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Abstract

Magnetic tunnel junctions (MTJs), which consist of a thin insulation layer sandwiched
by two ferromagnetic (FM) layers, are among the key devices of spintronics that have
promising technological applications for computer hard disk drives, magnetic random
access memory (MRAM) and other future spintronic devices. The work presented here
is related to the development of relevant techniques for the preparation and
characterization of magnetic films, exchanged biased systems and MTJs. The
fabrication and characterization of PtMn/CoFe exchange biased systems and MTJs with
Al-O barriers were undertaken when the new Aviza Stratlon fxP ion beam deposition
tool was developed by the project consortium funded by DTI MNT. After the Nordiko
9550 spintronic deposition tool was installed at Plymouth, the work focused on the
development of MTJ multilayer stacks with layer structures of CoFeB/MgO/CoFe/lrMn
and IrMn/CoFeB/MgO/CoFeB to achieve coherent tunneling with a crystalline MgO
barrier. The film deposition, microfabrication, magnetic field annealing, microstructural
and nano-scale characterization, magnetic and magneto-transport measurement for these
devices have been systematically studied to achieve smooth interfaces and desired
crystallographic textures and magnetic properties of layer stacks. Magnetoresistance
(MR) of up to 200% was obtained from MTJs with a layer structure of
Ta/CuN/Ta/CoFeB/MgO/CoFe/lrMn/Ta and a CuN bottom electrode. Enhanced
exchange anisotropy from the bottom pinned IrMn/CoFeB stacks has been obtained,
which demonstrated the possibility of fabricating MTJs with CoFeB as both the top and

bottom FM electrodes with strong exchange bias. The origin of the enhanced exchange



bias field was studied by employing high resolution transmission electron microscopy
(HRTEM) and x-ray magnetic circular dichroism (XMCD) to examine the
mmicrostructure properties and element specific magnetic properties of the stacks.
Results demonstrate that the enhanced exchange anisotropy in the IrMn/CoFeB system
is closely associated with the increased uncompensated interfacial spins. MTJs with
layered structures of IrMn/CoFeB/MgO/CoFeB were prepared based on this exchange
bias system. However, further work is required for the optimisation of the (001)
crystallographic textures of the CoFeB/MgO/CoFeB stack to achieve coherent

tunneling.



Table of contents

ADSTTACT ... 3
LiST OF TADIES ... 14
Author’'s Declaration ... 16
1 INEFOAUCTION. ...ttt ettt 17
1.1 IMOTIVATION .ttt ettt 17
1.2 TheSIS OULIING ...ooueiiiie s 17

2 BaCKGrOUNG.......cooiiiieii s 19
2.1 Magnetic tuNNEl JUNCTIONS .......couiiiiiiiiieiii e 19
2.1.1  Introduction t0 MAgNETISM .........eeiiiiiiieiiie et 19
2.1.2  Ferromagnetism in transition 3d metals and spin polarization ................ 23
2.1.3  TUNNEING €FFECT......uiieiiie e 26
2.1.4  MTJand its historical development............cccceeviieeiiie e 28
2.1.5  Theory of magnetic tuNNElNg ........cccceeviiiiiiie e 31
2.1.6  Requirements for MTJs with giant TMR..........cccccoooieiiiie v, 40

2.2 Exchange bias phenomenoN ..........cocuiiiiiiee it 42
2.2.1  The exchange bias phenomenoN..........ccccveoviveeiiie e 42
2.2.2  Understanding of exchange bias............cccccvveiiiii i 44

3 Equipment and experimental methods .............coovviiiiii e, 51
3.1 Substrate Preparation ..........ccccccceeeiiiieeiiie e 51
3.2 Deposition of thin filmS ..........cooiiii 52
3.2.1  The depoSition SYSEIM ......ccvviiiiiiiiii et 52



4

5

3.2.2  Deposition rate calibration ............cccocoveiiieiiieiiiee e 56

3.2.3  Optimization of depoSItION PrOCESS .......ccuveivieriieiieiiiesiee e 56
3.3 Magnetic field annealing...........ccveiiiiiiiiie e 60
3.4 Device microfabriCation PrOCESS .........cccivuieriieieeiiiieniie e 61

3.4.1  Photolithography .........ccooiiiiiiiiiiiiee e 64

342 10N MITTING ..o 66

4.3 LI O e 69
3.5  Characterization teCRNIQUES .........cccuiiiiiiiiieiie e 70

3.5.1  Vibrating sample magnetometer (VSM).........ccovviiiiiiiniinnieiiie e 70

3.5.2  Atomic force microSCOPe (AFM) .......cccoiiiiiiiiiiiiiie e 72

3.5.3  X-ray magnetic circular dichroism (XMCD) ........ccccoovviiiiiiiiiiiieiiiein, 75

3.5.4  FOUI POINE PrODE ....vveeeciie et 80

THe DTIMNT PrOJECT ...uvvee e ecee ettt e e et e e e e e 84
4.1  Exchange bias of PIMN/COFE.........cccovieiiie e 85
4.2  MTJs with Al-O barrier deposited by IBD System...........cccceeviveeviieeiiiieesnnnn. 90

4.2.1  Microfabrication process of MTJ deViCesS.........cccccveevvveevveeeciiee e 90

422  TMR MEASUIEMENES....cciuviiiiiiieiiiieiiie e 92
4.3 SUMIMAIY ceiiiiiiiiiiiiitit et e e e ettt e e e e e e s s st e e e e e e e e e s s a e bbb e e e e e e e e s s ssbbbbreeaaaaeennans 95

Enhanced exchange bias in IrMn/CoFeB Systems............cccocveevieeeviie e, 97
5.1 Sample preparation and characterization ...............cccocveeviveeiiie v 98
5.2  Exchange bias in IrMn/CoFe and IrMn/COFeB ............ccccccevvveeiiieciiieeee, 100
5.3  Effect of annealing temperature on exchange bias...........ccccccovivveeiiiiineenn 102



5.4  Dependence of exchange bias on seed layer thickness...........ccccoocvviinennnn. 104

5.5  TEM @NAIYSIS....eiiiiiiiiieiie et 107
5.6  XIMCD @NAIYSIS ...vveeiiiiiieiie ettt 111
S.7  SUMMAIY ..ottt 113

B MO TSttt 114
6.1 Design of MgO MTJ stack layer StruCtUrES ...........ccoveeviireeiiieeiiiee e 114
6.2  Effect of bottom electrode material on TMR of top pinned MTJs................ 116
6.3  Bottom pinned IrMn/CoFeB/MgO/CoFeB films ..........ccccoviiiiiiiniiiiiins 121
6.3.1  MH loop of bottom pinned CoFeB/MgO/COoFeB..........ccceevvvveiiiinennnen. 121

6.4 SUMMATIY ..ottt e e 122

7 Conclusions and FULUIE WOTK .........c.coiuiiiiiiie i 123
LiSt Of REFEIENCES ... 126
APPENDIX 1: List of abbreviations ...........cccoceiiiiiiiinie 136
APPENDIX 2: List of publicationS.........cccceoiiiiie e 138



List of Figures

Fig. 2.1. Schematic illustrations of magnetic ordering. (a) The magnetic moments are
aligned parallel in a FM material due to the strong positive exchange interactions
between the spin moments. (b) The magnetic moments are aligned anti-parallel in an
AFM material due to the strong negative exchange interactions between the spin
(10101001701 £ PP U PP PP PTPPPPPPPPPPP 21
Fig. 2.2. Hysteresis loop of a FM material[3]. ........ccccooiiiiiniie e 23
Fig. 2.3. Schematic illustrations of the electronic band diagrams[4], (a) before exchange
interaction and (b) after exchange interaction. As a result of exchange interaction, the 3d

band is split into two sub-bands with opposite spins. The Fermi level Exis indicated by

the dashed TINE. ......oooeie e 24
Fig. 2.4. Calculated band structure of Ni[9].......ccovoiiiiiiiii 25
Fig. 2.5. Rectangular tunneling Darrier. ..........ccccveeiii e 26

Fig. 2.6. Schematic illustration of MTJ consisting of free layer/Al-O or MgO/pinned
layer pinned DY an AFM JAYET. .........oveiiie e 29
Fig. 2.7. (@)MH loop illustration of MTJ with free layer/Al-O/pinned layer pinned by
AFM layer; (b) the field dependence of tunnel resistance of MTJ [10]. ......cccccvvvveenneee. 30
Fig. 2.8. Schematic illustration of spin dependent tunneling in an MTJ: (a) parallel and
(b) antiparallel alignment of the two FIM electrons. ...........ccccceeviveiiiie e, 33
Fig. 2.9. First Brillouin zone for bcc lattice crystal structure[6]. Spatial high-symmetry
points are denoted by I', N, P and H; high symmetry lines joining some of the points are
labelled @S A, A AN Z....oooii e 35
Fig. 2.10. Schematic illustrations of electron tunneling through (a) an amorphous Al-O

barrier and (b) a crystalline MgO (0 0 1) barrier[33]......cccccevvveeviieiiiee e, 37



Fig. 2.11. Tunneling DOS for Fe(100)/MgO/Fe(100) for parallel alignment of
magnetizations majority (a), minority (b), and antiparallel alignment of magnetizations
(0 U0 oI (o) | 22 USSP 40
Fig. 2.12. Hysteresis loops of partially oxidized Co particles, from which the exchange
bias phenomenon was diSCOVEred[40]. .......eeiiiiiiiiiieiie e 43
Fig. 2.13. Schematic diagram of the spin configuration of an FM/AFM bilayer (i) at
different stages of an exchange biased hysteresis loop (i) — (V)[67]. ..ccoovvvrieiiviennennn. 45

Fig. 2.14. Schematic diagram of vectors involved in an FM/AFM exchange biased

system. It is assumed that the AFM and FM anisotropy axes are collinear[67]. ........... 46
Fig. 3.1. Picture of Nordiko 9550 PVD SpULtering SYSteM. ........ccceevuvervirreeiiieeniieninens 55
Fig. 3.2. Schematic illustration of the DC SpUttering proCess..........cccevvvvereerrieeniveennens 55
Fig. 3.3. Film thickness measurement using line analysis in the Nano-R AFM. ........... 56

Fig. 3.4. SEM picture and energy dispersive x-ray spectroscopy (EDS) of an annealed
sample with layer structure Si/SiO,/Pt/CoCrTa/Ta. Spectrum 1 was taken on top of the
film and spectrum 2, inside the broken blister. .........ccccoveiiie i, 57
Fig. 3.5. EDS spectrum analysis for the sample with layer structure Ta (5 nm)/CoFe (3
nm)/IrMn (5 nm)/CoFeB (3 nm)/Ta (5 nm). The sample was taken out of the main
chamber immediately for analysis and no Ar was detected. ..........ccccoeveeviieeiiieeiiinnnn, 58

Fig. 3.6. Pictures of samples (a)-(d) taken at the same magnification by optical

microscope after magnetic field annealing.............cccoveiviie i, 60
Fig. 3.7. Schematic diagram of the micro-fabrication process of MTJs. ...................... 63
Fig. 3.8. Picture of the OAI 500 mask aligner used for the work...............ccccveevnnennnn 65
Fig. 3.9. Picture of the ion miller used for the WOrk............cccccovvviiiii i, 66

Fig. 3.10. Schematic illustrations of photoresist coating, lithography and ion milling: (a)
sample after photoresist spinning, prebaking (b) after lithography, postbaking (c) after

ion milling and (d) after photoresist removal. ...........ccccccoviiiii i, 67

9



Fig. 3.11. Schematic illustration of re-deposition during ion milling...............c.cccceee. 67
Fig. 3.12. AFM image of milled pattern (a) before parameters optimization; (b) after

parameters optimization; and (c) after further cleaning by clean room tissue soaked in

L2 T01C] (0] PP PP PR TPPPRRPTPPPRI 69
Fig. 3.13. Picture of the VSM in the lab built by Khew Joong Harnn.................c..c...... 70
Fig. 3.14. Block diagram OFf VSM. ......cc.oiiiiiiiiiiie e 72
Fig. 3.15. Example of a surface profiler made in 1929...........cccooiiiiiniiiniiiiic e 73
Fig. 3.16. Block diagram of an AFM [Nano-R™T. ......coovevieevieerceceeeseee e 74
Fig. 3.17. Picture 0f Nan0-R™ AFM .........cccooiivmireeereeeeeeeeees e 75
Fig. 3.18. X-ray absorption proCess[85] ......ccouiiiiirieiiieiiieiie e 76
FIg. 3.19. XAS BUUES. ...eeeiieieitieiiee ettt 78
Fig. 3.20. L-edge x-ray absorption spectra of FE[86]. ..........ccocevrvriiieiiiiiiiiieiieiin 78
Fig. 3.21. XMCD effect 0f FE[90]. ..uvviiiiieiiie e 80
Fig. 3.22. Schematic set up of four point probe measurement. .............cccccceevvveevinneenne, 81
Fig. 3.23. Picture of the four point probe system in Plymouth. ..............cccccooovveiinnnne, 82
Fig. 3.24. Block diagram of a four point probe SyStem. .........ccccccveiiiiveeiineeniieesiieene, 83

Fig. 4.1. The world’s first 300-mm ready IBD system for MRAM and spintronics,
SEALIONT™ XP ..ottt 84
Fig. 4.2. Exchange bias measured by VSM on samples deposited on ST angle (0°, 10°,
20° and 30°) annealed at different annealing temperature (275°C, 300°C, 325C and

110K @) YT 86

Fig. 4.3. MH loops of annealed Ta (10 nm)/ PtMn (20 nm)/ CoFe (3 nm)/Ta (10 nm)

with PtMn IBD deposited at ST angle of 0°, 10°, 20° and 30°, corresponding to (a)-(d).

10



Fig. 4.4. Repeatability study of the effect of annealing for samples deposited at ST angle
0°, 10°, 20°, 25° and 30°. 10~20 Oe difference in exchange bias was observed for each
MEBASUIEIMIBITS. ...ttt e e e e et e e e s e e e s e e e s e 89
Fig. 4.5. Pictures showing the four-mask layer processing of MTJ devices: (a) junction
mesa defined by ion milling, (b) bottom electrode defined by ion milling, (c) SiO,
insulating layer deposited by lift-off, and (d) top electrodes defined by lift-off of Cu.
[The MeSa is 20 X OUM]...couiiiiieiieiee et 91
Fig. 4.6. TMR curves measured by 3-point probe after one step milling (a), and 4-point
probe after the whole microfabrication (b), for sample Ta (5 nm)/Al (30 nm)/PtMn (20
nm)/CoFe (2.5 nm)/Al (1 nm + oxidized 16 seconds)/CoFe (1.5 nm)/Ta (5 nm)/Al (30
nm)/Ta (5 nm) provided by Aviza Technology. Inset in (b) is the high field MR
measurement of this SAMPIE. ..o 95
Fig. 5.1. MH loops of four selected samples. Sample 1 has a layer structure SiO,/Ta (5
nm)/CoFe (3.4 nm)/IrMn (5 nm)/CoFeB (3 nm)/Ta (5 nm) annealed at 350 °C for 1 hour.
Sample 2 has an identical layer structure as sample 1, but annealed at 250 °C for lhour.
Sample 3 has a layer structure Si//Ta (5 nm)/CoFe (3.4 nm)/IrMn (5 nm)/CoFe (3
nm)/Ta (5 nm) annealed at 350 °C for 1 hour. Sample 4 has a layer structure Si//Ta (5
nm)/Cu (3.4 nm)/IrMn (5 nm)/CoFeB (3 nm)/Ta (5 nm) with T, of 350 °C for lhour.
The lower half of the MH loops for samples 1, 2& 3 is the contribution from the CoFe
LT -\ PSSR 101
Fig. 5.2. Dependence of H,, (Solid line and mark) and J, (dashed line and hollow mark)
on annealing temperature for samples with layer structures of CoFe (3.4 nm)/IrMn (5
nm)/CoFeB (3 nm) (square mark) and CoFe( 3.4 nm)/IrMn (5 nm)/CoFe (3 nm)
(triangle mark), respectively. Also shown, the dependence of H. on annealing
temperature for the sample with layer structure of CoFe (3.4 nm)/IrMn (5 nm)/CoFeB

(3 nm). Number 1, 2 and 3 represents the three samples in Fig. 5.1. .......cccccocoviinnenn 103

11



Fig. 5.3. MH loops of CoFe(3.4nm)/IrMn(5nm)/CoFeB(3nm) annealed at 350 ‘C and
0[O O (o) ol N 4T 1§ ) AT 104

Fig. 5.4. Dependence of H,, (solid line and mark) and J, (dashed line and mark) on the
CoFe seed layer thickness for samples with 3 nm (circular mark) and 2 nm (square mark)
upper CoFeB layers annealed at 350 °C. Also shown, the dependence of H. on the
CoFe seed layer thickness for samples of /IrMn (5 nm)/CoFeB (3 nm). The inset shows
the MH loops of two /IrMn (5 nm)/CoFeB (3 nm) samples corresponding to data points
(8) AN (10). et 105
Fig. 5.5 HAADF and intensity line scans from the selected areas of sample 1 and
SAIMIPIE 3 bbbt 108

Fig. 5.6 Cross sectional HRTEM images and SAED patterns of sample 1 and sample 3.

Fig. 5.7 Element specific XMCD asymmetry spectroscopy taken at the Mn (left) and Co
(right) L, and L3 edges for samples 1, 2 and 3 corresponding to data points marked in
FHG 5L cereeeeeeeeeee e e e et e e e e e e e e ettt e ettt ettt ettt 111
Fig. 6.1. MH loops of MTJ stacks Ta/CuN/Ta/CoFeB/MgO (t=1 nm, 1.5 nm, and 2
nm)/CoFe/lrMn/Ta with different MgO thickness. (a) MgO=1 nm; (b) MgO=1.5 nm;
100 (o) TN\, [0 @ i ] o o PSSRSO 116
Fig. 6.2. Roughness measured by AFM for (a), Ta (5 nm)/Cu (30nm)/Ta (5nm); and (b),
Ta (5 nm)/CuN (30 nm)/Ta (5nm) annealed at 350 °C for 1 hour.............cccveevnnenne, 118
Fig. 6.3. A typical MR(H) curve for an MTJ with layer structure of
Ta(5nm)/CuN(30nm)/Ta(5nm)/CoFeB(3nm)/MgO(2nm)/CoFe(4nm)/IrMn(5

nm)/Ta(5nm) and annealed at 350 °C for 1 hOUI............cccoovevieeeeeceeeece e 119
Fig. 6.4. T, dependence of TMR for MTJs on CuN bottom electrode with layer structure

Ta(5nm)/CuN(30nm)/Ta(5nm)/CoFeB(3nm)/MgO(2nm)/CoFe(4nm)/IrMn(5nm)

12



/Ta(5nm). The line was plotted based on the maximum TMR obtained from 30 devices
measurements for each SAMPIE. ........c.ooiiiiiiii e 120
Fig. 6.5. MH loop for bottom pinned MTJ stack with layer structure of
Ta(5nm)/CuN(30nm)/Ta(5nm)/CoFe(3.4nm)/IrMn(5nm)/CoFeB(3nm)/MgO(2nm)/CoF

EB(BNM)/TA(BNIM). ..o 122

13



List of Tables

Table 2.1. Symbols for the high symmetry points for the Brillouin zone for simple cube
(sc), face-centered cubic (fcc), bce and hexagonal lattices. ..........ocvvveeiiiiiiieiiiiiineenn, 37

Table 3.1. Pre-sputter cleaning conditions of the samples (a)-(d) in Fig. 3.6. ............... 59

14



Acknowledgements

This work would not have been possible without the support of a number of
people. Thanks will go to the following persons:

| would firstly like to thank my supervisor and director of study, Professor
Genhua Pan, for his help, support, generosity and ideas over the years. | would
also like to thank the other two supervisors, Dr. Roy Moate and Dr. Zhenggqi Lu
for their valuable discussions and suggestions on my research work. | also
thank Dr. Hendrik Ohldag from Stanford for XMCD measurements and valuable
discussions, Dr. Amit Kohn and Dr. Andras Kovacs from Oxford for TEM work.

| would like to thank my friends and colleagues at CRIST for their help and
inspiration. | thank Mr. Phil Brown and Mr. Nick Fry for their huge support on my
research. | also thank to my fellow group members Mr. Yun Zhou, Mr. Anthony
Dyson for their support and help. | had a really good time working with them.

| would also like to thank Mrs Carole Watson and Mrs Lucy Cheetham from the
research office for their encouragement and support.

| am very grateful to the financial support from the DTI MNT grant
(CHBS/004/00033C) and the University of Plymouth for partially supporting me
during my PhD research.

Furthermore, | would like to thank my family and friends for their immeasurable
support.

Thank all of you; this PhD would not have been possible without you.

15



Author’s Declaration

At no time during the registration for the degree of Doctor of Philosophy has the
author been registered for any other University award without prior agreement
of the Graduate Committee.

This study was partially financed under the DTI MNT grant (CHBS/004/00033C)
for “300-mm ready ion beam deposition system for spintronics and MRAM”,
Principal Investigator Professor Genhua Pan.

A programme of advanced study was undertaken, which included the extensive
reading of literature relevant to the research project, training for the operation of
research equipment & instrumentation, and for the writing of journal
publications, and attendance at international conferences.

Word count of main body of thesis: (approximate) 29,384

)/LU( - 5 Ry

Signed

Date "'}'1-«/ 3“3’/’1«-” /'L

16



1 Introduction

1.1 Motivation

The magnetic tunnel junction (MTJ) is one of the key devices of spintronics with
technological applications in computer hard disk drives, magnetic random access
memory (MRAM) and other spintronic devices. Driven by the ever increasing demand
for storage density in computer hard disk drives and MRAM technology, and by the
requirement of new spintronic devices, there is always a constant need to develop new
MTJ materials and layer structures for ever increasing tunnel magnetoresistance (TMR)
and more robust process conditions for integration of MTJs on Si wafers. These in turn
inspire the need for basic research to improve understanding of the science of the
relevant physical phenomena associated with these devices. It is the purpose of this
work to address these issues for the development of MTJ devices for technological
applications. The challenges related to this have been identified and addressed. These
include the development of basic film deposition process conditions for MTJs with an
MgO barrier, new exchange bias multilayer stacks with enhanced exchange anisotropy,
the understanding of the origin of the exchange bias phenomenon, CoFeB ferromagnetic
(FM) layers with atomic smoothness and well defined textures, and the microfabrication

techniques for these devices.

1.2 Thesis outline

The thesis is organised as follows.

Chapter 2 gives a brief introduction to the background knowledge of the relevant topics
including ferromagnetism, MTJs, their theories and historical development and the

exchange bias phenomenon. A review of the state-of-the-art is also given.

17



Chapter 3 presents the experimental techniques and research facilities employed for the
work including thin film deposition techniques, magnetic field annealing,
photolithography and ion milling, magnetic and magneto-transportation characterisation

techniques.

Chapters 4 — 6 present detailed results obtained in this work including the DTI MNT
project for the successful development of the world’s first 300 mm IBD tool for MRAM
and spintronics, in which the author contributed to the characterisation and
microfabrication of films and devices, the enhanced exchange bias in IrMn/CoFeB
systems and the results on MgO MTJs obtained from the Nordiko 9550 tool, which

form the major achievements of the PhD work.

Finally, the conclusions drawn from the work are given in Chapter 7 together with some

suggested future work.
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2 Background

The possibility of using the spin degree of freedom of electrons to achieve faster and
multifunctional electronic devices that consume less energy is a central concept of
“spintronics”. In recent years, there have been rapid developments in spintronics as it
could provide a major breakthrough in technologies involving conventional electronics.
The MT]J is one of the most important spintronic devices due to its significance in basic
research as well as in industrial applications, such as non-volatile magnetic random
access memories (MRAMS), hard disk drives and magnetic sensors. Basic concepts and
theory about MTJ and exchange bias are introduced in this Chapter. Factors and process
conditions for producing MTJs with high TMR are discussed and open issues related to

the origin of exchange bias are also presented.

2.1 Magnetic tunnel junctions

An MTJ consists of three essential layers, i.e. a thin insulating layer (a tunnel barrier)
sandwiched between two FM layers. The TMR of MTJs depends on the relative
magnetic alignment of the two electrodes. When the magnetisations are parallel, the
resistance is low, and when anti-parallel, the resistance is high. The ratio
(Rap — Rp)/Rp, defined as the TMR, is one of the most important parameters of an
MTJ, where Ry and R,p denote the resistance when the magnetisations of the two FM
layers are parallel and anti-parallel, respectively. It would be appropriate to review the
understanding of magnetism, spin polarization, tunneling effect and TMR before

introducing the theory of MTJs. The historic development of MTJs is also given below.

2.1.1 Introduction to magnetism

Magnetism, which exists in all materials, is due to the orientation of the tiny magnetic

moments in the material. These tiny magnetic moments are the sum of orbital magnetic
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moments and spin magnetic moments of all the electrons in the atoms. Orbital magnetic
moment arises from the motion of the electrons around the nucleus, which constitutes a
current and gives a magnetic moment perpendicular to the orbit plane. Spin magnetic
moment is created due to the intrinsic angular momentum of the electrons. The strength
of the magnetism of a material is described by the magnetization M, which is defined as
the magnetic moment per unit volume of a magnetic substance. When a material is
placed in an external magnetic field M, there is an approximate linear relationship

between M and H:

M= yH (1)

Where y is called magnetic susceptibility. Materials can be categorized into
diamagnetic, paramagnetic, FM, anti-ferromagnetic (AFM) and ferrimagnetic materials
according to the sign and order of magnitude of y. For diamagnetic material, y is
negative and in the order of 10, which is the contribution of the orbital magnetic
moments. Diamagnetism exists in all substances. However, it is so weak that it is
overwhelmed by paramagnetism or ferromagnetism in most cases. Paramagnetism, for
which magnetization is proportional to the external field and the magnetic susceptibility
is in the order of 10°to 10, is due to the spin moments of unpaired electrons in the
atoms or ions. These spin moments are isolated from each other and produce a very
weak magnetization when placed in a magnetic field. When the external field is
removed, because of thermal agitation, the magnetization will be zero. Although the
order of magnitude of the magnetic susceptibility is quite small for diamagnets or
paramagnets, their effect on the overall magnetic signal of samples with very thin FM
layers may still be non-negligible. Therefore it is very important to select the right
materials for the sample holder or sample rod when building highly sensitive
magnetometers, such as a vibrating sample magnetometer (VSM).
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For MTJs, we are mainly concerned with ferromagnetism and antiferromagnetism. In
ferromagnets and antiferromagnets, the magnetic ordering is spontaneous since no
external field is needed to introduce magnetization. According to Weiss’s molecular
field theory and Heisenberg’s quantum mechanical exchange interaction theory[1; 2],
the spontaneous magnetization in magnetic materials originates from the exchange
interactions between the spin moment of unpaired electrons of the neighboring atoms,
which produces an internal quantum mechanical force by which the individual atomic
moments are aligned into a parallel or anti-parallel state, known as magnetic ordering.
Fig. 2.1 shows two forms of magnetic ordering, i.e. (a) FM ordering and (b) AFM

ordering.
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(a) (b)
Fig. 2.1. Schematic illustrations of magnetic ordering. (a) The magnetic moments
are aligned parallel in a FM material due to the strong positive exchange
interactions between the spin moments. (b) The magnetic moments are aligned

anti-parallel in an AFM material due to the strong negative exchange interactions
between the spin moments.

In FM ordering, the spin moments of neighboring atoms align parallel with each other
in small regions due to the strong positive exchange interactions, or FM coupling, as
shown in Fig.2.1 (a). These regions are known as magnetic domains. Although the
magnetic moments in a FM material are naturally aligned within each domain, it is
possible that ferromagnetic material may exhibit no magnetization in the absence of a
magnetic field due to the random orientations of the domain magnetizations. The

magnitude of the magnetization of a single domain is called the spontaneous
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magnetization, or saturation magnetization M;. Above a critical temperature, the
saturation magnetization vanishes due to the thermal effect. The critical temperature at

which the saturation magnetization vanishes is called the Curie temperature ( T¢).

In contrast to a ferromagnet, the coupling between the adjacent atomic moments in an
antiferromagnet is negative and the spin moments of one layer are anti-parallel to those
of its neighbors, as shown in Fig.2.1 (b), resulting in zero net magnetization. Above a
certain temperature, known as Neel temperature ( Ty), AFM ordering becomes random
and the material becomes paramagnetic. One of the typical applications of AFM
material is in an exchange biased system, which will be described in detail in Section

2.2.

A ferrimagnet can be viewed as a special antiferromagnet, where the spin moments in
the neighboring atoms are aligned anti-parallel to each other due to the negative
exchange interaction whilst the material has a net magnetization due to the unequal

neighboring atomic moments.

The behavior of a FM material under an external applied magnetic field H can be
described by a hysteresis loop or MH loop as shown in Fig.2.2. Starting from H = 0,
the magnetisation of a FM material which has never been magnetized or demagnetized
will follow the dashed line as H increases and reach saturation magnetization M, where
the magnetizations of all the domains are aligned to the field direction (“a” in Fig. 2.2).
Decreasing the applied field to zero, the magnetization remains non-zero in the material.
The value of net magnetization at this point is called the remanent magnetization M,., in
which some of the domains remain aligned but some have lost their alignment.
Reversing the magnetic field to point b, the magnetization reduces to zero. The value of
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magnetic field needed to reduce the magnetization zero is called the coercivity H.. As
the field in the opposite direction increases in strength, the domains again become
aligned and saturated in the opposite direction at point c. Reversing the field once more,
the magnetisation will again reduce reaching point d where the applied field is H, and
the magnetism is zero once more. Typical examples of FM materials are Ni, Co, Fe and

their alloys.

M, - remanent magnetization
M, - saturation magnetization
H. - coercive field

Fig. 2.2. Hysteresis loop of a FM material[3].

2.1.2 Ferromagnetism in transition 3d metals and spin

polarization
Transition metals, Ni (3d®4s?), Co (3d’4s?) and Fe (3d°4s?), have partially filled 3d
bands. Fig. 2.3 is a schematic illustration of the density of states (DOS) diagram for the
3d bands the transition metals. All the electrons are filled up to the Fermi level
Er. Because of the exchange interactions, the two 3d sub-bands are split, resulting in an
imbalanced number of spin-up and spin-down states. The number of states filled is
shown by the shaded area in Fig. 2.3, denoted by N; and N, for the spin up and spin

down sub-bands. Different metals have different number of empty and occupied states.
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The difference in the number of spin up states and spin down states is responsible for

the magnetic moments of the transition metals m, given by:

m = (Ny — Ny)up (2)
Where ug is the Bohr magnetron.
Empiy ‘
states
45 43 s 43
Oecupied
Occupied slates
< states . > , » -
Density of States N (£) Density of States N (£)

= )

Fig. 2.3. Schematic illustrations of the electronic band diagrams[4], (a) before
exchange interaction and (b) after exchange interaction. As a result of exchange
interaction, the 3d band is split into two sub-bands with opposite spins. The Fermi
level Eis indicated by the dashed line.

The band theory usually predicts that the magnetic moments are non-integer values,
which agrees with experiment data[5]. Fig. 2.4 shows the calculated complex band
structure of Ni. It is clearly seen that it is unlikely to produce integer values for the
magnet moments. The experimental values of FM moments per atom are [6]: Ni, 0.6 up ;
Co, 1.72 ug ; and Fe, 2.2 ugp .

The split of the 3d bands also introduces spin polarization for the FM metals, which is
an important parameter in TMR. Spin polarization P is defined as the spin asymmetry in
the DOS at Ep:

_ Ny(Er) — N, (EF)
Ny(Er) + N, (EF)

(3)
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Although there is a good agreement between experimental values and calculated data
for the magnetic moments, there is significant discrepancy in experimental
measurement and theory prediction for the polarization. The spin polarization of a FM
material at low temperature can be directly measured using FM/AI-O tunnel junctions
[7]. The spin polarizations of Ni, Co and Fe are always positive and usually between 0
and 0.6 at temperatures below 4.2 K measured in this way [8]. However, the theoretical
prediction, even the sign of spin polarization, differs from the experimental results. For
example, according to the band structure of Co and Ni, spin polarizations for both
metals are negative. As noticed in the calculated band structure of Ni in Fig. 2.4, N,
outnumbers N; at Er, which will result in a negative spin polarization according to
Equation (3). This discrepancy between experiment and theory, one of the most

fundamental questions with regard to the TMR effect, will be discussed in Section 2.1.

DENSITY OF STATES

Fig. 2.4. Calculated band structure of Ni[9].
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2.1.3 Tunneling effect

The tunneling effect is a quantum mechanical effect that means an electron can transmit
through a barrier that is higher than its kinetic energy. This phenomenon cannot be
explained by classical physics. According to quantum mechanics, considering the wave
properties of the electron, there is a possibility that the wave can transmit through the
barrier. In the following, the tunneling effect is illustrated by the possibility of having
an electric current flow through a thin insulating layer between two metals. A number of
assumptions to simplify the problem are considered where the metals are identical and
have perfect interfaces. Fig. 2.5 shows the rectangular barrier describing the metal-
insulator-metal situation. Electrons with energy of E <V, travel along x in the
rectangular barrier:

Vo, OSXSCL
0, x<0,x>a (4)

where V,, is the energy height of the barrier.

Fig. 2.5. Rectangular tunneling barrier.

By solving the time independent one dimensional Schrédinger equation:

26



hZ
Ep(x) = [— SVt vo] Y ©)

Where h = h/2m, h is Planck’s constant and m is the mass of the particle. The
solutions are:

Aelkix + Be_iklx, (x < 0)
P(x) =4 Cetk2* 4 pDe~ikaX (0<x<a) (6)
FetkiX, (x = a)

Where k; and k, are the wave numbers with k; =./2mE/h?

and k, = \/Zm(VO — E)/h2. In the area of x < 0, both incident wave Ae*1* and
reflected wave Be k1% exist, while in the area of x > a, only the transmitted wave
Fe'*1* exists. Due to the conditions that exist at the boundaries of the barrier, both the
wave functions and their differentials must be continuous, the constants B, C, D and F
are found to be correlated to A. The ratio of the transmitted current density |F|? to the

incident current density |A|? is defined as the transmission coefficient :

_FI2 4k, k,?
AR T (k% + kD) 2sin?k,a + 4k ks

T

(7)

0

It can be seen that the incident electron can be transmitted despite the barrier height

exceeding its energy, and the transmission T is dependent on the barrier width a

(Vo — E), incident particle mass m, decreasing exponentially as a increases.
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2.1.4 MTJ and its historical development

In this section, an introduction to the concept of MTJs and the TMR effect will be given,
followed by a brief account of the historical development of MTJs from metal-insulator-
superconductor (MIS), superconductor-insulator-superconductor (SIS), superconductor-
insulator-ferromagnet (SIF) junctions to ferromagnet-insulator-ferromagnet MTJs.
Recent development of MTJs with amorphous Al-O and crystalline MgO barriers are

also reviewed.

2.1.4.1 The TMR effect

An MTJ consists of a thin insulating layer (a tunnel barrier, normally Al-O or MgO)
sandwiched by two FM layers. The two FM layers are designed in a way that the
switching field for each FM layer is different, which means that H, for each FM layer is
different. The one with a lower or smaller H,. is called the soft layer (or free layer) and
the other one with a higher or larger H, is called the hard layer (or pinned layer if the
exchange bias effect is used). There are several methods of producing H, for the two
FM layers. One is to choose different FM materials with different H.. The second is to
utilize different shape anisotropy for the same FM layer but with different thicknesses
or shapes. Considering practical applications in the electronic industry, the most
effective way to get a well defined switching at a low field is to fix (or pin) the
magnetization of one of the FM layers by exchange bias provided by an adjacent AFM
layer. The unpinned FM layer is called the free layer and the exchange-biased layer is
called the pinned layer, as shown in Fig.2.6. This exchange bias phenomenon in an
AFM/FM bilayer system will be fully discussed in Section 2.2. A typical dependence of
the magnetization alignments of the free layer and pinned layer on the applied field is
shown in Fig.2.7 (a), where there are two hysteresis loops: the one around zero field is

the contribution from the free layer and the one around H,, is the contribution of the
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pinned layer due to the exchange bias effect. H,, is the exchange bias field produced in

the AFM/FM bilayer system.

The dependent resistance of an MTJ on the relative magnetic alignment of the pinned
layer and free layer is shown in Fig.2.7 (b). When the magnetizations of the two FM
layers are parallel, the MTJ is in a low resistance state and when the magnetizations are

anti-parallel, the MTJ is in a high resistance state. The TMR is defined by Equation (8).

Rup — Rp
Rp

TMR = -2 (8)

Free layer
H Field
Al-O or Migo
pommm Pinned layer

Fig. 2.6. Schematic illustration of MTJ consisting of free layer/Al-O or
MgO/pinned layer pinned by an AFM layer.
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Fig. 2.7. (@)MH loop illustration of MTJ with free layer/Al-O/pinned layer pinned
by AFM layer; (b) the field dependence of tunnel resistance of MTJ [10].

2.1.4.2 The historical development of MTJs

The history of MTJs can be dated back to 1960 when Giaever [11] found that electrons
could tunnel between a metal and a superconductor through a thin Al,O3 barrier. As
explained in Section 2.1.3, an electron tunneling through a barrier is a quantum
mechanical phenomenon. When two metal electrodes are separated by a thin insulating
barrier, there is a finite probability that an electron with energy E in one electrode to
appear in the available energy states in the other. In 1962, Josephson junctions were
proposed, in which super-current tunneling was observed between two superconductor
electrodes separated by a thin Al-O barrier [12]. Josephson junctions are the basis for
the superconductor quantum interference device (SQUID), which is still the most
sensitive magnetometer and can be used to detect extremely small magnetic fields [13].
Spin dependent tunneling was discovered in 1971 by Tedrow and Meservey [14] in
ferromagnet-insulator-superconductor Ni/Al-O/SC junctions. The technique has been

widely used for measurement of spin polarization of FM materials [15; 16].
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The first TMR effect was first observed in 1975 by Julliere [17] in a Fe/Ge/Co MTJ.
The samples were oxidized at room temperature in dry oxygen after semiconductor Ge
deposition to prevent shorting due to the pinholes in the Ge film. For this reason, some
researchers [18; 19] would like to use Fe/oxidized Ge/Co when citing Juliere’s work. A
TMR ratio of 14% was observed at 4.2 K. Twenty years later in 1995, Miyazaki et al
[20] and Moodera et al [21] independently observed TMR ratio as high as 18% at room
temperature in FM/AI,O3/FM junctions. This development sparked great interest in
these devices. Further advances in MTJ structures were enabled by optimizing the FM
materials and the deposition conditions for the amorphous Al-O barrier. A TMR ratio
for AI-O MTJs of 70% [22] have been obtained by introducing a CoFeB amorphous FM
layer. MTJs with a crystalline MgO tunnel barrier were predicted by the first-principle
calculations to give MR ratio in excess of 1000% in 2001[23; 24]. In 2004, room
temperature MR ratio of 180% was first observed by Yuasa et al [25] for Fe/MgO/Fe
with a crystalline MgO (001) barrier. In 2005, a TMR of 230% was obtained in
CoFeB/MgO/CoFeB MTJs by Djayaprawira et al [26], followed by ones of 361%, 472%
and 604% obtained by Lee et al [27] in 2006, Ikeda et al [28; 29] in 2007 and 2008,
respectively. The huge TMR in CoFeB/MgO/CoFeB is of great significance not only for
device applications but also for clarifying the physics of spin tunneling. In the following

section, a review of theoretical background for Al-O and MgO MTJs will be presented.

2.1.5 Theory of magnetic tunneling

2.1.5.1 Julliere model

When the TMR effect was first observed by Julliere in 1975, a simple
phenomenological model was proposed at the same time based on two assumptions. The
first assumption is that the spin is conserved during tunneling and the tunneling

processes of spin up and spin down electrons are independent. According to Julliere, the
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conduction electrons can only tunnel to the energy band with the same spins when a
voltage is applied between the two electrodes FM1 and FM2 as shown in Fig. 2.8. In the
case of parallel alignment of the two FM electrodes, spin up electrons tunnel through
the barrier from the majority band of FML1 to the majority band of FM2, and spin down
electrons, from the minority band of FM1 to the minority band of FM2. In the case of
antiparallel alignment, spin up electrons from the majority band of FM1 through the
barrier to the minority band of FM2, and spin down electrons from the minority band of
FML1 to the majority band of FM2. The second assumption is that tunneling conductance
(ory and oy ) for each spin configuration is proportional to the product of the
corresponding DOS in the two FM electrodes at E, i.e. Niy(E) and N; (E) :
oy X Nyy(Ep)Nap(Er) + Ny (Ep) Ny (Er) 9)

opy & Ny (Ep)Nyy (Ep) + Nyy(Ep) Ny (Er) (10)

The TMR is thus given by

TMR = (o —on)  _ [N17(Er) — N1y (Er)1[Npt (Ep) — Npy (Er)]
o1y Ny1(Ep)N,y (Ep) + Ny (Ep)Nyp (Er)
_2pp,
“T-hp,

(11)

Where P, and P, are the spin polarization for FM; and FM,, respectively. P is
calculated from the spin dependent DOS at Ey as defined in Equation (3):

_ Ny (Ep) — Ny (Er) -
N (Ep) + Ny (Ep)’

p; 1,2
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Fig. 2.8. Schematic illustration of spin dependent tunneling in an MTJ: (a) parallel
and (b) antiparallel alignment of the two FM electrons.

Equation (11) indicates that TMR depends on the polarization of the FM layers. Spin
polarization is an intrinsic property for FM material. When the material is nonmagnetic,
P = 0. When the material is a half metal, which is fully spin polarized, |P| = 1.
According to Equation (11), higher spin polarization materials will give higher TMR
and if half metals are used, there will be indefinite TMR. Very high TMR have been
obtained from MTJs with half metals at low temperatures [30; 31]. However, a high
TMR at room temperature for MTJ with half metal electrodes has never been observed

yet.

Julliere’s model is an approximate description of the TMR effect. The 70% TMR for
MTJs with 3d FM alloy electrodes is close to the Julliere limit estimated from
experimental values of the spin polarization. However, the model cannot explain the
ultra-high value of TMR in MTJs with MgO barriers. This is due to the fact that the

Julliere model does not consider the effect of the tunnel barrier on the TMR.

2.1.5.2 Incoherent and coherent tunneling
Julliere’s model focuses on the effect of the spin polarization or the DOS of the FM

electrodes on the TMR, but that of the tunneling barrier has been neglected. Although
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this approach is effective for explaining the TMR effect in MTJs with amorphous
barrier layers, it is inadequate for understanding tunneling via a crystalline MgO barrier.
According to recent theory[23; 24], the properties of both FM electrodes and the barrier
are important in determining the tunneling conductance and thus the TMR ratio of MTJs.
There exist two tunneling mechanisms — coherent and incoherent tunneling. Coherent
tunneling occurs in MTJs with a crystalline MgO barrier and incoherent tunneling, in

MTJs with an amorphous Al-O barrier.

Before discussing the tunneling mechanisms in detail, it is necessary to introduce the
crystalline structure of 3d FM electrodes and their Bloch states (or wave functions) A,
A, and Az as well as their crystalline symmetries. The wave functions of the conduction
electrons in a periodic potential (crystalline structure) can be expressed by Bloch
functions, for example in a one-dimensional periodic potential (x) = V(x + na), where

n is an integer and a is the periodic length, the wave function can be expressed as:

00 = D e (@) = ) Ay e () (12
k k

where A, are constants;

b (x) = e (x) (13)

¢ (x) is a Bloch function with y, a periodic function having the same periodicity as the
periodic potential p, (x) = u,(x + na); k is the Bloch function wave vector. From

Equation (12), we can see that both k and k + 2nm/a satisfy this equation, so one only
needs to consider the wave vectors within [—gg] which is called the first Brillouin

zone in k space. This is a consequence of the translation a symmetry of the crystal.
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The above results can be easily generalized to three dimensions. Fig.2.9 shows the first
Brillouin zone of a body-centered cubic (bcc) lattice and the high symmetries points and
lines. The centre of the Brillouin zone is always denoted by I'; the high symmetry points
and lines inside the Brillouin zone by Greek letters (I', A, A and X) and the points on the
surface of the Brillouin zone by Roman letters (N, P and H). The points with high
symmetry, called critical points[32], are tabulated in Table 2.1 for a simple cube (sc),

face-centered cubic (fcc), bce and hexagonal crystal lattices.

Fig. 2.9. First Brillouin zone for bcc lattice crystal structure[6]. Spatial high-
symmetry points are denoted by I', N, P and H; high symmetry lines joining some
of the points are labelled as A, A and X.

r 2 pP;T 2 Hand I' 3 N respectively refer to the three high—-symmetry directions [111],

[100] and [110] in the Brillouin zone of the bce lattice. The Brillouin zone is highly
symmetric and it is unchanged by certain operations. The symmetry of the Brillouin
zone is caused by the symmetry of the lattice and it is therefore related to the symmetry

of the crystals.

35



The symmetries of the Bloch function are closely related to the symmetries of the
crystal structure. For bcc Fe (001), there exist Bloch states with symmetries A, (spd
hybridized states), A, (d states) and As (pd hybridized states) in the direction of [100].
Bloch states with A; symmetry are largely positive spin polarized and Bloch states with

A, are negatively polarized at E .

Symbol Description

T Centre of the Brillouin zone

Simple cube (sc)

M Center of an edge
R Corner point
X Centre of a face

Face-centered cubic (fcc)

K Middle of an edge joining two hexagon faces

L Centre of a hexagonal face

U Middle of an edge joining a hexagonal and a square face
wW Corner point

X Centre of a square face

Body-centered cubic (bcc)

H Corner point joining four edges

N Centre of a face

P Corner point joining three edges
Hexagonal

A Centre of a hexagonal face
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H Corner point

K Middle of an edge joining two rectangular faces
L Middle of an edge joining a hexagonal and a rectangular face
M Centre of a rectangular face

Table 2.1. Symbols for the high symmetry points for the Brillouin zone for simple
cube (sc), face-centered cubic (fcc), bce and hexagonal lattices.

--A--- -jur

(b)

Fig. 2.10. Schematic illustrations of electron tunneling through (a) an amorphous
Al-O barrier and (b) a crystalline MgO (0 0 1) barrier[33].

Fig.2.10 is a schematic illustration of the two different tunnel mechanisms in MTJs with
Al-O barrier (a) and with MgO barrier (b). For MTJ with an amorphous Al-O barrier,
Bloch states with different symmetries A, , A, and A¢ exist in the top electrode layer Fe
(001) inky = 0 direction. Because the tunnel barrier Al-O is amorphous and there is
no crystallographic symmetry, tunneling through the barrier is incoherent, which means
all the Bloch states with various symmetries can tunnel through the barrier. As
discussed in Section 2.1.3, the measured spin polarization for Ni and Co using an Al-O
barrier is positive[7; 8], contradicting the negative values predicted by theoretical
calculations. This means that the tunneling probability is different for Bloch states with
different symmetries. The A, Bloch states with larger positive spin polarization are

thought to have higher tunneling probability than other Bloch states such as A, and
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As[34; 35], which results in a net positive polarization for the electrodes. Due to the
Bloch states with negative polarization, such as A,, also contributing to the tunneling

current, the net spin polarization of the electrode and TMR are reduced.

The situation is very different in the case of MTJs with a crystalline barrier as shown in
Fig.2.10 (b), where there exist three types of evanescent states in the crystalline MgO (0
0 1) barrier i.e. Ay, A, and Ag, in the same k; = 0 direction. Tunneling through the
barrier is coherent in this case, i.e., each Bloch state in the top electrode can only tunnel
through the MgO barrier via the corresponding evanescent states with the same
crystalline symmetry. As shown in Fig. 2.10 (b), because the A; evanescent states have
the longest decay length (see below for more detail)[24], tunneling via A; becomes the

dominant channel and tunneling via the other states is suppressed.

The effect of coherent tunneling on TMR can be further understood by Fig. 2.11[24],
which shows the calculated tunneling DOS of Bloch states across the interfaces of an
Fe(100)/MgO(001)/Fe(001) MTJ. The upper panels (a) and (b) show the tunneling DOS
for the parallel magnetic alignment where the electrons tunnel from the majority bands
to the majority bands and from the minority bands to the minority bands. In the case of
antiparallel alignment, the electrons tunnel from the majority bands to the minority
bands and from the minority bands to the majority bands, as shown in the lower panels
(c) and (d). As stated previously, the A, Bloch states of Fe (001) are positively spin
polarized, therefore they exist only in the majority bands. It can be seen from panels (a)
and (c) that the A, states have the lowest decay rate in the MgO barrier in both magnetic
configurations. The other states A, and A all decay more quickly thanA;. This suggests
that A,is the dominant tunneling channel and the electron tunneling via other Bloch

states is suppressed in the coherent tunneling. It is also worth noting that although in
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both magnetic configurations the A; tunneling dominates, the tunneling probabilities of
A, states are much higher in the parallel configuration than that in the antiparallel
configuration. This results in a very high tunnel conductance for majority spin in the
parallel configuration and very low tunnel conductance in the antiparallel configuration.
The fact that the tunneling conductance in the parallel state is much higher than that in
the antiparallel state makes the TMR ratio in coherent tunneling very large, and is

known as giant TMR.

Another important point to note is that although the net spin polarization of Fe is small
because both majority and minority spin bands having various Bloch states at Er with
positive or negative spin polarization; the Fe A; band is fully spin polarized at Ex
(P = 1). Thus a very large TMR effect in Fe (001)/MgO (001)/Fe (001) is possible even
if the net spin polarization is not unity. This applies to other transition metals and their
alloys as well, such as Co, CoFe and CoFeB because the A;states in these materials at

Er are also fully spin polarized.
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Fig. 2.11. Tunneling DOS for Fe(100)/MgO/Fe(100) for parallel alignment of
magnetizations majority (a), minority (b), and antiparallel alignment of
magnetizations (c) and (d)[24].

2.1.6 Requirements for MTJs with giant TMR

It is clear from the above discussion that MTJs with giant TMR can be obtained if the
A, states in the FM electrodes are fully spin polarized at E and the A; states become
the dominant tunneling channel. The first condition can be met by using FM electrode
materials such as Co, Fe, CoFe and CoFeB, or Heusler alloys. The key to meeting the
second condition is to make the FM/MgO/FM tunnel stack with (001) crystalline
orientation. This needs to be achieved via the optimization of process conditions for
film deposition and magnetic field annealing. For example, CoFeB is amorphous in an
as-deposited state; it can be crystallized into the bcc (001) orientation after magnetic

field annealing depending on the thickness and composition of the CoFeB[36], and the
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crystal orientation of adjacent layers[27]. The formation of (001) oriented MgO is also

affected by the adjacent FM layer[28].

The interfaces between the FM metal and the tunneling barrier should be clean and
atomically flat so that the A, Bloch states in the FM electrodes can effectively couple
with A, states in the tunneling barrier for coherent tunneling to take place. So far CoFeB
is the best FM electrode material that has been found for achieving giant TMR due to its
fully spin polarised A, states, its extremely smooth interfaces and its ability to be
crystallised to a bcc (001) structure to form a four-fold symmetric
CoFeB(001)/MgO(001)/CoFeB(001) coherent tunnel stack via solid phase epitaxy by

magnetic field annealing.

In addition to the above, the film quality of the barrier layer is also important. Other
crystalline tunnel barriers such as ZnSe (001)[37] or SrTiO3 (001)[38] theoretically can
also give giant TMR. However, due to the difficulties in fabricating high quality barriers
without pinholes and interdiffusion at the interfaces for MTJs with ZnSe (001) or
SrTiO3 (001) barriers [33], there will be still a way for these barriers to be applied in the

real devices.

For device applications, the magnetization of one of the FM electrodes needs to be fixed
by an AFM exchange bias layer. The strength of the exchange bias is another important
parameter for MTJs as an increasingly large exchange bias field required for
applications in advanced hard disk drives and MRAM continues to rise. The exchange

bias phenomenon will be discussed in the following section.
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2.2 Exchange bias phenomenon

MTJs consist of a pinned layer, a barrier and a free layer. A pinned layer is so called
because it is exchange biased by an AFM layer. Exchange bias can occour in an
AFM/FM or FM/AFM bilayer system. IrMn, PtMn or FeMn etc[39] is normally used as
the AFM layer for exchange biasing in applications. In this section, the exchange bias
phenomenon is first introduced followed by various models proposed to explain the

phenomenon although the origin is still unclear.

2.2.1 The exchange bias phenomenon

Exchange bias refers to the shift of the center of a magnetic hysteresis loop from its
normal position at H = 0 to H,,, # 0. It occurs in a system where an antiferromagnet is
in atomic contact with a ferromagnet if the sample is grown or after the system is cooled
through the Néel temperature of the AFM material in an external field. The phenomenon
of exchange bias was first discovered in 1956 by Meiklejohn and Bean[40] when they
observed a shift of the hysteresis loop in a sample of nominally Co nanoparticles after
cooling in an applied field. It was subsequently established that the Co particles had

been partially oxidized to CoO, which is thought to be AFM material.

The shifted loop (1) in Fig. 2.12 was measured at 77K for a compact of fine partially
oxidized Co particles (10-100 nm) after cooling in a field of 10 kOe; the symmetric loop
(2) was measured after cooling in zero field. Meiklejohn and Bean[40] showed that the
loop shift was equivalent to the unidirectional anisotropy existing in the AF/FM system.

An intuitive picture will be introduced in Section 2.2.
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Fig. 2.12. Hysteresis loops of partially oxidized Co particles, from which the
exchange bias phenomenon was discovered[40].

There are a large variety of systems where exchange bias has been observed, including
clusters or small particles [41; 42], thin films deposited on single crystal or
polycrystalline AFM [43; 44], and FM/AFM thin film bilayers [45; 46; 47]. This work

focuses mainly on an AFM/FM layered structure.

The basic parameters to characterize exchange biased systems are the following:

(1) The pinning field or exchange bias field H,,, which is a measure of the exchange
coupling strength of the AFM/FM interface. It is measured by the unidirectional shift
from the origin of the hysteresis loop of the exchange biased system, as shown in Fig.
2.12. H,, is FM layer thickness dependent, and it decreases with increasing FM layer
thickness.

(2) Interfacial coupling energy J, (erg/cm?), which is an alternative way of describing

the interface exchange coupling strength, given by
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Jk = HexMstpy (14)
Where Mg and tg), are the saturation magnetization and thickness of the FM layer,
respectively.
(3) Blocking temperature T, at which H,, becomes zero. H,, usually decreases with
increasing temperature and mainly depends on the crystal phase structure of the material.
(4) Critical AFM layer thickness. There is always a minimum AFM layer thickness

requirement for obtaining H,,., below which H,, will start to fall off.

All these parameters are of great application significance to realize high-density data
storage devices such as reader heads and MRAMs. Especially, large H,, or J, is
required in miniaturization of elements in hard disc drives and MRAMs to get high

sensitivity for storage.

2.2.2 Understanding of exchange bias

Since the discovery of the phenomenon of exchange bias, the pursuit of the mechanism
behind this phenomenon has never stopped. Early work by Meiklejohn and Bean[40]
suggested that unidirectional exchange anisotropy was due to the presence of interfacial
uncompensated AFM spins. The idea of interfacial uncompensated spin has attracted
much attention especially in very recent years due to the availability of element specific
X-ray magnetic circular dichronism (XMCD) [48; 49; 50; 51; 52], neutron diffraction
and other depth sensitive techniques[53; 54; 55; 56; 57; 58] to study the buried layers or
interfaces. Other models, such as the interfacial AFM domain wall and random field
model [59; 60; 61; 62; 63; 64; 65; 66] were also proposed. These models will be
reviewed in this section, especially the uncompensated spins model. Although much

progress has been made, the origin of the phenomenon is still open to discussion.
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2.2.2.1 Meiklejohn’s fully uncompensated intuitive picture

Fig. 2.13. Schematic diagram of the spin configuration of an FM/AFM bilayer (i) at
different stages of an exchange biased hysteresis loop (ii) — (v)[67].

An exchange bias system consists of two basic layers in the form of FM/AFM (top
pinned) or AFM/FM (bottom pinned). The AFM material, magnetically ordered below
its Néel temperature Ty, with the spins parallel to each other on one plane, and anti-
parallel in alternate planes, exhibits zero net magnetic moment. The FM layer is ordered
up to its Curie temperature T, which is higher than Ty. When a field is applied to an
AFM/FM system in the temperature Ty < T < T, the FM magnetization will align in
the field direction while the AFM spins stay random (Fig. 2.13(i)). When the system is
cooled to T < Ty, the AFM spins at the interface will couple to the aligned FM spins
ferromagnetically due to the field. In this case, the interfacial AFMs are fully
uncompensated. The other spins in the AFM are in antiferromagnetically ordered and
produce zero net magnetization (Fig. 2.13(ii)). When the field is reversed, the FM spins
begin to rotate. The AFM spins remain unchanged due to the large AFM anisotropy (Fig.
2. 13(iii)). The AFM spins at the interface exert a torque on the FM spins to keep them
aligned in the direction of the cooling field. When the reversed field is strong enough to

overcome the torque or coupling between the AFM and FM layers, the FM layer
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reverses completely (Fig. 2.13(iv)). When the field is rotated to its original direction, the
FM spins easily switch to their original alignment due to the interaction with the AFM
spins (Fig. 2.13(v)). The AF/FM system behaves as if there was an internal biasing field
and the FM hysteresis loop is shifted in the field axis, which is called exchange bias[40;

42].

This simple phenomenological model gives an intuitive picture, but there is little

quantitative understanding of this phenomenon.

2.2.2.2 Models and theories

(a) Meiklejohn’s model

"‘- Kouma » K

Fig. 2.14. Schematic diagram of vectors involved in an FM/AFM exchange biased
system. It is assumed that the AFM and FM anisotropy axes are collinear[67].

Meiklejohn and Bean[40; 42] made the first attempt to propose an intuitive model to
explain the origin of exchange bias. It was assumed that there is a coherent rotation of
the magnetizations of FM and AFM layers, and the energy per unit area of an exchange

bias system, can be written as
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E = —HMppytgpy cos(8 — B) + Keytpnsin®(B)
(15)
+ KapmtapmSin®(a) — Jicos (8 — a)
Where H is the applied field; My, the saturation magnetization of the FM layer;
trm (Eapm), the thickness of the FM (AFM) layer; Kry (Kapy ), the anisotropy of the
FM (AFM) layer and J,, the interfacial exchange coupling constant. a, 8 and 6 are the
angles between the AFM sub-lattice magnetization and the AFM anisotropy axis, the
FM magnetization and the FM anisotropy axis, and the applied field and the FM
anisotropy axis, respectively (Fig 2.14). The first term accounts for the effect of the
applied field on the FM layer; the second term is the effect of the FM anisotropy; the
third term takes into account the AFM anisotropy and the last is a consideration of the
interfacial coupling. It is generally thought that the FM uniaxial anisotropy Kz, is
negligible comparing t0 Kyrpy (Keytry < Kapmtarn), @nd minimize the energy with

respect to a and S, the shift or the exchange bias that Meiklejohn found was[42]

Jk

The condition Kypytarm = Ji is required in the minimization for the observation of
exchange bias[42]. In this condition, the system energy is minimized by keeping
« independent of g . But if J, = Kuppmtarm, it is more favourable to keep (8 — a) small

and the AFM spins rotate together with FM spins, thus no loop shift would be observed.

According to this ideal and fully uncompensated model, the observed H,,, however, is
typically less by several orders of magnitude of the experimental result [68]. This
simple ideal model does not represent the AFM/FM interfacial environment. The
magnitude of the exchange bias depends on the value J,. This discrepancy has invoked
considerable research interest to account for the reduction of J, by considering

parameters such as interfacial contamination or roughness[69]. The hysteresis loops of
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exchange bias systems have also been modelled by using different approximations of
the energy equation, including the formation of domains in the AFM or FM layer [69;
70], random anisotropy in the AFM layer [71], grain size distribution and induced
thermo-remanent magnetization in the AFM layer [72].
(b) Interfacial AFM domain wall

Mauri et al [71] put forward a model that would effectively lower the interfacial energy
cost of reversing the FM layer without removing the condition of strong interfacial
AFM/FM coupling. In this model, a planar domain wall is formed at the interface either
in the AFM or FM layer or both of them wherever the energy is lower when the applied
field is reversed. The formation of the domain wall will cost energy which will result in
a reduction of the total energy in the AFM/FM system. For a domain wall formed on the
AFM side of the interface, with the magnetization reversal of the FM layer the increase
in interfacial exchange energy would be equal to the energy per unit area of an AFM
domain wall, 4./AzryKapy » Where A gy and Ky gy, are the exchange stiffness (~Jrpm/
a where gy IS the AFM exchange integral parameter, and « is the AFM lattice

parameter) and AFM magnetocrystalline anisotropy, respectively. The exchange bias

would be:

2\/ AAFMKAFM (17)

H,. =
° Mpytem

(c) Random field model
Rejecting the assumption of an atomically perfect uncompensated boundary exchange,
Malozemoff [69] proposed a random field model of exchange anisotropy suggesting
that the AFM/FM compensated and uncompensated interfaces originate from features

such as roughness and structural defects. The random interface roughness creates a
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random magnetic field that acts on the interfacial uncompensated spins, yielding
unidirectional anisotropy, which causes H,,.

(d) Uncompensated spins model
In Meiklejohn’s model, it was suggested that exchange bias was a consequence of the
presence of interfacial uncompensated AFM spins. In 1997, Takano et al. [72]
demonstrated the experimental correlation between the interfacial uncompensated CoO
spins and the exchange bias field in polycrystalline CoO/permalloy bilayer films. They
measured thermo-remanent magnetization (TRM) of the uncompensated spins on the
surfaces of antiferromagnetic CoO after field cooling a series of CoO/MgO multilayers
from a temperature above Ty. This uncompensated moment is interfacial and is about 1%
of the spins in a monolayer of CoO from neutron data[73]. The temperature dependence
of the TRM is similar to the temperature dependence of the exchange bias of NiFe/CoO
bilayers after field cooling. This suggests that uncompensated interfacial AFM spins
appears to be responsible for the unidirectional anisotropy. Also, the observation that ~1%
of the interfacial AFM spins are uncompensated is consistent with measured NiFe/Co
exchange bias field of ~1% of the interfacial ideal uncompensated model. A linear
relationship was also determined between the strength of the exchange bias field and the
CoO grain diameter, H,, o« L™, where L is the grain diameter. This suggests a
structural origin for the density of uncompensated spins.
Later in 2003, Ohldag et al.[51] reported the correlation between the exchange bias and
the pinned interfacial uncompensated AFM spins, characterised as a vertical off-set of
the AFM Mn hysteresis loops obtained by element specific XMCD in several exchange
biased systems. The pinned uncompensated interfacial spins constitute only a fraction of
a monolayer and do not rotate in an external magnetic field because they are tightly
locked to the antiferromagnetic lattice. They also found that the coupling between the

FM and AFM layers is parallel or ferromagnetic. Not clear about the origin of the
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pinned spins, they speculated that the pinned interfacial uncompensated spins might be
located at the grain boundaries of the AFM films. There have been very recent reports to
give more intuitive pictures of the pinned interfacial spins and their relations with H,,
based on element specific XMCD and depth profile measurements of Mns,Pdss/Fe and
permalloy/CoO bilayers[53; 58], respectively. However, such an understanding is still
far from conclusive. In Mns,Pdss/Fe, there is a complex magnetic interfacial
configuration, consisting of a 2-monolayer thick induced ferromagnetic region, and
pinned uncompensated Mn moments that reach for ~13 A, both in the side of
antiferromagnetic layer at the interface. There is a direct relationship between the
magnitude of the exchange bias and the pinned uncompensated Mn moments. In the
permalloy/CoO system, it was identified by soft x-ray resonant reflectivity that there
was a 5A thin layer containing uncompensated Co magnetization at the interface with
the permalloy. The majority of this magnetization follows the external field, however,
~10% of the moments in this interfacial layer that are pinned antiparallel to the cooling
field. This part of pinned Co spins are antiferromagnetically coupled to the FM layer.
Tsunoda el at[48] reported in 2006 from their element specific XMCD measurement of
the IrMn/CoFe bilayer system with significantly different H,, values, that Ohldag’s
model is not applicable to the giant exchange anisotropy of a IrMn/CoFe bilayer with a
chemically ordered IrMn layer. The observed XMCD signal of Mn suggests that there
are induced uncompensated Mn spins at the interface. However, unlike Ohldag’s
experiment, no vertical offset of the Mn hysteresis was observed for either the
disordered or the ordered IrMn/CoFe systems. This suggests that insignificant
uncompensated Mn spin was pinned at the interface to introduce exchange bias on the

CoFe layer.
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3 Equipment and experimental methods

The equipment and experimental methods employed during this work are introduced in
this Chapter. First in Section 3.1 substrate preparation methods are discussed.
Deposition process and factors are then considered in Section 3.2, followed by field
annealing in Section 3.3 and fabrication techniques in Section 3.4 including photoresist
spin-coating, lithography, ion milling and lift off. Lots of film and devices have been
produced over this work. Specific issues of film deposition and device fabrication are
discussed in Section 3.2.3. Characterization of films and devices are discussed in
Section 3.5, starting with the analysis of properties of thin films using VSM, atomic
force microscope (AFM) and x-ray magnetic circular dichroism (XMCD). MR

measurement technique four point probe method is introduced at the end.

3.1 Substrate preparation

The quality of substrate is critical to producing good quality thin film devices. The
substrate should be a good insulator to avoid short-circuits during MR testing. It also
should be extremely smooth. Silicon wafers with a thermally oxidized SiO, layer are
used in this work. Throughout this thesis, thermally oxidized silicon refers to Si
substrates with a 100 nm-thick SiO, layer. The cleanness of substrates is extremely
important for proper film adhesion. Substrates were cleaned prior to film deposition
using an ultrasonic bath and appropriate solvents. The following procedure was
followed before substrates were taken into the deposition chamber: submerge the
substrates into a beaker of de-ionized (DI) water with several drops of “Decon
Neutracon” solution (Decon Neutracon is a specialized surface active cleaning
agent/decontaminant, near neutral concentration PH=7.) and agitate for 5 minutes in the
ultrasonic bath to remove inorganic contaminants; rinse thoroughly with DI water and
blow dry with a N, gun; submerge substrates again into a breaker of acetone, agitate for
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5 minutes to remove organic impurities from the substrates, followed by agitation for 5
minutes in isopropyl alcohol (IPA) to get rid of the contaminated acetone from
substrates; rinse substrates with DI water and blow dry with a N, gun; finally, bake the
substrates in an oven at 100 °C for 10 minutes to remove the residual moisture. An
additional step in substrate surface cleaning was carried out by pre-sputter cleaning

inside the chamber just before the film deposition.

3.2 Deposition of thin films

Magnetron sputtering in a high vacuum system was used to produce the films. This is
one of the common techniques for thin film deposition. The sputtering system and

related factors for the deposition of the films are introduced in this section.

3.2.1 The deposition system

The Nordiko 9550 physical vapor deposition (PVD) machine used in this work is shown
in Fig.3.1. The system consists of one main chamber and a load-lock chamber
connected by a gate valve. The advantage of two chambers is that a high vacuum can be
maintained in the main chamber during loading/unloading of wafers. The wafers are
transported from/to the load-lock by a robot arm. The ultimate base pressure of the tool
is 2x10°® Torr. Three cryo-pumps are used to evacuate the chambers, two for the main
chamber and one for the load-lock chamber. Sputtering takes place in the main chamber,
where six 10 inch targets are installed. Except for the MgO target, all the other targets,
namely CoFeB, Cu, IrMn, CoFe and Ta are DC magnetron sputtered. The insulating
target MgO is RF sputtered. There are four sputtering positions for 4 inch wafers in the
main chamber. The sputtering process could be carried out either by setting the
parameters such as Ar pressure, sputtering power, etc. manually or automatically by

editing computer controlled functions and sequences.
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Sputtering is based on a physical process whereby atoms ejected from a solid target by
energetic particles are deposited on the substrate to form films. The energetic particles
are usually ions of a gaseous material (usually Ar) accelerated in an electric field. As
shown in Fig.3.2, the target is placed on the cathode (negative potential) and the
substrate on the anode (positive). Both targets and substrates are enclosed in a chamber,
which is evacuated by a pump system. Argon gas at a certain pressure is introduced into
the chamber as a sputtering gas by which plasma is induced upon applying the

sputtering power.

For DC sputtering, the glow discharge is maintained under the application of a DC
voltage between the electrodes. Electrons accelerated in the electric field collide with Ar
gas, producing ions Ar" and electrons:
e~ + Ar > 2e” + Art (18)

The produced electrons and ions are accelerated in the electric field, with electrons to
the anode (substrates) and Ar* ions to the cathode (targets). The electrons on the way to
anode cause further ionization. In this way, a current flows. Some of the target atoms
will be sputtered off when the ions strike the cathode and will land on the anode or
substrate to form a thin film. At the same time, while some of the target materials are
being sputtered off, secondary electrons are also ejected from the targets and it is these
secondary electrons which are responsible for maintaining the electron supply and
sustaining the glow discharge [74]. The electrons or ions that are accelerated towards
the substrates or targets produce a large amount of heat. For this reason, the substrates

and targets are normally water cooled.

The glow discharge (i.e. current flow) is maintained between the metallic electrodes if

the target in the DC sputtering system is composed of a metal. However, if the target is
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an insulating material in the DC sputtering system, the sputtering discharge cannot be
maintained due to the immediate buildup of a surface charge of positive ions on the
insulator. To avoid the buildup of charge, an alternating voltage RF power supply is
applied between the target and the substrate, so that the target is alternately bombarded
by ions and then by electrons. Sputtering occurs when a negative potential is produced

on the target surface, which serves as a sputtering potential [75].

By the use of magnetron sputtering, in which a magnetic field Bis superimposed on the
cathode, the deposition rate can be significantly increased. Both the magnetic field B
and the electric field E act on the moving electrons in the discharge, causing the drift of

motion along the E x B direction [76]. The electrons in plasma are confined in the
vicinity of the target surface to form a high density electron region. The confined high
density of electrons increase the rate of collisions with Ar, producing large numbers of

Ar*, which are then accelerated by the electric field towards to the target. According to

Spencer [77], the highest density of electrons is in the region where Bis parallel to the

cathode target surface; it is there that the maximum sputtering rate occurs.

The PVD process can also be used to deposit films of alloys using a reactive or quasi-
reactive deposition process [78]; CuN, for example, has been sputtered in this work by
introducing a partial pressure of N into the plasma during the Cu deposition process.

Pre-sputtering or sputter cleaning prior to deposition is needed for both the substrate and
the target to remove contaminations. A shutter is used between the substrate and target
to protect the substrate or target from cross-contamination during pre-sputtering. Sputter
cleaning of the substrate is of significant importance in improving the adhesion between
the substrate and the thin films and subsequent film properties. Experimental issues

related to adhesion will be discussed in Section 3.2.3.
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Fig. 3.1. Picture of Nordiko 9550 PVD sputtering system.
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Fig. 3.2. Schematic illustration of the DC sputtering process
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3.2.2 Deposition rate calibration

The deposition rate calibration of each film is established by measuring the thickness of
the films after lift-off. The film thickness is measured by AFM, which is an effective
tool to examine the film thickness as well as the surface morphology of thin films. The
working principle and structure of AFM are described later in this Chapter. Fig. 3.3
shows a typical example of using AFM image and its line analysis software for film
thickness measurement. The thickness difference could be calculated by selecting two
positions as 1-2 and 1-1. The thickness of the film in Fig. 3.3 is 80.992nm as shown in
the table. Alternatively, the cross-section of a film could be examined by high resolution

transmission electron microscopy (HRTEM) to obtain the thickness of the film.

Line Analysis
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2 2308 12.593
distance -1.096 -@0.992
pt angle 423

Fig. 3.3. Film thickness measurement using line analysis in the Nano-R AFM.

3.2.3 Optimization of deposition process

During the early stage of deposition of films by the Nordiko 9550 PVD sputtering
machine, we observed circular blisters as shown in Fig. 3.4 on the multilayer films after
magnetic field annealing at 350 °C for one hour. These defects are not acceptable for

device applications. Considerable effort has been devoted in trying to solve this problem.

56



It was believed that the formation of blisters was due to a combination of several factors:
adhesion, stress and trapped Ar in the films, which are associated with the process

parameters used during sputtering.
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Fig. 3.4. SEM picture and energy dispersive x-ray spectroscopy (EDS) of an
annealed sample with layer structure Si/SiO,/Pt/CoCrTa/Ta. Spectrum 1 was
taken on top of the film and spectrum 2, inside the broken blister.

A sample with blisters was first analyzed by a SEM equipped with energy dispersive x-
ray spectroscopy (EDS), as shown in Fig 3.4. It can be seen from the EDS spectrum that
the films in the blisters peeled off from the SiO, substrate surface, which suggests that it

is associated with the film adhesion of the first layer.
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In order to verify the possibility of trapped Ar in the films which may cause these
blisters, samples with layer structure Ta (5 nm)/CoFe (3 nm)/IrMn (5 nm)/CoFeB (3
nm)/Ta (5 nm) were deposited and taken out of the machine immediately after
deposition and put into the SEM for composition analysis by EDS. A typical spectrum
is shown in Fig. 3.5. No Ar in the film was detectable or if there is any, it is non-

detectable.

Full Scale 10951 cts Cursor: 0.000 ke’ k]

Fig. 3.5. EDS spectrum analysis for the sample with layer structure Ta (5
nm)/CoFe (3 nm)/IrMn (5 nm)/CoFeB (3 nm)/Ta (5 nm). The sample was taken out
of the main chamber immediately for analysis and no Ar was detected.

A large number of samples have been studied with different pre-sputter cleaning and
deposition conditions, such as power, time, Ar pressure and the time for the sample to
be kept in the high vacuum main chamber after deposition in an attempt to resolve this
issue. It was eventually concluded that the pre-sputter cleaning conditions (power and

time) of the substrates are the key factors for eliminating these blisters in the films. The
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results of a few typical samples are shown in Fig. 3.6 and Table 3.1 for samples with the
layer structure Ta (5 nm)/CoFe (3 nm)/IrMn (5 nm)/CoFeB (3 nm)/Ta (5 nm) annealed
at 350 °C for 1 hour. The surfaces of the films were examined using an optical
microscope after annealing and the pictures are shown in Fig. 3.6. Samples (a) and (b),
which were prepared with pre-sputter cleaning power of 60 W for 3 & 6 minutes, show
considerable blisters but there is some reduction when the pre-sputter time increased
from 3 to 6 minutes. An increase of pre-sputter cleaning power from 60 W to 80 W
showed a further reduction of blisters as shown in Fig. 3.6 (c). A minimum of 100 W

pre-sputter power for 3 minutes is required for obtaining blister-free films, as shown in

Fig. 3.6 (d).
Pre-sputter cleaning power | Pre-sputter cleaning time
Sample
(W) (minutes)
@ 60 3
(b) 60 6
(© 80 3
(d) 100 3

Table 3.1. Pre-sputter cleaning conditions of the samples (a)-(d) in Fig. 3.6.
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Fig. 3.6. Pictures of samples (a)-(d) taken at the same magnification by optical
microscope after magnetic field annealing.

3.3 Magnetic field annealing

After film deposition, magnetic field annealing of a MTJ stack or AFM/FM bilayer
system is required to establish the exchange bias field and improve other properties such
as the crystallographic structure and orientation. For example, (001) orientated
crystallization of CoFeB is required to obtain higher TMR for CoFeB MTJs. CoFeB is
amorphous as deposited, and crystallization takes place when the annealing temperature
(T,) is beyond 250 °C [79; 80]. The TMR ratio depends on the annealing temperature
[26; 29; 81; 82; 83]. Magnetic field annealing equipment in our lab is combined with a
VSM (Fig. 3.9). The samples for annealing are placed in the middle of the magnetic
field in a stainless steel box (for up to 2 inch square sample size) flushed with Ar gas.

There are two pipes installed in the box, one inlet and one outlet for Ar. The Ar flow
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can be checked occasionally by connecting the outlet pipe into a test tube containing
paraffin. Normally, this pipe is disconnected during annealing to avoid back-streaming
contamination of paraffin to the samples. The samples are placed so that the easy axis of
the FM layer is parallel to the field. A magnetic field of up to 7 kOe could be applied
during annealing through the electromagnet with a pair of 7 inch poles. The process for
annealing includes temperature ramping up, keeping the temperature at a pre-set
temperature for certain duration and temperature ramping down. The maximum T, for
this apparatus could be set to be up to 500 °C. To ensure the quick ramping up and down,
the steel box is wrapped with thermal insulation material maintaining the temperature
during annealing and a fan is used to dissipate the heat during temperature ramping
down. It takes about 45 minutes to reach 350 °C from room temperature and 1 hour to

ramp down to room temperature.

3.4 Device microfabrication process

The MTJ devices are fabricated using standard clean room techniques. Fig. 3.7 shows
the general route for the fabrication of an MTJ device, which includes the deposition of
the MTJ stack, magnetic field annealing, photoresist spin-coating, mask aligning,
exposure and developing of photoresist and ion milling to define device structures and
bottom electrodes, photoresist removal, further spin-coating, exposure, develop, and
film deposition and lift-off of SiO, insulation layers, and finally spin-coating of
photoresist, exposure, development, and deposition and lift-off of the top and bottom

electrodes.

It is critically important to develop well calibrated, reliable and repeatable processes and

equipment in order to produce good quality devices. So optimization of the exact details
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of the fabrication process and maintenance of the equipment were a large part of this

work.
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MTJ stack
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| Frostave

Magnetic field annealing of
MTJ stack and lithographic
patteming.

Develop and ion mill to define the
junction and repeat the procedure
to define the bottom electrode.

Lithographic patterning, deposition of
5102 and lift-off to form insulating
layers between electrodes.

Cu and lift-off to form electrode

Lithographic patteming, deposition of
contacts for TMR measurements

Fig. 3.7. Schematic diagram of the micro-fabrication process of MTJs.
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3.4.1 Photolithography

Positive photoresist S1805 (Shipley’s) has been used throughout this work. A positive
photoresist is a type of photoresist in which the portion of the photoresist exposed to
light (usually at wavelengths in the ultraviolet spectrum or shorter, <400 nm) becomes
soluble in the photoresist developer, while the portion unexposed remains insoluble.
S1805 was spun at 4 krpm for 1 minute to form a resist layer of ~0.5 um thickness.
Much care needs be taken to ensure the thickness uniformity of the photoresist film. The
sample was then taken into an oven to pre-bake for 30mins at 95°C before
photolithography to drive away the solvent in the photoresist.

The photoresist patterning process was carried out on the OAI 500 mask aligner shown
in Fig. 3.8, using chrome masks on a glass substrate, designed by L-editor and made by
Compugraphics™. This contact mask aligner can produce a minimum feature size of
0.8 um. It was used to define or align the patterns for the ion milling or lift off process.
The alignment process involves several steps.

The model OAI 500 mask aligner incorporates an interchangeable mask/substrate chuck,
a differential micrometer or motorized electronic motions for the X, y, and theta axis, an
adjustable electronic clutch for setting the substrate to mask pressure and an exposure
timer. It usually takes time to rotate the wafer to approximate alignment marks, align X-
Y coordinates and finally align the wafer with the photomask using fine alignment
marks. After the alignment, one must check the wafer is in the correct contact position
and set the timer for exposure. The exposure time set for S1805 in our work is 4
seconds. One problem to which attention should be paid particular attention is that the
photomask should be clean prior to its installation. Because the OAI 500 is a contact
aligner, there may be traces of photoresist left on the photomask from the previous
operation, which could result in un-wanted patterns on the substrates if these traces are

not removed. After exposure, the sample is developed by immersion in the developer
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(DI water: 351 developer equals to 4:1) for about 30 seconds. The sample is then rinsed
thoroughly with DI water to remove traces of the developer and blow dry with a N, gun.
Finally, it is very important to check the pattern under a microscope to ensure the
quality. If the pattern is distorted, the photoresist must be removed with acetone and the

process repeated.

Fig. 3.8. Picture of the OAI 500 mask aligner used for the work.
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Fig. 3.9. Picture of the ion miller used for the work.

3.4.2 lon milling

lon milling is a physical technique to etch unwanted materials to obtain the desired
device structures. In the microfabrication of MTJs in this work, ion milling was used
with the first and second mask to define the junction mesa and bottom electrode pads.
Together with the lithography, the milling process is schematically shown in Fig. 3.10,
which includes phtoresist spin-coating (a), lithographic patterning (b), ion milling (c),
and photo-resist removal (d): In Fig. 3.10 (a), a layer of S1805 was spun all over the
wafer. Fig. 3.10(b) shows the pattern of the photoresist shape after development.
Fig.3.10(c) shows the uncoverd part of the film was milled away by in milling and

Fig.3.10(d) is the resultant film after the photoresist removal.
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@) (b)
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(d)
Fig. 3.10. Schematic illustrations of photoresist coating, lithography and ion

milling: (a) sample after photoresist spinning, prebaking (b) after lithography,
postbaking (c) after ion milling and (d) after photoresist removal.

The ion miller shown in Fig. 3.9 consists of a main chamber pumped by a diffusion
pump and a power supply. The chamber is pumped down to low pressure to 2x10e-6
Torr and then filled with Ar. The ionized Ar is accelerated by a DC electric field
towards the sample. The Kinetically energized ions strike on the film and remove the

unwanted portion not covered by photoresist as shown in Fig. 3.10 (b) and (c).

Fig. 3.11. Schematic illustration of re-deposition during ion milling.

There is a by-product of ion milling if the incidence of the ions is normal to the sample

surface as shown in Fig. 3.11 in which the etched material is re-deposited onto the side
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wall of the pattern. This is called re-deposition. Re-deposition can result in lower
measured TMR or a short-circuit of the MTJ devices. To minimize the effect of re-
deposition, the milling angle needs to be optimized or a second sidewall milling at the
end of milling should be used. In our milling process, the milling stage was angled at 30
degree to the normally incident beam and rotated during the process. To avoid lower
TMR resulting from re-deposition, the milling depth should be well controlled. The
milling for the junction mesa for MTJ should be stopped right underneath the barrier as
over-milling may cause a short-circuit. The milling depth was controlled by calibrated

milling rate and double checked by AFM.

The striking of the sample by ions introduces a large amount of heating in the substrate.
The photoresist may become toughened due to the heating in combination with the ion
radiation resulting in difficulties in the removal of photo-resist after milling. To reduce
the effect, the substrate is water cooled and the duration for each milling is controlled.

We stopped for 5 minutes after each 2 minutes milling to cool the substrate.

The photoresist is hard to remove after ion milling. AFM was used to examine the
conditions of photoresist removal for milled patterns. Fig.3.12 (a) shows a pattern with
a fencing effect after the sample was milled and soaked in 1165 stripper, which
represents the worst results at an early stage of the experiments. This was improved as
shown in Fig.3.12 (b) by optimizing the milling parameters and photoresist removal
conditions, such as milling time, milling angle, ultrasonic bath temperature and time, etc.
But one can see from Fig.3.12 (b) that there is still some photoresist residue on the
pattern. This was improved further by gentle cleaning with clean room tissue soaked in

acetone as shown in Fig.3.12 (c).
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Fig. 3.12. AFM image of milled pattern (a) before parameters optimization; (b)
after parameters optimization; and (c) after further cleaning by clean room tissue
soaked in acetone.

3.4.3 Lift off

Apart from ion milling, lift-off is another technique in microfabrication of devices.
Different from ion milling, lift-off is a process in which the film is deposited over a
substrate partially covered with patterned photoresist. The removal the patterned resist
after deposition leaves the desired portion of film on the substrate. Lift-off was also
used for the calibration of the deposition rate of films. In the MTJ fabrication process, it
is used for the deposition and patterning of the SiO, insulating layer between the top and

bottom electrodes and the Cu contacting pads.
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3.5 Characterization techniques

A number of characterization techniques have been used to test the thin films and

devices. These techniques and their working principles are introduced as follows.

3.5.1 Vibrating sample magnetometer (VSM)

The magnetic properties of as deposited and annealed films were investigated using a
VSM (constructed by Khew Joong Harnn) as shown in Fig. 3.13. A VSM consists of an
electromagnet, a vibration unit with a sample holder, a pair of pick up coils, and a field
sensor. It is based on the principle that a magnetic sample placed in a uniform field can
be treated as a magnetic dipole and the magnetic flux from the sample which vibrates in
the direction perpendicular to the applied field, can induce a voltage in the pick up coils

nearby. As stated by Faraday’s law of electromagnetic induction,

Fig. 3.13. Picture of the VSM in the lab built by Khew Joong Harnn.

V=N—=NA— (19)



where, N is the number of turns of the coil, A is the cross sectional area of the coil and
@ is the changing flux in the pick up coils. The voltage V in the pick up coils will vary
depending on the magnetization of the sample, frequency of the motor, the amplitude of
the sample movement and the coils design. The magnitude of the signal is proportional
to the magnetic moment of the sample,

3
e = —HMawg, (20)

where M is the magnetic moment of the sample; wis the angular velocity of the

vibration and g, is the instrument factor.

The typical VSM setup used in this work is schematically shown in Fig. 3.14. The
magnetic sample is placed in a sample holder that is situated in the centre of a pair of
pick up coils between the poles of an electromagnet. The sample holder is mounted to a
rod, which is connected to a vibrating motor with an adjustable oscillation frequency.
The vibrating motor is driven by a power amplifier which itself is driven by an
oscillator. The magnetic sample is constrained to vibrate only along the vertical axis,

inducing a signal in the sample pick up coils.

The output of the pick-up coil is fed to the lock-in amplifier, the output of which goes to
the data acquisition computer. The magnitude of the magnetic field measured by the
Hall Sensor is also fed to the lock-in and the PC. The field sensitivity of the VSM
system has been improved recently, which can provide a precise magnetic measurement

for very soft magnetic film.
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Fig. 3.14. Block diagram of VSM.

3.5.2 Atomic force microscope (AFM)

The AFM is a very powerful analysis tool as it creates a highly magnified, three
dimensional image of a feature. It is an indispensable tool in the fabrication of MTJs.
Using the AFM, the milling depth and calibration of deposition rate can be carried out

quickly. The roughness of the films, which is also a main factor affecting TMR in MTJ

devices, can also be examined by the AFM.
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AFM, developed in mid-1980’s, uses a sharp probe to magnify surface features. The
theory and operation of an AFM is similar to that of a stylus profiler. Fig 3.15 illustrates
an example of an early profiler, invented by Schmalz[84] in 1929, utilizing an optical
lever arm to monitor the motion of a sharp probe mounted at the end of a cantilever. A
magnified profile of the surface was generated by recording the motion of the stylus on

photographic paper.

Photographic
film

mirror light

source

moving stage feviire

Fig. 3.15. Example of a surface profiler made in 1929.

In an AFM, the force between the probe and sample surface is maintained constant
while the probe is raster-scanned across the surface. By measuring the force on the
cantilever with the light lever sensor and by using a feedback control electronic circuit
to control the position of the Z piezoelectric ceramic, the constant force is maintained.
By monitoring the Z motion of the probe as it is scanned, a three dimensional image of
the surface is constructed. The motion of the probe over the surface is generated by
piezoelectric ceramics that move the probe across the surface in the X and Y directions

as shown in Fig. 3.16.
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Fig. 3.16. Block diagram of an AFM [Nano-R™].

In the Nano-R™

AFM (Fig. 3.17) used for this work, there are two modes of operation
in measuring the force between the sample and probe, the contact mode and the close-
contact (or non-contact) mode. In the contact mode, the deflection of the cantilever is

measured directly. In close-contact mode, the cantilever is vibrated and changes in the

vibration properties are measured.

In the contact mode, the sample is scanned with a fixed cantilever deflection using the
feedback control. A constant force is applied during scanning the sample as the
deflection is proportional to the force on the surface. The constant force applied
between the probe and the surface is usually less than a nano-Newton and the probe is
minimally touching the surface. In the close-contact mode, in which the tip does not
“tap” the sample surface, the cantilever can be vibrated using a piezoelectric ceramic.
The amplitude and phase of the vibrating cantilever may change when the vibrating
cantilever comes close to the sample due to the change of atomic force. With either the
vibration aptitude/phase kept constant by the feedback unit, changes in the vibration

amplitude/phase are measured and correlated to the force on the surface.
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Close-contact mode was used during our work to avoid damaging the devices or

tripping the tip.

Fig. 3.17. Picture of Nano-R™ AFM

3.5.3 X-ray magnetic circular dichroism (XMCD)

The understanding of interface effects in magnetic multilayers, for example the
exchange bias phenomenon in AF/FM bi-layers, is of great significance. X-ray magnetic
circular dichroism (XMCD) is one effective technique to study surfaces and interfaces
using electron yield detection. XMCD is a difference spectrum of two x-ray absorption
spectra (XAS) taken in a magnetic field, one taken with left circularly polarized light,
and one with right circularly polarized light. By analyzing the difference in the XMCD
spectrum, information can be obtained on the magnetic properties of the atom, such as
its spin and orbital magnetic moment. One of the powerful features of XMCD

measurement is that the magnetic moment detected is element specific.

The basic principles of XAS - When a sample is hit by x-rays, the electrons in the
atoms will interact with the oscillating electric field of the electromagnetic radiation of
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the x-rays. The radiation will be either scattered by these electrons or absorbed and
excite the electrons. Fig. 3.18 shows such a process. When a mono-chromatic x-ray with
intensity of I, passes through a sample with thickness x, some of the x-rays are scattered
as “scattered X-rays”; and some are absorbed by the core electrons which are excited to
partially filled orbits or out of the sample as “photoelectrons”. When a core electron is
excited it will leave a hole behind and this state of the system is not stable. There are
two main ways this excited state can relax (fundamental of electrochemistry), either by
emission of fluorescence x-rays (leading to fluorescence yield, FY) or by emission of an
Auger electron (leading to electron yield, EY). Both of the fluorescence x-rays and the
Auger electron signals can be processed to yield XAS spectrum as both signals are
proportion to the x-ray absorption. The electrons on a higher energy level fall into the
holes resulting in the release of energy. This energy can give off as fluorescent photons
or may also excite other electrons, which will be ejected from the sample and are called
Auger electrons. The intensity of the incident x-rays I, drops exponentially with
distance x if the material is homogenous and the intensity of the transmitted x-rays I is:

[ =I,evm (21)

Where u is the absorption coefficient and y is the mass density.
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Fig. 3.18. X-ray absorption process[85]
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XAS utilizes the energy dependent absorption of x-rays to obtain information about the
elemental composition of the samples as well as the chemical environment of the atoms
and their magnetic state. In the absorption process, core electrons are excited into empty
states or into continuum above the Fermi energy at the absorption edges and the
technique thereby probes the electronic and magnetic properties of the empty valence
levels. The word “edge” represents the energy level from which the core electrons are
excited: the principle quantum number n = 1, 2, and 3 corresponds to K, L, M edges
and so on (Fig. 3.19). The XAS spectra follow the dipole approximation selection rules,
electrons can only make transitions that do not change their spin As = 0, and change
their orbital number Al = +1, where [ = 0,1, ...,n — 1 is the orbital angular momentum
corresponding to sub-orbits s, p, d, f ... respectively. For the magnetic 3d transition
metal elements Fe (4523d°), Co (4s°3d") and Ni (4s°3d®), the magnetic properties are
largely determined by the 3d valence electrons, i.e. L-edge absorption (2p to 3d) is
important. To excite one electron from a given core level, the photon or x-ray must have
an equal or higher energy than the binding energy of this core level. Therefore the
energy of the absorption edges are corresponding to the core level energy and it is
element specific. Fig. 3.20 shows the L-edge x-ray absorption spectra of Fe which are
dominated by the two main peaks of the L3 edge at lower energy and the L2 edge at

higher energy.
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Fig. 3.20. L-edge x-ray absorption spectra of Fe[86].

The XAS spectra can be recorded by three ways: the transmission mode, the FY mode
and the EY mode. The transmission mode is the simplest way which involves only
measurement of the incident and the transmitted x-rays. The FY mode is to measure the
incident and the fluorescent x-rays. In most cases, except for the fluorescent x-rays, the
sample will also emit other x-rays, namely the scattered x-rays. To exclude the scattered
X-rays, an energy-resolving solid-state fluorescence detector is used, such as a Lytle
detector or a Ge detector. Another mode is EY mode. EY measurements can be

performed by counting the energy of either all the total electrons (TEY), including
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Auger, secondary and photoelectron, or of the partial electrons (PEY). TEY mode was
used in the XMCD measurement in our work. The signal of TEY is depth dependent
and decays exponentially with depth from surface[87]. A very thin cap layer in our

XMCD samples to obtain enough signal.

The basic principles of XMCD - The magnetic properties of FM materials are usually
studied by XMCD, which measures the difference in the XAS taken in a magnetic field

using left and right circularly polarized (LCP and RCP) x-rays.

The circularly polarized x-rays are in a definite eigestate of the angular momentum
operator in the direction of the propagation with LCP and RCP in an opposite direction.
During the absorption process, the x-ray photon is annihilated and its momentum must
be transferred to the sample, so apart from the dipole approximation selection rules,
As = 0and Al = +1, the excited electrons also obey Am; = +1 for RCP x-rays and
Am; = —1 for LCP x-rays, where m; is the magnetic quantum number with m; =
0,+1,+2 ..+ [. Polarized photoelectrons will be exited. Consider a 3d metal, core
electrons will be excited into the 3d empty states with L2 (2p12to 3d) and L3 (2ps2 to
3d). 2P is split into 2pi, and 2ps;, through the spin-orbit coupling (I +s and [ — s,
respectively). For a certain RCP x-ray or LCP x-ray, due to the transition selection rules,
spin polarized photoelectrons will be excited with opposite sign for 2pi, and 2ps, as
they have opposite spin-orbit coupling. RCP x-ray has its orbital angular momentum in
the direction of propagation and will preferentially excite the 2ps, states over the 2p1,
states and it is the opposite case for LCP x-rays, whereby the 2p;, is preferred[88]. As
there is difference between RCP and LCP XAS at L2 and L3 edges, a non-zero
difference will show up. As the transition probability depends on the density of empty

states in the d band, the d band spin down and the empty states act as a detector for the
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photoelectron. If the number of empty states are the same for spin up and spin down,
there will be no change of the absorption intensity between the RCP and LCP x-ray.
Once there is an unbalance number between the spin up and spin down empty states, the
absorption of the two polarization is different and the difference is opposite for L2 and

L3 edges.

Fig. 3.21 shows the XMCD effect of Fe. The red and light blue line represents the
absorption spectra using the right and left circularly polarized x-ray photons. The
difference of the two lines gives the magnetic properties of Fe. By the application the
sum rules[89] to the XMCD signal, the average of the spin and orbit magnetic moments
can be estimated[48]. If there is no net spins in the material, there will be zero XMCD
signal[52]. The most powerful feature of XMCD magnetometry is that the measurement

is element specific.
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Fig. 3.21. XMCD effect of Fe[90].

3.5.4 Four point probe

The four point probe magnetic measurement is a widely used technigque for measuring
sheet film resistance or MR properties. Fig. 3.22 is a schematic set up of a four point

probe method. A set of four linear microprobes is placed on a flat surface of a material
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with separation distances of S;, S; and Ss. A constant current is passed through the two

outer electrodes, and the response voltage is measured across the inner pair.

For a regular bulk conductor, the resistance is = p%, where p is the resistivity, L is the

length and A = Wt is the cross sectional area. ThusR = p% = f% =R,—, and R, = %

is the sheet resistance.

For a material of semi-infinite volume, the resistivity is given by[91]:

vV 2r
p=-
I1 1 22
1S+~ 15+ 5y) #2)
S1 53
When S = §; =S, = S3, it reduces to
%4
p= 727‘[5 (23)
It can be shown[91] that when t < S,
V
=—— 24
P = T2 (24)
or the sheet resistance R is:
p Vr
=—=—— 25
Rs t IIn2 (25)

From Equation (24), it can be seen that the value of the measured sheet resistance is

independent of the probe distance.

constant current
source

@
Q

Fig. 3.22. Schematic set up of four point probe measurement.
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Fig.3.23 shows the four point probe measurement system in our lab and its block
diagram is shown in Fig. 3.24. Using a LabView programme developed by Mr. Kuan-yi
Yang with a GPIB interface card controlled TTI PL 330TP Power Supply, Keithley
2182 nanovoltmeter and Keithley 6221 source meter, this system provides precise MR
measurements for thin film devices. The device was placed in the middle of the
magnetic field driven by TTI PL 330TP power supply. A constant current is applied
between the two outer probes by the Keithley 6221 source meter. The voltage between
the two inner probes is measured from the Keithley 2128 Nanovoltmeter. The magnetic
field was measured by a Hall probe mounted in the middle of the magnetic fieled. Up to

1800 Oe of magnetic field could be applied in this system.

Fig. 3.23. Picture of the four point probe system in Plymouth.
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Fig. 3.24. Block diagram of a four point probe system.
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4 The DTI MNT project

For most of the first two years of the PhD programme, the author participated as a
Research Assistant in the DTI MNT funded project “300-mm ready ion beam
deposition system for spintronics and MRAM?”, led by Aviza Technology Inc. The aim
of this project was to build the 300 mm IBD tool for the manufacturing of the next
generation MTJ based devices for applications in MRAM, hard disk drives, read heads,
RF components and other spintronic devices. In November 2008 after the successful
completion of the project, Aviza Technology announced the world’s first 300-mm ready
IBD system for MRAM and spintronics[92], the Stratlon™ fxP, a picture of which is
shown in Fig. 4.1. The first machine was shipped to CEA-LETI_MINTEC in Grenoble,

France, one of Europe’s foremost applied research centers in electronics and spintronics.

Fig. 4.1. The world’s first 300-mm ready IBD system for MRAM and spintronics,
Stratlon™ fxP
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The Plymouth group was a sole academic partner in this £3M project, responsible for
the technical advice for some aspects of the design and operation of the tool, and the
nanoscale characterisation of films, magnetic properties measurements, magnetic field
annealing, microfabrication and MR measurements of MTJs. Results presented here are
obtained by the author from the Stratlon™ fxP tool in partnership with the project

consortium.

4.1 Exchange bias of PtMn/CoFe

PtMn is one of the AFM materials which could be used as pinning material in exchange
bias systems for practical applications due to its high pinning field, high blocking
temperature and good corrosion resistance [93; 94; 95]. However, as the as-deposited
PtMn is paramagnetic, rather than antiferromagnetic, the as-deposited PtMn/FM
exhibits no exchange bias [96]. The desired AFM fct phase can be obtained by magnetic
field annealing [97]. One of the major advantages of IBD is its collimated incident ion

beam and its ability to vary the target-substrate angle for optimized film properties.

Four samples with layer structure Ta (10 nm)/ PtMn (20 nm)/ CoFe (3 nm)/Ta (10 nm)
deposited on 300 mm silicon were provided by Aviza. The PtMn film in each sample
was deposited at an angle of the substrate relative to the target (ST angle) at 0°, 10°, 20°,
and 30°, respectively. As the sample holder for annealing is limited to 2inchx2inch
sample, in order to have a good comparison between these samples, the samples for
annealing were cut to linchxlinch. Each annealing will contain four samples, either
from the same 300 mm size sample with the same deposition angle or one each from the
big sample with different deposition angle. A sweep of annealing temperature (T,) of
275 °C, 300 °C, 325 °C and 350 °C for 2 hours with an external field of 5 kOe was

carried out on each sample from different deposition angle. The samples were measured
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by VSM for the MH loops. The exchange bias H,, was calculated by the shift of the

MH loop along the x axis.
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Fig. 4.2. Exchange bias measured by VSM on samples deposited on ST angle (0°,
10°, 20° and 30°) annealed at different annealing temperature (275°C, 300°C, 325°C
and 350°C).

Fig. 4.2 shows the exchange bias of samples deposited at different ST angle annealed at
different temperatures. It is found out that sample deposited at ST angle 20° annealed at
300°C gives the maximum H,, about 650 Oe. For a specific annealing temperature,
sample deposited at ST angle 20° (blue dot) showed the higher H,, than other sample
deposited at different ST angle. For the different annealing temperatures, each sample

with different ST angle shows a similar trend with the highest H,, around 300°C.
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Fig. 4.3 shows MH loops measured by VSM with H,, of 225 Oe, 615 Oe, 650 Oe and
450 Oe for the samples deposited at ST angle 0°, 10° 20° and 30°, respectively. By
changing the ST angle from 0° to 30° H,, increased from 215 Oe at 0° reached

maximum 650 Oe at 20° and then decreased to 450 Oe at 30°.
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Fig. 4.3. MH loops of annealed Ta (10 nm)/ PtMn (20 nm)/ CoFe (3 nm)/Ta (10 nm)
with PtMn IBD deposited at ST angle of 0°, 10°, 20° and 30°, corresponding to (a)-

(d).

The dependence of H,, on substrate-target angle can be attributed to the change of film
composition due to the change of incident beam angle to the target. It was reported
H,, thatis dependent of the elemental ratio of the Mn and Pt and the highest H,, is
obtainable when the ratio is 1:1[98]. By the variation of the substrate-target angle in the
IBD, the composition of the PtMn film can be controlled due to the difference in
sputtering yield of the Pt and Mn atoms under different incident beam angles [99]. M.

Rickart [99] et al reported similar trend of substrate-target angle dependence where at
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31° they obtained an optimum H,, of ~ 450 Oe for their Nordiko IBD deposited sample
of Ta (30 nm) /PtMn (20 nm)/CoFe (5 nm)/Ta (10 nm) annealed for 2 hours at 330 °C.
Considering the FM thickness used in the exchange bias layer structure, the H,, value
obtained in our work 650 Oe for 3nm CoFe is comparable to 450 Oe for 2nm CoFe 5nm
in the Nordiko IBD deposited sample. They found that the composition ratio of PtMn is
approximately 1:1 at substrate-target angle of 31° In our work, the optimum H,, is
obtained at a ST angle of around 20°. The optimal angle in each case could be different

due to the initial composition of the PtMn target or due to different tool design.

The annealing temperature has an effect on the H,, . The blue line in Fig. 4.2 for
example, the H,, increases with the increase of T, before 300 °C where it reaches a
maximum value of 650 Oe and then decreases with the further increase of T,. This
relationship can be explained by the film structure change during the annealing. If the
annealing temperature is too low, the PtMn structure transition from fcc to fct is not
enough which will affect the exchange bias. If the annealing temperature is too high,
there will be an inter-diffusion at the interfaces which results in the reduction of the

exchange coupling at the interface[100].

We also studied the repeatability of the performance. More samples including sample
deposited at TS angle 25°, together with 0°, 10°, 20° and 30° were requested. These
samples were repeat twice at these annealing temperatures, 250°C, 275°C, 300°C, 325°C,
350°C and 375°C. Together the previous results shown in Fig.4.2, they are plotted in
Fig.4.4. The trend is still valid the relationship of the exchange bias and annealing
temperature and the TS angle. Sample deposited at TS angle 20°, annealed at 300 °C is
still the optimum point. Overall the points are matched although there are about 10~20

Oe difference on the measurement value, it iS reasonable. One reason is that the
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exchange calculated by selecting the switching points from the MH loop is very
subjective and this may introduce some difference. Other factors include different batch
of wafers from deposition and also different annealing, may also introduce some change
in exchange bias. Comparing the exchange bias in the order of several hundred, 10~20

Oe difference is acceptable.
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Fig. 4.4. Repeatability study of the effect of annealing for samples deposited at ST
angle 0°, 10°, 20°, 25° and 30°. 10~20 Oe difference in exchange bias was observed

for each measurements.

These results demonstrated that the new Aviza Stratlon fxP IBD system is capable of

producing exchange biased layers as good as the Nordiko IBD machine could produce.
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4.2 MTJs with Al-O barrier deposited by IBD system

An Al-O MTJ stack with layer structure of Ta (5 nm)/Al (30 nm)/Ta (5 nm)/PtMn (20
nm)/CoFe (2.5 nm)/Al (0.8 nm + oxidization time)/CoFe (1.5 nm)/Ta (5 nm)/Al (30
nm)/Ta (5 nm) deposited by the new Aviza IBD tool after the optimization of the
exchange bias in PtMn/CoFe was processed for microfabrication and TMR

measurements in Plymouth.

4.2.1 Microfabrication process of MTJ devices

The microfabrication procedure of MTJs using lithography techniques has been
described in Chapter 3. For convenience, the processing route is summarized below.
Magnetic field annealing was first carried out for the MTJ stack after it was deposited.

Then the normal four-mask layer processing is used to complete the microfabrication of

the MTJ devices.

e Layer 1: Junction mesa areas are defined by Mask #1, and then patterned by ion
milling to over the barrier, as shown in Fig. 4.5(a).

e Layer 2: Bottom electrodes are defined by Mask #2, followed by ion milling as
shown in Fig.4.5 (b). All area except for the bottom area are etched into the
substrate.

e Layer 3: Areas for SiO, insulating layer deposition are defined by mask #3,
followed by deposition and lift-off of the SiO; insulation layer, as shown in Fig.4.5
(c). The SiO; is deposited everywhere in the wafer except leaving one window on
the mesa and two windows on the bottom electrode. Two probes of the four probes
for the TMR measurement can be put on the two windows of the bottom electrode
after the contacting Cu pads are deposited.

e Layer 4: Top electrodes are defined by Mask #4, followed by deposition and lift-off

of Cu electrodes, as shown in Fig. 4.5(d).
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Fig. 4.5. Pictures showing the four-mask layer processing of MTJ devices: (a)
junction mesa defined by ion milling, (b) bottom electrode defined by ion milling,
(c) SiOzinsulating layer deposited by lift-off, and (d) top electrodes defined by lift-
off of Cu. [The mesa is 20um x 30um].

Upon the completion of the four-mask layer microfabrication process, the devices are
ready for the four-point-probe TMR measurements. However, great care needs to be
taken in each step to ensure the success of the subsequent steps and the final devices.
The most challenging part is the ion milling of the junction mesa, for which much time
was spent. The milling depth and uniformity of the junction mesa is quite important for
the TMR ratio. The ideal milling depth is to reach the top surface of the pinned layer, in
other words, just etch through the barrier layer. Under-etching means that there is no
sensing current across the tunnel barrier during TMR measurement resulting in very low
resistance and no TMR. Over-etching may result in a very thin, or even broken bottom
electrode causing an open circuit during TMR measurement. A less severe over-etch is
still unacceptable as the re-deposition of the etched materials on the side walls of the

junction mesa may cause a shunting effect on the sensing current between the top and
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bottom FM layers, resulting in reduced or no MR. As there was no milling end point
detection system available in the ion miller we have, the milling depth could only be
controlled by calibrated milling rate and milling time. To achieve an accurate control of
the milling depth, it requires accurate determination of the layer deposition rate, layer
thickness, the milling rate for each layer and the uniformity of milling rate across the
wafer. All the deposition and milling rates, layer thicknesses and milling depths were

carefully calibrated by AFM.

Due to the limitations of the gun diameter and its milling profile, it is not possible to
obtain a uniform milling depth across a 2 inch wafer. By adjusting the position of the
substrate holder, beam angle and milling parameters, it is possible to obtain a uniform
milling area of 1 inch diameter in the middle of the substrate. Other issues including the

photo-resist removal were discussed in Chapter 3.

4.2.2 TMR measurements

Due to the number of layer processing steps involved, it takes at least a week for
completing the microfabrication of an MTJ wafer before the TMR measurements. In
order to make sure that we do not waste our time on bad samples, a single step
patterning process in combination with a 2-point probe measurement technique was
developed for pre-examination of MTJ stacks just to see whether they have TMR so that

we could decide whether it is worth continuing the microfabrication for that batch.

The TMR properties of MTJ devices are normally measured by a four-point-probe
technique as shown in Fig. 3.23 in Chapter 3, in which a constant current is applied to
the two outer probes and the resistance of the MTJs is measured by the two inner probes.
The advantage of this technique is that the contact resistance at the source terminals is

eliminated and the measured resistance is the device’s resistance. However, two- or
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three —point-probe measurements could be used just for a rough estimation of the TMR
although the magnitude of the measured TMR is not accurate as the contact resistance is
included in the measurements. The mesa itself cannot be measured as it is too small and
in the micron range. However, the patterns for the bottom electrode are large enough for
the probes to be placed on and thus could be used for the TMR estimation. So for each
wafer, if we start with the patterning using mask #2, it is possible to pre-check the TMR

after ion milling. We call this one-step patterning method.

There will be some change about the microfabrication route to use the one-step
pattering method, mainly on mask #1 and #2. In a standard microfabricaiton MTJ route,
the mesa is etched first using mask #1. The depth of the etching will be stopped just
over the barrier, about 43 nm. Then mask #2 is used and the bottom electrode is defined
with etching depth down to the substrate, about 58 nm. After the second etching, a total
of the MTJ thickness of 101 nm is etched away in the non-bottom area (The bottom
electrode is the mesa’s bottom electrode and so the mesa is within the bottom electrode).
The reason we etched the entire MTJ stack in the non-bottom electrode area is because
we want there is no overlap area between the top electrode and the bottom electrode
except the mesa area. Thus the shorting possibility between the top and the bottom
electrode is reduced. Mask #3 the SiO; is to insulate the bottom and top electrode
except the mesa area. If for mask #2 the non-bottom electrode area is not etched down
to the substrate and still has some metal left (part of the bottom electrode) and if there is
a very small trace of contamination on mask #3 in the top bottom area, then the quality
of the SiO, is poor and there will be shorting for the sample as the top and bottom area
are connected. So it is better to etch down to the substrate after the second etching.

Mask #3 and mask #4 are followed to complete the microfabrication.
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For the one-step patterning method, in order to have a larger ‘mesa’ area for the probe
to put on, we used the bottom electrode mask #2 as the junction ‘mesa’ to measure the
TMR using two- or three- probe method. Thus, this bottom electrode shape ‘mesa’
needs to be etched until passing the barrier, 43 nm. At this time, one can see whether
this sample shows TMR or not. If it shows TMR, the real junction mesa needs to be
created using mask #1 and etch away about 43 nm. Together with the first etch of 43 nm,
it is about 86 nm etched away, leave about 101-83=18 nm in the non-bottom electrode
area. To solve this problem, a re-etch for the bottom electrode of 18 nm is done after the
wafer shows TMR. And thus the mesa using mask #1 etching 43 nm as normal can be
used. The following process of Mask #3 and Mask #4 can be used as usual for the

completion of the microfabrication.

In brief, instead of milling the junction mesa in the first step as shown in Fig.4.5 (a), the
mask for the bottom electrode is milled first to the depth of the mesa for the TMR
estimation by two or three point-probe-measurements. We found a TMR of 1.3% after
one-step milling for the sample above and 13.9% after the completion of the whole
microfabrication as shown in Fig.4.6 (a) and Fig.4.6 (b) measured in low magnetic field.

A high field measurement by the four-point probe is shown in the inset in Fig.4.6 (b).

It was a good result of getting TMR of 13.9% for the newly built IBD tool before the
optimization of the material and parameters. It should be noted that Al was used as a
bottom electrode which is not ideal as it is rough and may affect the quality of the
interfaces of the devices and result in low TMR. But Al was the only material available
at that time for that machine. If targets such as Ru, MgO, CoFeB, etc. were used, the

TMR would be much higher.
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Fig. 4.6. TMR curves measured by 3-point probe after one step milling (a), and 4-
point probe after the whole microfabrication (b), for sample Ta (5 nm)/Al (30
nm)/PtMn (20 nm)/CoFe (2.5 nm)/Al (1 nm + oxidized 16 seconds)/CoFe (1.5
nm)/Ta (5 nm)/Al (30 nm)/Ta (5 nm) provided by Aviza Technology. Inset in (b) is
the high field MR measurement of this sample.

4.3 Summary

By participating in the DTI MNT project, the author has contributed to the development
of the process conditions for the deposition of the MTJs and their associated magnetic
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layers. The PtMn/CoFe exchange bias systems were systematically studied with
magnetic field annealing and VSM MH loop characterization. An Exchange bias field
of up to 650 Oe was obtained for the Ta (10 nm)/ PtMn (20 nm)/ CoFe (3 nm)/Ta (10
nm) stack after magnetic field annealing at 300 °C for 2 hours. The photolithographic
and ion milling processes for the microfabrication of the MTJs with an Al-O barrier
layer was developed and TMR of these devices were successfully measured using the

four-point probe system.
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5 Enhanced exchange bias in IrMn/CoFeB

systems

When the Nordiko 9550 deposition tool was installed in Plymouth, we started to study
the exchange bias in IrMn/CoFeB. As discussed previously in Chapter 2, CoFeB film
has been widely used as a ferromagnetic (FM) electrode material for MTJs with an
MgO barrier [33]. Due to its highly spin polarised A; Bloch states of the majority spin
and the lack of A, states of the minority spin at Fermi level, plus its extremely smooth
interface, MTJs made with CoFeB as both top and bottom FM electrodes exhibit the
highest tunnelling magneto-resistance (TMR) [29]. The ability to obtain large exchange
bias field from a system with CoFeB layers is therefore of great technological
importance [101; 102; 103], which was one of the objectives of this part of the work.
Our initial experimental findings of the difference in exchange bias field between
material systems of IrMn/CoFeB and IrMn/CoFe provide us with a unique opportunity
to investigate into the physics origin for the differences and hence to understand the

origin of exchange bias from the study of these two especial material systems.

Although the phenomenon of exchange bias was discovered over 50 years ago[40] and
has been widely used in practical device applications, the understanding the physics
behind this phenomenon is still elusive. However, there have been some marked
progresses on the topic in the past decade with experimental findings in association of
exchange bias with interfacial uncompensated spins. For example, the correlation
between exchange bias and the pinned uncompensated spins has been reported by
Ohldag et al [51], characterized as a vertical off-set of the AFM Mn MH loops obtained
by element specific x-ray magnetic circular dichroism (XMCD). There have been very
recent reports to give more intuitive pictures of the pinned interfacial spins and their
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corelations with H,, based on the XMCD measurements of Mns,Pdss/Fe[53] and
permalloy/CoO bi-players[58]. However, such an understanding is still far from
conclusive. Tsunoda et al[48] reported that neither pinned uncompensated AFM spins
nor correlation between the XMCD signals and the strength of exchange anisotropy
could be observed from the ordered and disordered IrMn/CoFe bilayer system with
significantly different H,, values. These intriguing developments continue to motivate

ongoing investigations into these topics.

We aimed to obtain higher exchange bias field in IrMn/CoFeB structure in preparation
for the fabrication of MgO MTJs with CoFeB as both the top and bottom (pinned and
free) electrodes. As it is quite difficult in obtaining exchange bias in top pinned
CoFeB/IrMn structure [102; 104; 105] due to the difficulties in formation of (111)
texture in the AFM layer, the bottom pinned structure of IrMn/CoFe/Ru/CoFeB is
normally choosed, where CoFe/Ru/CoFeB is a synthetic antiferromagnetically coupled.
As Ru target is not available in our PVD tool, we would like to see if simple bottom
pinned structure IrMn/CoFeB could achieve a relatively high exchange bias. Exchange
bias in IrMn/CoFe structure has been studied in comparison with the IrMn/CoFeB

structure.

5.1 Sample preparation and characterization

Six targets are installed in Nordiko 9550 PVD depositon tool: Ta, Cu, MgO, IryoMngp,
CozoFesp, and CosoFesoB2o. Ta buffer layer and seed layer such as NiFe, Cu, Ru etc are
always used to promote the (111) texture formation in IrMn layer [106; 107].

Considering the targets available, CoFe and Cu were used for the seed layer.
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Samples with structure of Ta (5 nm)/Seed layer (t; nm)/IrMn (5 nm)/FM (& nm)/Ta (5
nm) were deposited on 4 inch silicon oxide substrate at room temperature by Nordiko
9550 PVD deposition tool using Ar gas, where FM = CoFe or CoFeB. The base
pressure of the system is 2x10® Torr. A magnetic field of about 60 Oe was applied on
one direction of the FM layer and AFM layer to introduce an easy axis in the FM layer.
The seed layer is either CoFe or Cu. Magnetic field annealing was carried out at T4 from
250 °C to 400 °C for 1 hour in an external applied magnetic field of 5 kOe along the FM
easy axis. All the samples were cut to 1cm x 1.5 cm and put into a stainless steel box
for annealing, with field applied along the easy axis direction in the FM layer. H,, was
obtained from the MH loops measured by VSM and J, was calculated by equation

Jk = MstsH,,, Where M is the saturation magnetization and t; is the thickness of the

FM layer. The film deposition rate was measured by AFM through lift-off and the
composition of the FM layers was verified by Energy-dispersive x-ray spectroscopy
(EDS). The deposition rate of each layer is caliberated once a week to ensure the
stability and repeatability of the deposition process. The microstructure of the layers
was also examined at Oxford Materials using high a high angle annular dark field
(HAADF) image and cross-sectional high resolution TEM (HRTEM). The film
composition and its distributions were also analysed with Secondary lon Mass
Spectrometer (SIMS) at Oxford Materials. The interfacial spins were analysed at
Stanford Synchrotron Facility using a highly sensitive XMCD spectroscopy in TEY
detection mode. Spectra were taken at the Mn and Co L, and L3z edges, respectively.
Samples for XMCD measurements were specially made to have a Ta cap layer

thickness of 2 nm to ensure the soft x-ray can reach the top IrMn/CoFeB interface.
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5.2 Exchange bias in IrMn/CoFe and IrMn/CoFeB

The exchange bias field H., and exchange energy constant J, were measured and
calculated for samples with different layer structures and annealed at different
temperatures. Much enhanced exchange bias field was obtained from IrMn/CoFeB
bottom pinned exchange biasing layers with seed layer of either CoFe or Cu. Initially
we did not expect much difference in exchange bias between IrMn/CoFeB and
IrMn/CoFe. But after it is found that much enhancement in IrMn/CoFeB and we
decided it is a good opportunity to investigate the origin of exchange bias and the
difference between IrMn/CoFe and IrMn/CoFeB system. Due to the large grain size of
seed layer Cu, especially after annealing, most of the samples for comparision of

IrMn/CoFe and IrMn/CoFeB are deposited on CoFe seed layer.

Fig. 5.1 shows the typical MH loops of 4 selected samples. Samples 1, 2, and 3 were
deposited on a 3.4 nm CoFe seed layer and sample 4 was deposited on a 3.4 nm Cu.
Sample 1 and 2 had the same layer structure CoFe/lrMn/CoFeB, sample 3
CoFe/lIrMn/CoFe and sample 4 Cu/lrMn/CoFeB. Sample 1, 3 and 4 were annealed at
the same temperature of 350 °C for 1 hour in a 5 kOe field and sample 2 were annealed
at 250 °C for an initial annealing temperature study for structure CoFe/IrMn/CoFeB. The
bottom half of the MH loops for the first three samples is the contribution from the
CoFe (3.4 nm)/IrMn (5 nm) interface with H,, of around 250 Oe. Enhanced H,, was
observed from the top IrMn 5nm/FM 3nm interface annealed at 350 °C for 1 hour, with
maximum H,, of around 988 Oe for IrMn 5nm/CoFeB 3nm (sample 1), while H,, of
500 Oe for IrMn 5nm/CoFe 3nm (sample 3). H,, with similar magnitude about 1000 Oe
as sample 1 was also observed for IrMn 5nm/CoFeB 3nm with Cu seed layer with the
same annealing conditions (sample 4); see the MH loop in the inset of Fig. 5.1. This

excludes the factor that the enhancement of the H,, may be caused by the spin
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propagation from the bottom magnetic seed layer as in [108] as Cu is non-magnetic. In
both cases, the larger H,, is accompanied by an increased coercivity of the CoFeB films.

The H,, for sample 2 (the same layer structure as sample 1, but was annealed at a lower

temperature 250 °C for 1 hour) is 756 Oe.
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Fig. 5.1. MH loops of four selected samples. Sample 1 has a layer structure SiO,/Ta
(5 nm)/CoFe (3.4 nm)/IrMn (5 nm)/CoFeB (3 nm)/Ta (5 nm) annealed at 350 °C for
1 hour. Sample 2 has an identical layer structure as sample 1, but annealed at 250
°C for 1hour. Sample 3 has a layer structure Si//Ta (5 nm)/CoFe (3.4 nm)/IrMn (5
nm)/CoFe (3 nm)/Ta (5 nm) annealed at 350 °C for 1 hour. Sample 4 has a layer
structure Si//Ta (5 nm)/Cu (3.4 nm)/IrMn (5 nm)/CoFeB (3 nm)/Ta (5 nm) with T4

of 350 °C for lhour. The lower half of the MH loops for samples 1, 2& 3 is the
contribution from the CoFe seed layer.

It can be seen that for the same annealing conditions, top pinned CoFeB showed much
higher exchange bias than that of the top pinned CoFe (9980e vs 5000e). In the
following, we  focused on the two layer  structures  substrate

SiO,/Ta/CoFe/lrMn/CoFeB/Ta and substrate SiO,/Ta/CoFe/lrMn/CoFe/Ta to find out
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why there is so much difference on exchange bias for CoFeB and CoFe. A systematic

annealing temperatures and layer thickness dependence were studied.

5.3 Effect of annealing temperature on exchange bias

The dependence of H,, and J, on T, from 250 °C up to 400 °C for sample 1 (IrMn
5nm/CoFeB 3nm) and sample 3 (IrMn 5nm/CoFe 3nm) are plotted together in Fig. 5.2.
As can be seen from the figure, the H,, (curves with solid symbols) and J; (curves with
hollow symbols) of IrMn (5 nm)/CoFeB 3nm is in general larger than that of IrMn
5nm/CoFe 3nm for all annealing temperatures. The H,, initially increases almost
linearly with T, up to 350 °C, where there is a peak for both cases before falling off for
T, >350 °C. The J, follows a similar trend with a maximum value of 0.37 erg/cm? for
IrMn/CoFeB against 0.26 erg/cm® for IrMn/CoFe annealed at 350 °C. The possible
oxidation or intermixing in the films caused by annealing which may contribute to the
increase in H,, at 350 °C as reported in [109] can be ruled out in this case from the
unchanged saturation magnetization of the samples measured by VSM before and after
annealing. This was further confirmed by the same enhanced H,, and J, values obtained

from samples with Ta capping layers of up to 20 nm.

The enhancement of H,, and J, in these samples is accompanied by a moderate increase
of coercivity H,, as also shown in Fig. 5.1. The He and J for the samples annealed
above 350 °C are reduced, which is perhaps associated with the interfacial diffusion
caused by the high annealing temperature [110] as it was evident by the sharp increase
of H, values of these samples when T,>350 °C. Such an annealing temperature
dependence profile of Hexand Ji is in agreement with other similar works [111]. Typical

MH loops of the sample annealed at 350 °C and 400 °C is also shown in Fig. 5.3, in
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which it clearly showed that the H. of both FM layers CoFe and CoFeB has increased

considerably due to interlayer diffusion at higher annealing temperature of 400 °C.

T I T I T I T I T I | I T I | I T UIE
1000 —m—H_ -Ir'Mn(5)/CoFeB(3)
900 [—A— Hg,-rMn(5)/CoFe(3) loa
200 | Ji AMMn(5)/C oF eB(3) '
[~ /c - Jy -ItMN(5)/C oF e(3)
700 | 10.3 —~
i £
2 600 2
x - 402 E
T 500 | 2z
-
B =3
400 |- 1o
300 | ]
5 He ArMn(5)/CoF eB(3)
2[”] | 1 L | L | L | L | M | L | M | L u.u
0 50 100 150 200 250 300 350 400 450

T, ('C)

Fig. 5.2. Dependence of H,, (Solid line and mark) and Jx (dashed line and hollow
mark) on annealing temperature for samples with layer structures of CoFe (3.4
nm)/IrMn (5 nm)/CoFeB (3 nm) (square mark) and CoFe( 3.4 nm)/IrMn (5
nm)/CoFe (3 nm) (triangle mark), respectively. Also shown, the dependence of H,
on annealing temperature for the sample with layer structure of CoFe (3.4
nm)/IrMn (5 nm)/CoFeB (3 nm). Number 1, 2 and 3 represents the three samples
in Fig. 5.1.
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Fig. 5.3. MH loops of CoFe(3.4nm)/IrMn(5nm)/CoFeB(3nm) annealed at 350 °C
and 400 °C for 1 hour.

5.4 Dependence of exchange bias on seed layer

thickness

As the seed layer is to promote the formation of (111) texture in IrMn layer, the quality
of which will affect the magitutde of exchange bias[106], we investigated the effect of
the thickness of seed layer CoFe on the exchange bias on IrMn/CoFeB with CoFeB
thickness of 3 nm and 2 nm. In the same time, the thickness effect of CoFeB on its

exchange bias is also studied.

The dependence of H,, (solid line) and J, (dashed line) on the CoFe seed layer
thickness is shown in Fig. 5.4 for samples with 3 nm and 2 nm CoFeB upper FM layers

annealed at 350 °C. In both cases, the H,, and J, initially increases with the CoFe seed
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layer thickness, reaching a maximum before falling slightly. The optimum CoFe seed
layer thickness for maximum J, is in the range of 3.4 ~ 4 nm, which is perhaps
determined by the combined effect of the two competing factors — the required
minimum seed layer thickness for the establishment of the (111) orientation of the IrMn
AFM layer and the inverse dependence of H,, on grain sizes of the IrMn AFM
films[72]. The slight reduction of H,, with increased seed layer thickness for t; may be
attributed to the inverse dependence of H,, on grain sizes. Grian size often varies with
film thickness. According to a microstructural evolution study, the mean grain size
increases with film thickness. The exchange anisotropy J, appears to be very sensitive
to the subtle changes (in the submicron regime) of grain sizes and crystallographic
orientations of the seed layers, which in turn affect the grain sizes and interfacial

structures of the following IrMn and CoFeB layers.
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Fig. 5.4. Dependence of H,, (solid line and mark) and J, (dashed line and mark) on
the CoFe seed layer thickness for samples with 3 nm (circular mark) and 2 nm
(square mark) upper CoFeB layers annealed at 350 °C. Also shown, the
dependence of H, on the CoFe seed layer thickness for samples of /IrMn (5
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nm)/CoFeB (3 nm). The inset shows the MH loops of two /IrMn (5 nm)/CoFeB (3
nm) samples corresponding to data points (a) and (b).

Samples with 2 nm thick CoFeB upper layers exhibit larger exchange bias with
maximum H,, and J, of 1720 Oe and 0.43 erg/cm?, respectively in comparison with
988 Oe and 0.37 erg/cm? for samples with 3 nm CoFeB. This indicates that the
exchange anisotropy is an interfacial effect and the strength of which is inversely

proportional to the distance between the FM and AFM spins.

Also shown in Fig. 5.4 is the dependence of H. on seed layer thickness for the IrMn
5nm/CoFeB 3nm samples annealed at the same conditions. The increase of H, with seed
layer thickness is in line with the increase of H,, and is particularly apparent when seed
layer is less than 4nm. The increase of H.could be introduced by element interfacial
diffusion due to extremely high temperature annealing as shown in Fig.5.3, but it is not
the case here. Two samples with the same top pinned structure IrMn (5nm)/CoFeB
(3nm) on different CoFe seed layer thickness (2.8 nm and 3.4 nm) are annealed at the
same condition. If there is diffusion then the diffusion would have the same effect on H,.
on each sample. That means whatever the exchange bias of each sample; the two
samples would have about the same H, which is not true here. This is more clearly
shown in the inset of Fig. 5.4 in which the MH loops of two samples are corresponding
to data points (a) and (b), where the H, is 300 Oe for the sample on a 2.7 nm seed layer
with H,, of 450 Oe, in comparison with 440 Oe for that on a 3.4 nm seed layer with H,,,
of 900 Oe. These results suggest that the increase of H. in these samples is largely
dependent on the increase of H,,. Thus the thickness of the seed layer will affect the
exchange and also covercivity, which should be considered in the application of the

exchange bias in spintronic devices.
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5.5 TEM analysis

It is clear from the MH loop measured by VSM that IrMn/CoFeB showed better
exchange bias and anisotropy than that of IrMn/CoFe. It is necessary to investigate the
micro-origin of the reason by assisting of some structure and depth analysis tool. We
contacted with Oxford Materials and Standford Synchrotron Radiation Laboratory for

collaboration.

Two samples were submitted to Oxford Materials for TEM analysis. The two samples
are sample 1 and sample 3 in Fig.5.1, one with structure SiO,/Ta/CoFe/lrMn/CoFeB/Ta
(sample 1) and the other one with structure SiO,/Ta/CoFe/lrMn/CoFe/Ta (sample 3),

both annealed at the 350 °C for 1 hour.

Fig.5.5 shows the High Angle Annular Dark Field (HAADF) image on the left and also
the intensity line scans of the selected areas on the right for the two samples. It can be
seen that there are distinct layers shown for both samples and there is no significant
intermixing between the FM and AFM layers. There is an approximate agreement
between nominal layer thicknesses. The estimated thickness from the analysis for
Sample 1 is Ta 5.8 nm, CoFe 3.75 nm, IrMn 5.7 nm, CoFeB 2.9 nm and Ta 2.3 nm plus
9 nm oxidized Ta. The estimated thickness from the analysis for Sample 3 is Ta 6 nm,
CoFe 3.6 nm, IrMn 5.4 nm, CoFeB 2.6 nm and Ta 2.3 nm plus 10 nm oxidized Ta. The
error is about 0.5 nm. One can see the Ta layer was partially oxidized with some of the

Ta leaving. The magnetic properties of the sample are not affected by the oxidization.
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Fig. 5.5 HAADF and intensity line scans from the selected areas of sample 1 and
sample 3

Except for the HAADF and line scan analysis, our original intention was to use the
SIMS depth profiling to examine the interlayer diffusion. As each layer in the sample is
in the order of only several nm and in order to achieve the element diffusion after
thermal annealing, the SIMS analysis needs to be carried out with atomic depth
profiling resolution. However, this was not achieved due to the fact the resolution used
in the SIMS experiment was too rough. No further work was possible because of the

lack of new samples due to the change of the Nordiko 9550 machine configuration.

Fig.5.6 shows cross-sectional HRTEM images and the SAED patterns of sample 1 and

sample 3, respectively. It was observed that the FM/AFM/FM layers of both samples
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are in good epitaxy. Local epitaxial growth between the upper AFM/FM layers can be
clearly seen from these images. The majority of the bottom CoFe grains in both samples
have (110) orientation, which gives a (111) orientation to the IrMn layer and again a
(110) orientation to the upper CoFe or CoFeB layer. Such an orientation relationship
was also confirmed by similarity of the interfaces. No significant difference in crystal
structure and orientations between the two samples was observed. The upper CoFeB
layer which was amorphous when as grown has apparently become polycrystalline with
(110) orientation as a result of solid phase epitaxy during annealing. The grain sizes of
the upper FM layers in both cases are in the range of 5 +/- 2 nm as determined from the
HRTEM images though the numbers of grains measured are limited due to the cross-
sectional orientation of the TEM sample. Consequently, the structural origin of the
enhanced exchange anisotropy in IrMn/CoFeB compared with IrMn/CoFe structure is
not clear from the HRTEM analysis. Since exchange anisotropy is sensitive to the grain
and interfacial structures, as indicated by the results in Fig. 5.4, small differences that

were not detected by this analysis may explain the large change in magnetic properties.

109



Sample 1

S CoFe@

IMn

Fig. 5.6 Cross sectional HRTEM images and SAED patterns of sample 1 and
sample 3.
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5.6 XMCD analysis

Element specific XMCD measurements were carried out for three three samples

(samples 1, 2, and 3 as shown in Fig.5.1) at the Mn and Co L, 3 edges.
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Fig. 5.7 Element specific XMCD asymmetry spectroscopy taken at the Mn (left)
and Co (right) L, and L3 edges for samples 1, 2 and 3 corresponding to data points
marked in Fig. 5.1.

Fig. 5.7 shows the XMCD spectra for the Mn L2, L3 and Co L2 L3 edges, respectively.
The origin of XMCD at the Mn L2 and L3 edges has been investigated previously [48;
51] and it is attributed to the magnetic coupling at the interface between the CoFe layer
or CoFeB layer in this work and the IrMn layer. As it can be seen from Fig. 5.7 the Mn
XMCD asymmetry exists on all the three samples and the magnitude observed from
sample 1 (IrMn/CoFeB annealed at 350 °C), which is the sample with the strongest
exchange anisotropy, is nearly twice as high as that observed from sample 2
(IrMn/CoFeB annealed at 250 °C) and sample 3 (IrMn/CoFe annealed at 350 °C). It is
also interesting to note that the XMCD signal strength is almost equal for sample 2 and
3 which exhibit markedly different H,, but with similar value of Ji (0.27 erg/cm?® for
sample 2, and 0.26 erg/cm?® for sample 3, see Fig.5.2). As the bulk IrMn itself exhibits
zero XMCD signal due to its noncolinear spin-density wave structure [52; 112], the

strength of the XMCD signal represents the amount of the uncompensated AFM spins at
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the IrMn/FM interface. Tsunoda et al [52] showed the Mn XMCD signal does not
increase as the thickness of IrMn increases. They changed AFM layer IrMn thickness in
IrMn (t)/CoFe (2.5nm) from 0.5nm to 20nm and the Mn XMCD magnitude does not
change too much which means the uncompensated Mn component is localized at the
very interface less than a few monolayer (0.5nm about 2.3 monolayer). The results that
sample 2 and sample 3 showed similar J, and same magnitude of uncompensated
interfacial Mn spins, both smaller than those of samplel apparently suggest that the
enhanced exchange bias of the IrMn/CoFeB system is associated with increased
uncompensated interfacial spins and there exists a quantitative correlation between the

XMCD signal strength and the exchange bias anisotropy constant J,.

Tsunoda et al [52] also showed quite large different of Mn XMCD signal when
different FM materials were used. For both conditions of Mn XMCD signal not
changing too much with different thickness of IrMn and Mn XMCD signal significantly
changing with different FM materials, they simulated using a classical Heisenberg
model and it is found that the uncompensated Mn spins are localized at the very
interface of FM FM and AMF layers and are introduced through the exchange
interaction between the two layers, in which, if the interface is atomically flat, the
uncompensated spins are purely an interfacial effect and not an alloying effect; if the
interface are changed and the exchange interaction will change and the uncompensated

spins will change as well.

CoFe and CoFeB are two different FM materials, and the exchange interaction between
the FM and AFM interface are different for these two materials. This will introduce
different uncompensated Mn spins, although HRTEM did not obtain obvious difference

between IrMn/CoFeB and IrMn/CoFe interfaces. The interface is only several ML thick
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and it is hard to tell using TMR. Regarding to sample 1 and 2 using the same FM
CoFeB layer but annealed at different temperature, the temperature also has an effect on

the interface and thus again introduce different number of uncompensated spins.

It is reported by Takahashi et al [113] that the magnitude of the uncompensated Mn
spins strongly depended on the composition of the FM layer due to the exchange
coupling between at the different species of atoms. They showed from Fig. 4 in their
work Co70Fe30 showed higher Mn L3 XMCD signal than CosoFeso with AFM Mnglr.
The composition of IrMn CoFe and CoFeB used our work are Ir,Mngy, CozoFesp and
CogoFesoB2. Mn XMCD shows higher magnitude for CoFeB/IrMn than CoFe. The
different results may be due to the quite different B content and IrMn, which can change

the interface as well.

5.7 Summary

In summary, we have studied the bottom pinned exchange bias systems of IrMn/CoFe
and IrMn/CoFeB with CoFe seed layer. Enhanced exchange anisotropy has been
obtained from samples with IrMn/CoFeB annealed at 350 °C. The enhancement of H,,
is accompanied by a moderate increase in H.. Cross-sectional TEM shows that FM and
AFM layers are polycrystalline and textured [110] for CoFe and CoFeB, and [111] for
IrMn, respectively. Element specific XMCD spectrum shows a much enhanced
uncompensated interfacial spins for IrMn/CoFeB sample with the largest exchange bias
field, which may in some way explain the interfacial magnetic origin of the enhanced
anisotropy. A quantitative correlation between the XMCD signal strength and the

exchange anisotropy constant J, was observed.
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6 MgO MTJs

6.1 Design of MgO MTJ stack layer structures

As introduced in Chapter 2, the essential conditions for obtaining high TMR in MgO
MT]J are atomically flat and ultra clean interfaces between FM/MgO/FM, and a highly
orientated FM/MgO/FM stack. Six targets have been installed in our Nordiko 9550
PVD sputtering machine: CosoFesB20, Cu, IrysMngy, MgO, CoroFeso, and Ta, so the
layer structure of MTJ stack should be designed based on these materials according to
these requirements. For a top-pinned MTJ layer structure, it is in the sequence of
Si/SiO,/Talelectrode/FM/MgO/FM/AFM/Ta, for a  bottom-pinned  structure,

Si/SiOy/Talelectrode/ AFM/FM/MgO/FM/Ta.

As discussed in Chapter 2, it is favorable to use CoFeB as both the free layer and pinned
layer in MgO MTJs, but due to the difficulty in obtaining exchange bias in top pinned
CoFeB/IrMn bilayers [102; 104; 105], we started with a MgO MTJ stack with one
CoFeB as free layer and a top pinned CoFe as the pinned layer having the structure
Talelectrode/CoFeB/MgO/CoFe/lIrMn/Ta. The reason to choose the top pinned
CoFe/IrMn structure instead of bottom pinned IrMn/CoFe is because the amorphous
properties of the as grown CoFeB will provide a smoother surface for the subsequent
growth of the layers in the stack which will affect the TMR. The selection of the
electrode material is also important as it also has an effect on the smoothness in
subsequent layers, which again will affect the TMR ratio of the MTJs. The effect of Cu
and CuN electrode materials on TMR will be discussed in the next section 6.2.2 of this

Chapter.
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As discussed in Chapter 5, we also have investigated the exchange bias in the bottom
pinned IrMn/CoFeB system aiming for MgO MTJs with CoFeB as both pinned layer
and free layer. MTJ layers are deposited by Nordiko 9550 PVD deposition tool and

except for MgO is RF deposited all other layers are deposited by DC power supply.

VSM was initially used to examine the quality of an MTJ stack. The MgO insulating
layer should be pinhole free. Fig. 6.1 shows the MH loops of top pinned MTJ stacks
with MgO thickness of t =1 nm, 1.5 nm and 2 nm, respectively, for the layer structure of
Ta (5 nm)/CuN (30 nm)/Ta (5 nm)CoFeB (3 nm)/MgO (t nm)/CoFe (4 nm)/IrMn (5
nm)/Ta (5 nm). All three samples show two loops, one loop is around the zero field
except the one with MgO =1 nm and the other loop is a little bit far away from the the
zero field, corresponding to free layer and pinned layer switching. The magnetization
switching of the pinned layer and free layer in an MTJ stack should be independent if
the quality of the very thin MgO barrier is good. For stack with 1 nm MgO as shown in
Fig. 6.1 (a), the magnetization switching of the pinned layer and free layer are not well
separated. There may be pinholes existing in such a thin MgO layer or the MgO with 1
nm-thickness is discontinuous and hence the pinned layer and free layer are coupled.
This is also why the free layer loop is not around the zero field. As shown in Fig. 6.1 (b)
and (c), the loops of the free layer and pinned layer are well separated for MgO barriers

with thickness of 1.5 and 2 nm.
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Fig. 6.1. MH loops of MTJ stacks Ta/CuN/Ta/CoFeB/MgO (t=1 nm, 1.5 nm, and 2
nm)/CoFe/lrMn/Ta with different MgO thickness. (a) MgO=1 nm; (b) MgO=1.5
nm; and (c) MgO= 2nm.

For commercial applications, the resistance-area product (RA) of the MTJ device is an
important parameter and lower RA is preferred. RA increases exponentially with the
thickness of MgO [82]. While we do not discuss much about the RA in this thesis, MgO

of 2 nm-thick has been accepted in the following MTJ deposition.

6.2 Effect of bottom electrode material on TMR of top

pinned MTJs

The atomically smooth interface of an MTJ stack should start from the bottom electrode
and therefore the choice of the bottom electrode material is important in determining the

roughness of the thin films deposited subsequently.
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Top pinned MTJ films SiO,/electrode/CoFeB (3 nm)/MgO (2 nm)/CoFe (4 nm)/IrMn
(5nm)/Ta (5 nm) with electrode material of Ta (5 nm)/Cu (30 nm)/Ta (5 nm) and Ta (5
nm)/CuN (30 nm)/ (5 nm) were deposited by the Nordiko 9550. We assume the very
thin top layers will follow the roughness of the underneath layer although there may be

a little change.

The CuN films were deposited by sputtering the Cu target in a mixture of nitrogen and
Ar gas. The ratio of the gas flow rate of N, and Ar is 1:20 controlled by two mass flow
controllers, in which the gas flow is 20 sccm for Ar and 1 sccm for N. We aimed to
reduce the roughness of Cu by introducing a minimal amount of N,. An excessive
amount of N, introduced in the Cu could change the electric properties the Cu. For
example, CusN is an insulator according to theoretical calculations [114] and
experiments [115; 116], while CusN is believed to be a conductor or semiconductor

[114].

The effect of annealing temperature on roughness has also been studied. Roughness of
the annealed Ta (5nm)/Cu (30nm)/Ta (5nm) and Ta (5nm)/CuN (30nm)/Ta (5nm) were
characterized by AFM. Fig. 6.2 shows a typical measured roughness of Ta/Cu/Ta (a)
and Ta/CuN/Ta (b) annealed at 350 °C for one hour. It can be seen that the average
roughness (Ra) of Ta/Cu/Ta is 0.9 nm as shown in Fig. 6.2(a), and by introducing
1sccm Ny, the Ra for Ta/CuN has been dramatically reduced to 0.37 nm. From this
point, CuN has better roughness than Cu. All the MTJ samples were prepared on the

CuN bottom electrode deposited with this condition.
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Roughness Measurement

Whole Area
Total Area St 101930 p?
Roughness Avg. Sa 0.8897 nm
Root mean square Sq. 1.2393 nm
Ten Points Height Sz 145785 nn
Range Sr. 156366 nm

Vhole Area
Total Area St 10.1530 pym?*
Roughness Avg. Sa: 0.3708 nm
Root mean square Sg 0.5024 nm
% | Ten Points Height Sz: 50170 nm
Opn 3.1%m

Fig. 6.2. Roughness measured by AFM for (a), Ta (5 nm)/Cu (30nm)/Ta (5nm);
and (b), Ta (5 nm)/CuN (30 nm)/Ta (5nm) annealed at 350 °C for 1 hour.
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Fig. 6.3. A typical MR(H) curve for an MTJ with layer structure of
Ta(5nm)/CuN(30nm)/Ta(5nm)/CoFeB(3nm)/MgO(2nm)/CoFe(4nm)/IrMn(5
nm)/Ta(5nm) and annealed at 350 °C for 1 hour.

The MT]J stacks were annealed at different temperatures and in an applied field of
typically 5 kOe. MTJ devices were fabricated using the microfabrication process
described earlier and TMR measured using the four-point probe systems. Fig 6.3 shows
a typical MR (H) loop for MTJs with CuN bottom electrode and annealed at 350 °C for
1 hour. The dependence of TMR on T, is also shown in Fig. 6.4. Here we used the best
value in each annealing temperature to repesent the TMR value, which probably is the
limit we can get based on the equipment or process condition in our lab. For each
sample, there are about 30 devices being measured. Some of the show very low TMR,
probably due to the uniformity limitation of our miller. Others show lower TMR

probably due to some contamination or shorting to the device as it is such a long and
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complicated microfabrication process. The TMR ratio initially increases with the
annealing temperature to a maximum value of 202% at T, = 350 °C. At temperature
above 350 °C, the TMR begins to decrease. Similar dependence of TMR on T, has been
observed by others [117]. The decrease in TMR at higher T, is perhaps due to the
elemental diffusion. The maximum TMR value obtained in this work is still
considerably lower than the very higher values (up to 604% ) obtained by others [29].
The parameters which may affect the TMR magnitude are numerous, including purity of
the target materials, MgO target in particular, base vacuum pressure of the deposition
tool, deposition conditions, top and bottom FM electrode materials and crystallographic
texture, interface smoothness, the quality of the microfabrication process, and the
magnetic field annealing conditions. Considerable work is still required in order to

obtain the optimum TMR.
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Fig. 6.4. T, dependence of TMR for MTJs on CuN bottom electrode with layer
structure Ta(5nm)/CuN(30nm)/Ta(5nm)/CoFeB(3nm)/MgO(2nm)/CoFe
@nm)/1rMn(5 nm)/Ta(5nm). The line was plotted based on the maximum TMR
obtained from 30 devices measurements for each sample.
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6.3 Bottom pinned IrMn/CoFeB/MgO/CoFeB films

6.3.1 MH loop of bottom pinned CoFeB/MgO/CoFeB

Based on the results on enhanced exchange bias in the bottom pinned
Ta/CoFe/lrMn/CoFeB/Ta system, bottom pinned MTJ stack Ta (5nm)/CuN (30 nm)/Ta
(5 nm)/CoFe (3.4nm)/IrMn (5 nm)/CoFeB (3 nm)/MgO (2 nm)/CoFeB (3nm)/Ta (5nm)
was prepared by Nordiko 9550 tool. After deposition, magnetic field annealing was
carried out for 1 hour at 350 °C in a magnetic field of 5 kOe. Fig. 6.5 shows the MH
loop of this sample measured by VSM. It can be seen that there are three loops and
labeled as (a), (b) and (c). Loop (a) near zero field is the magnetization switching of the
free layer 3nm CoFeB, loop (b) is seed layer CoFe in CoFe (3.4 nm)/IrMn with a Hey Of
~250 Oe and loop (c) is the bottom pined CoFeB in IrMn/CoFeB with a Hex of ~600 Oe.
The He value of 600 Oe is less than the one obtained in the structure of
Ta/CoFe/lrMn/CoFeB with similar thickness. This perhaps is due to the small changes
in the interface roughness introduced by the CuN bottom electrode layers. However, the
development of this MTJ structure, in particular the microfabrication and
characterisation of the MTJs, was seriously delayed due to the breakdown of the
cleanroom chiller, which made the Nordiko 9550 deposition tool unavailable for more
than a year. By the time the new chiller was installed, my time at Plymouth had reached

its end.
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Fig. 6.5. MH loop for bottom pinned MTJ stack with layer structure of
Ta(5nm)/CuN(30nm)/Ta(5nm)/CoFe(3.4nm)/IrMn(5nm)/CoFeB(3nm)/MgO(2nm)/
CoFeB(3nm)/Ta(5nm).

6.4 Summary

MTJs with a bottom CoFeB free layer, an MgO barrier and a CoFe/lrMn top pinned FM
layers were prepared on CuN bottom electrode layers. The quality of the MTJ stacks
was initially assessed by MH loops. The sputtering conditions for the deposition of
smooth CuN bottom electrode layers were optimized with the assistance of AFM
measurement of the surface roughness. MTJ devices were successfully fabricated and
TMR, characterized. The effect of magnetic field annealing temperature on the TMR
was studied. A maximum TMR of ~200% was obtained for top pinned MTJs with a 2
nm MgO barrier and annealed at 350 °C for 1 hour. Further work on bottom pinned
MgO MTJs with CoFeB as both FM electrodes was carried out. The film stacks have
been successfully characterized by VSM, which showed clear magnetic switching of
each individual layers. However, more work is required for the optimization of the film

deposition, device fabrication and characterization.
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7 Conclusions and future work

The thin film deposition and device fabrication processes of magnetic tunnel junctions
and their exchange bias systems have been studied in this work using two commercial
spintronic deposition systems, the Aviza Stratlon fxP ion beam deposition tool and the
Nordiko 9550 PVD tool, together with photolithographic microfabrication techniques
and a wide range of nano-scale, magnetic and magneto-transport characterisation
techniques such as AFM, SEM, VSM, four-point probe, high resolution cross-sectional

TEM and XMCD.

The film deposition and microfabrication processes were optimised when the Nordiko
9550 machine was installed. Two key progresses have been made - the deposition
conditions to obtain blister-free films after annealing and the process conditions and

techniques for the complete removal of photo-resist after ion milling.

By participating in the DTI MNT project, the author has contributed to the development
of the process conditions for the deposition of the MTJs and their associated magnetic
layers. The PtMn/CoFe exchange bias systems were systematically studied with
magnetic field annealing and VSM MH loop characterization. Exchange bias field of up
to 650 Oe was obtained for the Ta (10 nm)/ PtMn (20 nm)/ CoFe (3 nm)/Ta (10 nm)
stack after magnetic field annealing at 300 °C for 2 hours. The photolithographic and
ion milling processes for the microfabrication of the MTJs with an Al-O barrier layer
was developed and TMR of these devices were successfully measured using the four-

point probe system.

Bottom pinned exchange bias systems of IrMn/CoFe and IrMn/CoFeB with CoFe seed

layer were studied. Enhanced exchange anisotropy was obtained from samples with
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IrMn/CoFeB annealed at 350 °C. The enhancement of H,, is accompanied by a
moderate increase in H,. Cross-sectional HRTEM shows that FM and AFM layers were
polycrystalline and textured [110] for CoFe and CoFeB, and [111] for IrMn,
respectively. Element specific XMCD spectrum showed a much enhanced
uncompensated interfacial spins for IrMn/CoFeB sample with the largest exchange bias
field, which may explain the interfacial magnetic origin of the enhanced anisotropy. A
quantitative correlation between the XMCD signal strength and the exchange anisotropy

constant J,, was observed.

MTJs with a bottom CoFeB free layer, an MgO barrier and a CoFe/IrMn top pinned FM
layers were prepared on CuN bottom electrode layers. The quality of the MTJ stacks
was initially assessed by MH loops. The sputtering conditions for the deposition of
smooth CuN bottom electrode layers were optimized with the assistance of AFM
measurement of the surface roughness. MTJ devices were successfully fabricated and
TMR, characterized. The effect of magnetic field annealing temperature on the TMR
was studied. A maximum TMR of ~200% was obtained for top pinned MTJs with a 2
nm MgO barrier and annealed at 350 °C for 1 hour. Further work on bottom pinned
MgO MTJs with CoFeB as both FM electrodes was carried out. The film stacks have
been successfully characterized by VSM, which showed clear magnetic switching of

each individual layers.

This project has successfully demonstrated that the Nordiko 9550 is capable of
producing good quality spintronic devices, such as MTJs. As this is the only device
scale spintronic deposition tool in a UK university, it has huge potential for research in
future spintronic devices. One of the immediate future works is the completion of the

fabrication and characterization of the bottom pinned MgO MTJs with CoFeB as both
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FM electrodes. Better TMR results are expected due to the stronger exchange bias field
of the system, the smoother interfaces and potentially better crystallographic orientation
and match between the two electrodes which will facilitate the better coherent tunneling.
Other novel spintronic devices, such as spin transistors, may be further developed by

employing the coherent tunnelling devices.
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APPENDIX 1: List of abbreviations
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bcc

Dl
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fcc
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FM

HRTEM

IBD

IPA

LCP

MIS

MR

MRAM

MTJ

PVD

RCP

SAED

SC

SIS

anti-ferromagnetic

atomic force microscopy
body-centered cubic

de-ionized

density of states

electron beam lithography
energy dispersive x-ray spectroscopy
High angle annular dark field
face-centered cubic

face centered tetragonal
ferromagnetic

high resolution transmission electron microscopy
ion beam deposition

isopropyl alcohol

left circularly polarized
metal-insulator-superconductor
magneto-resistance

magnetic random access memory
magnetic tunnel junction
physical vapor deposition

right circularly polarized

selected area electron diffraction
simple cubic

superconductor-insulator-superconductor
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ST
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TEY

superconductor-insulator-ferromagnet
secondary ion mass spectrometry
substrate target

scanning electron microscopy
transmission electron microscopy
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