of Co(Il) is approximately 1 pg in CoO and has been
estimated as 0.9 pg in Co:TiO,,'® so the highest physically reasonable magnetic
moment for Co(Il) is approximately 4 pg. Values higher than this, such as those
plotted in Figure 5.15, must result from measurement inaccuracy. Most likely, this
inaccuracy arises in the determination of the number of Co atoms present in the film.
A higher than expected magnetic moment per (measured) Co atom could be

explained by significant Co diffusion into the STO substrate, where it remains

ferromagnetic but resides too deep (> 1 pm) to be detected by RBS or PIXE.
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Mechanism of magnetism in Co-doped SrTiO;

Carrier-mediated mechanisms of ferromagnetism, such as the RKKY / Zener model
and double exchange, rely on the presence of a significant quantity of free carriers to
induce long-range ordering in dilute magnetic alloys (see Chapter I for a complete
discussion). In Co:TiO, / LAO, ferromagnetic ordering was only observed for
samples with a resistivity less than approximately 5x10° Q-cm; more insulating
samples did not exhibit ferromagnetic hysteresis.*® Carriers appeared to play an
even more important role in Co-doped Lag 5Sry 5Ti03, in which ferromagnetism with
a high moment was only observed in samples with resistivity in the range of 10™-
102 Q-cm.? In contrast, ferromagnetic hysteresis is clearly observed for < 5%pixg
Co:STO / STO(001) samples, all of which are insulating with resistivities of at least
5-15x10° Q-cm. At these high resistivities, it is likely that the free carrier
concentration is too low to effectively mediate ferromagnetic ordering of the dopant

either through the RKKY / Zener interaction or through double exchange.

Recently, Coey et al.'” proposed another mechanism of magnetism, referred to as
F-center exchange (FCE), as an explanation for the observed room temperature
ferromagnetism in insulating Fe-doped SnO,. In FCE, the oxygen vacancy site that
forms near the transition metal dopant to maintain charge neutrality acts to mediate
the ferromagnetic ordering of neighboring dopant cations. An electron trapped by
the vacancy creates an F center, and the electron occupies an orbital which overlaps
the d orbitals of neighboring dopant cations. This orbital overlap results in spin
ordering of the dopant cations relative to the F center electron. In this way the
mechanism is similar to the bound magnetic polaron model proposed by Das Sarma
et al.'® To approximate the F center electron orbital radius, r, the Bohr model is
utilized: '

. dre, e h’

Zm'e’
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where & is the relative dielectric permittivity of the host lattice (g, = x = €/gy), &pis
the permittivity of free space, # is Planck's constant, Z is the charge on the F center,
m'’ is the effective mass of electrons in the host lattice, and e is the electron charge.
In F centers with one trapped electron, the resultant magnetic ordering of the
neighboring transition metal dopants is ferromagnetic, with all dopant cations within
the electron radius aligned antiparallel to the trapped electron. In order for
ferromagnetic ordering to be favored over antiferromagnetic ordering in F centers
with two trapped electrons, the two electrons must have their spins aligned parallel.
The ground state configuration of two tightly bound electrons is a singlet state (spins
aligned antiparallel), which would result in antiferromagnetic ordering of the
neighboring transition metal dopants. However, the large electron radius may allow
the creation of an "excited" state, in which one electron is tightly bound to the
vacancy and the other is not as tightly bound. In this configuration a triplet state
(spins aligned parallel) could occur, resulting in ferromagnetic ordering of the

neighboring transition metal dopants.

The mechanism of FCE may explain the ferromagnetic ordering observed for
insulating Co:STO films with < 5%pxg Co doping. To maintain charge neutrality,
substitution of Co(Il) for Ti(IV) creates one oxygen vacancy with two bound
electrons, which becomes an F center. Assuming the dielectric permittivity of the
STO film is the same as for bulk STO at room temperature (g, = 332)'° and using the
known electron effective mass in STO (m* = Smo),20 the electron orbital radius is
approximately 18 A. Thus, even a low concentration of Co atoms within the STO
lattice may order ferromagnetically through interaction with their associated ¥
centers. As shown in Table 5.5, for a uniform distribution of approximately 1%
substitutional Co the Co cations are separated by approximately 41 A or 15 Mr; O —
My bonds, where M represents a transition metal cation on a Ti site. At this distance,
neither direct magnetic exchange nor superexchange is possible. However, it is

approximately the same distance as the estimated diameter of an F center electron
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Table 5.5. Theoretical Co-Co distance in Co:STO, assuming Co substitutes for Ti, for various Co
doping concentrations. The number of Mp;-O-Mr; bonds, where M is a transition metal cation on a
Ti site, gives an estimate of the distance over which superexchange would have to operate to induce
antiferromagnetic ordering.

Doping Nearest Co-Co # My;-O-My+; bonds
concentration distance
0.9% 406 A 15
4.0% 13.5 A 6
11.2% 9.6 A 4

(36 A), such that one F center may overlap two or more Co cations and induce
ferromagnetic ordering. At higher Co concentrations (> 5%), ferromagnetic ordering
vanishes and Co:STO becomes nominally non-magnetic. As the Co doping
concentration increases, the proximity of neighboring Co atoms increases as
illustrated in Table 5.5; as Co atoms become second-nearest-neighbors separated by
oxygen anions, strong local antiferromagnetic coupling of Co-O-Co can overcome
the long-range ferromagnetic ordering induced by F' centers, resulting in a reduction
in the overall ferromagnetic ordering. This decrease in the apparent ferromagnetic
moment per Co atom as the Co concentration is increased is observed in Figure 5.15.
At a critical doping concentration, which appears to be approximately 5%pxg for
Co:STO, antiferromagnetic coupling of neighboring Co atoms overcomes the long-
range ferromagnetic ordering, and the films appear non-magnetic. Thus, only for
very low Co doping concentrations will strong ferromagnetism be observed, and

increasing the Co concentration is detrimental to the ferromagnetic properties.

Summary

To evaluate the potential DMS properties of Co-doped STO for integration into
future Si-based spintronic devices, homoepitaxial Co:STO was deposited on

STO(001) substrates. Smooth epitaxial films were obtained which were free of large
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surface particles or clusters. Although obtaining the desired stoichiometry control in
the host STO lattice was difficult, variations in Sr/ Ti did not significantly affect the
measured film properties. XANES and EXAFS results indicate Co(II) substitutes for
Ti in the STO lattice without evidence of Co(0), although the detailed local
environment for Co appears to change with increasing Co concentration. Co:STO
films with a Co concentration < 5%pxg are ferromagnetic at room temperature. To
fully understand the magnetic results, accurate quantification of the Co content in
Co:STO is necessary. PIXE was utilized to determine the relative Co concentration,
although the observed errors in the measurement technique prevented the
determination of the absolute Co content. Due to this, the magnetic moment per Co
atom could not be calculated with confidence, although it appears to be large,
indicating Co(II) may be in a high spin configuration. F-center mediated exchange
(FCE) was proposed as the mechanism of magnetism in these insulating films. To
maintain charge neutrality, an oxygen vacancy with two trapped electrons forms for
each Co(II) substituted for Ti(IV); these trapped electrons act as an F' center with an
estimated electron radius of 18 A. Interaction of these electrons with neighboring Co
cations can induce magnetic ordering. As the Co content was increased,
antiferromagnetic ordering acted to reduce the observed moment per Co atom, and
ferromagnetic ordering vanished in favor of antiferromagnetic ordering at
approximately 5%pixg Co. Based on these results, STO doped with less than 5% Co
is a promising candidate as a potential DMS material for utilization in future

spintronic devices.
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CHAPTER VI: CONCLUSIONS

Deposition of the semiconducting oxides anatase TiO, and perovskite SrTiO3; (STO)
doped with the magnetic transition metal dopant Co was explored utilizing molecular
beam epitaxy (MBE) in an effort to achieve a dilute magnetic semiconductor (DMS)
system with desirable materials and magnetic properties for application in future
spintronic devices. DMS materials would find wide application in future spintronic
devices, in which the electron spin would be utilized to carry and store information.
For successful integration into proposed spintronic devices, a prospective DMS
material must have a uniform dopant distribution within the semiconductor lattice
without the presence of secondary phases, and the dopant must ferromagnetically
order such that the semiconductor carriers are spin-polarized. Compatibility with Si
requires the DMS material to be deposited under mildly oxidizing conditions to

protect the Si interface from oxidation.

Anatase TiO, doped with Co and deposited on oxide substrates such as LaAlO; has
received significant attention as a ferromagnetic semiconductor, although it has not
been definitively shown to be a true DMS possessing spin-polarized carriers. In this
work, epitaxial Co-doped anatase TiO, was deposited on Si(001) substrates. To
protect the Si interface from SiOy and Ti silicide formation which would destroy the
epitaxial template, a buffer layer of epitaxial STO was employed. Oxidation
resistance of the interface during the buffer layer deposition was achieved with a %4
or 2 ML Sr metal deposited on the clean Si surface at elevated temperature to form a
Sr silicide layer. With this method, 10 ML (39 A) of STO could be deposited
without oxidation of the Si interface. Deposition of Co-doped anatase TiO, was
explored on this heterostructure utilizing the oxygen plasma. While use of the
oxygen plasma was expected (and later confirmed) to result in significant oxidation
of the Si interface during deposition, it was pursued in an effort to fully oxidize the

Co dopant. Despite this, the charge state of Co in the doped anatase films was found
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to be a mixture of Co(0), Co(II), and Co(III). The distribution of Co in the three
oxidation states appears to depend on the Co dopant concentration and deposition
conditions in a complex way. Although secondary phases were not observed by
XRD or TEM, Co-enriched surface particles were observed on all films. For low Co
concentrations, the particles were found to have a square shape indicative of faceting.
Although the Co:TiO, films were found to be ferromagnetic at room temperature,
ferromagnetism of a true Co-doped anatase DMS phase could not be conclusively
identified amid the contributions from Co(0) and other possible secondary phases.
The inability to fully oxidize Co to Co(Il) and incorporate it uniformly into the
anatase lattice, even under oxidizing conditions known to be detrimental to the Si
interface, preclude the use of Co-doped anatase TiO, as a DMS material in future

spintronic devices based on Si technology.

As an alternative, Co-doped SrTiO; (STO) was investigated and was found to be
significantly more promising as a potential DMS material. Epitaxial STO can be
deposited on Si without oxidation of the Si interface, making STO-based DMS
materials an ideal candidate for integration with future Si-based spintronic devices.
As an initial evaluation of Co:STO, epitaxial films were deposited on single crystal
STO(001) substrates by MBE. Smooth films free of particles or clusters were
obtained for all Co doping concentrations. Evidence from XRD, XANES, and
preliminary EXAFS fitting corroborated the substitution of Co(II) for Ti(IV) in the
STO lattice, with no evidence of Co(0). Co-doped STO films were found to be
ferromagnetic at room temperature for doping concentrations less than approximately
5%pixe Co. The magnetic moment per Co atom appears to be high, although
difficulty in quantifying the Co content of the films prevented the determination of
the exact magnetic moment values. In the absence of a significant quantity of free
carriers in these insulating films (p > 5 kQ-cm), F-center mediated exchange was
proposed as the mechanism of ferromagnetic ordering. The ferromagnetic moment

per Co atom appeared to decrease with increasing Co concentration, and
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ferromagnetic hysteresis was not observed for Co:STO films doped with > 5%pixg
Co. This was speculated to be due to short-range antiferromagnetic ordering which
is favored over long-range ferromagnetic ordering as the Co-Co distance decreases.
From these preliminary results, Co:STO is considered a promising candidate as a

DMS material integrated with Si.

There are several further avenues of interest to explore in the Co:STO system.
Elucidation of the unusual mechanism of room temperature ferromagnetism in
insulating Co:STO films, as well as the function of both Co doping and free carrier
concentration, is of both scientific and practical interest. Further evaluation of
Co:STO is necessary to establish it as a true DMS with a spin-polarized free carrier
population. Finally, the successful deposition of Co:STO on Si must be
demonstrated before it can be considered for integration into future Si-based
spintronic devices. The integration of ferromagnetic oxide materials on Si presents
many challenges due to the dual requirements of complete oxidation of the film while
simultaneously avoiding oxidation of the Si interface. These challenges were
demonstrated by Co:TiO,, which showed promising properties when deposited on
oxide substrates but proved impossible to successfully integrate onto Si. The
demonstrated procedure to deposit STO on Si without oxidation of the interface
implies that Co:STO has a significantly better chance of overcoming these

challenges.
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