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Summary

Spintronics is an exciting and rapidly expanding new field of microelectronics and nanoelectronics,
which is based on exploiting the fact that electrons have spin as well as charge. The development of
spintronics in the past several decades has led to the birth of various new applications. One of the most
distinct applications of spintronics is magnetoresistive (MR) devices such as giant magnetoresistive (GMR)
and tunneling magnetoresistive (TMR) devices."® The attainment of large current-perpendicular-to-plane
giant magnetoresistance (CPP-GMR) output is of paramount importance towards the realization of ultrahigh
density magnetic recording, specifically, hard disk drive (HDD) read sensors. Large bulk and interfacial
spin-dependent scattering are key factors according to the Valet and Fert theory.* Up to now, highly spin
polarized Heusler alloys such as Co,MnSi (CMS)®, Co,Mn(Gag»sGeg7s) (CMGG)®, Co,(FegsMngg)Si
(CFMS)’ and Co,Fe(GaysGeos) (CFGG)® have been utilized to provide large bulk spin polarization, and
substantially large magnetoresistance (MR) ratios have been realized. However, a room-temperature (RT)
ARA of at least 15 mQ pm? is required for using CPP-GMR as read sensors for areal density over 2 Tbit/in?
while the current density is approaching to 1 Thit/in%® therefore, further improvement of the MR output is
essential. For instance, finding a new Heusler alloy which has both high spin polarization and high driving
force for L2;-ordering even at low annealing temperature is strongly desired to attain compatibility with the
current fabrication process. On the other hand, from a practical point of view, the study on industrially viable
high performance epitaxial CPP-GMR devices on a Si single crystalline substrate is also necessary. Proper
choice of crystallographic orientation in ferromagnetic (FM) and non-magnetic (NM) materials may affect
the thermal stability of the CPP-GMR stack against interlayer atomic diffusion and multilayer delamination.
Multilayer engineering of the CPP-GMR stack is in strong need to satisfy rapid development of next
generation read head sensors. Last but not least, new concept of processing is strongly required to solve the
problem of annealing temperature limit, so that more freedom of material selection can be obtained to
achieve higher CPP-(G)MR output.



In short, the motivation of the thesis is as below:

(1) To establish a fabrication process for (110)-oriented epitaxial CPP-GMR devices and investigate its
crystallographic orientation dependence of MR output.

(2) To search for new highly spin-polarized Heusler alloy with high driving force for L2;-order even at low
annealing temperature for CPP-GMR device application.

(3) To grow high quality epitaxial CPP-GMR device on Si(001) wafer by selecting appropriate buffer
materials.

(4) To fabricate single crystalline CPP-GMR device on polycrystalline electrode using wafer bonding
technology.

The thesis consists of seven chapters. Chapter 1 introduces the general background on spintronics, giant
magnetoresistance (GMR) effect, Co-based Heusler alloy and the issues that motivate the work in the thesis.
Chapter 2 provides experimental procedures including sample preparation, device fabrication and analysis
methods. Chapter 3 describes the work on CPP-GMR epitaxial spin-valves with (110)-oriented Heusler alloy
Co,Fe(GaysGegs) (short as CFGG) and different spacers (Ag, Cu and NiAl), in which orientation
dependence of MR output has been investigated. Chapter 4 describes the development of a new series of
Heusler alloys prepared by the co-sputtering technique, Coy(Fe1«Tix)Si, which have a strong merit of high
spin-polarization together with high driving force for L2;-ordering even at low annealing temperature.
Chapter 5 shows the work of realizing high quality epitaxial CPP-GMR pseudo spin-valves on Si(001) single
crystalline wafer using NiAl buffer layer. It is the first demonstration of epitaxial spintronic devices with
NiAl template for various practical applications in the field of ultra-high density hard disk drive (HDDs),
magnetic sensor and so on. Chapter 6 describes the work of fabricating single crystalline magnetoresistive
sensors on polycrystalline electrode using a three-dimensional integration technology, which enables the
integration of Heusler-alloy-based epitaxial CPP-GMR devices to high sensitive magnetic sensors regardless
of the limitation of high temperature processing. Chapter 7 provides summary of the thesis. The main results

are summarized as below:

1. Crystal orientation dependence of CPP-GMR pseudo spin-valves (PSVs) using Co,Fe(Gay sGey. 5)
Heusler alloy and different spacers (Ag, Cu and NiAl)

a) Agand Cu spacer
Although there are many investigations on CPP-GMR, epitaxial CPP-GMR devices with crystal
orientations other than (001) have not yet been examined. We consider the spin-dependent transport
may have crystallographic orientation dependence; hence, we prepared CPP-GMR pseudo-spin-valves
(PSVs) consisting of epitaxial layers of the Heusler alloy Co,Fe(GagsGeps) (CFGG) with the (110)
orientation (see Fig. 1). Two nonmagnetic metals, Ag and Cu, were used for the spacer layer, and the
effects of the crystal orientation upon the MR properties were examined by comparing these devices
with those comprising of (001) epitaxial layers. For substrates with an Ag spacer, the PSV with the
(001)[110]crsa//(001)[010] 5q interface grown on MgO(001) exhibits a higher MR output compared with

the (110)[001]crea//(111) | 1TO]AQ interface grown on sapphire (1120). In contrast, a higher MR output



b)

is obtained using a Cu spacer with the (110)[001]cree//(111) [ 110]c, interface (see Fig. 2). These
results demonstrate that the MR outputs depend upon the crystal orientation at the interface, and that
interfaces with a small misfit tend to exhibit less magnetic dead layer and a larger MR output (see Fig.

3). This study indicates the influence of crystal orientation as well as lattice mismatch upon the

interfacial spin scattering asymmetry.
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Fig. 2 The MR curve of the optimally annealed (a)
CFGG(110)/Cu(111)/CFGG(110), (b)

CFGG(110)/Ag(111)/CFGG(110) PSVs at 10K (open
square) and 300K (solid square).

NiAl spacer
In our previous study using epitaxial CPP-GMR devices, we found the change of crystal orientation in

Co,FeGagsGey5s(CFGG)/Ag system had introduced a different lattice mismatch at CFGG/Ag interface
resulting in various MR outputs, i.e., the CPP-PSV with (001)crss/(001) 44 interface showed higher MR
output than that with (011)cres/(111)ag interface.’® The influence of lattice matching on the interfacial
spin scattering asymmetry is considered to be the main reason for the 4RA4 value difference. However,

how the band matching changes according to different crystal orientation is still unclear, because both



lattice matching and band matching change when we alter the crystal orientation in the
CFGG(bcc)/Ag(fec) system. To focus only on the band matching influence, in this work, high quality
epitaxial CFGG/NIAI/CFGG all-B2-trilayers structure devices were fabricated on both MgO and
sapphire single crystal substrates to create (001) and (110) crystal orientations (see Fig. 4). Same
magneto-transport properties were observed from these two differently orientated devices indicating that
there is no or little orientation dependence of band matching on MR output (see Fig. 5). We also found
that all-B2-trilayer structure was free of lattice matching influence depending on the crystal orientation,
which made it a good candidate for CPP-GMR device.
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bright field image (f) of CFGG(110)/NiAl(110)/CFGG(110) film.

2. Enhancement of L2, order and spin-polarization in Co,FeSi thin film by substitution of Fe with Ti

According to the theoretical calculation reported by Miura et al.,** Co,TiSi Heusler alloy has high spin
polarizations in the L2, structure and high tolerance for the Co-related atomic disorder. On the other hand,
Co,FeSi Heusler alloy shows L2;-order even in the as-deposited state and has large exchange stiffness.”? By
combining these two alloys, Co,(Fe«Tix)Si (CFTS) could be a promising Heusler alloy which has both high
spin polarization and high kinetics for L2;-ordering. In this study, we investigated the effect of Ti
substitution for Fe in Co,FeSi Heusler alloy (Co,(Fe1«Tiy)Si) on their electronic structure, chemical ordering
and spin-dependent transport properties. First-principles calculations of the density of states (DOS) indicated
that the peak just above the Fermi level in the minority-spin DOS (the conduction band edge of half-metallic
gap) shifts towards higher energies with increasing Ti, leading to the enhancement in the half-metallic gap
and the spin-polarization (see Fig. 6). We found in epitaxial CFTS thin films that the required annealing
temperature for long range L2;-ordering can be substantially reduced from 650 °C for Co,FeSi to 400 °C for
X > 0.2 (see Fig. 7). The enhancement of spin-polarization by the substitution of Fe with Ti was
experimentally confirmed from anisotropic magnetoresistance measurements (see Fig. 8) and spin-

accumulation signals in non-local spin valve devices with the Co,Fe,Ti,Si films (see Fig. 9).
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3. Realization of high quality epitaxial CPP-GMR pseudo spin-valves on Si(001) wafer using NiAl
buffer layer
It is undisputed that spintronics is one of the research fields that have rapidly developed in these two
decades. However, only a few applications reached to the practical level so far, i.e. there is still large
distance between fundamentals and applications in spintronics field. Therefore, further efforts to build up
a “bridge” between fundamental studies and practical applications are strongly desired. Many previous

fundamental studies focused only on magnetic tunnel junctions (MTJs) and CPP-GMR devices



epitaxially grown on unpractical MgO single crystalline substrate. Therefore, finding an optimum
fabrication process for developing high quality single crystalline spintronic devices on practical Si
substrate is one of valuable challenges to make a shortcut to various potential applications based on
single crystalline devices. In this work, we reported NiAl buffer layer as a template for the integration of
epitaxial CPP-GMR devices on a Si(001) single crystalline substrate. By depositing NiAl on Si at an
elevated temperature of 500°C, a smooth and epitaxial B2-type NiAI(001) layer was obtained (see Fig.
10). The surface roughness was further improved by depositing Ag on the NiAl layer and applying
subsequent annealing process (see Fig. 11). The epitaxial CPP-GMR devices grown on the buffered
Si(001) substrate present large MR outputs comparable with the devices grown on an MgO(001)
substrate, demonstrating the possibility of epitaxial spintronic devices with the NiAl template for
practical applications (see Fig. 12). This study demonstrated the feasibility of growing epitaxial CPP-
GMR on Si wafers, which can exhibit much higher MR output than polycrystalline devices that are
deposited on amorphous buffered industrially standard chemical-mechanical-polished substrates. It gives
a potential for developing industrially viable single crystalline CPP-GMR devices on Si wafer for
allowing higher temperature annealing in combination with the wafer bonding technology.

1.0 : : . = : . P — T T T T T T T T ]
114 129 _g—Poly.cracioot)exsitu anneal 1 384 Mr-22.76%
=A= Poly-CFGG{001}nstu anneal ARA=8.56 mOl-pm? T,=400°C | 4¢
A : 10 ~-Ep-CFGG(01) on Mgo(o0) E . it
0.8 112 =~ Epi-CFGG(001) on Si(001) (This study) RSO e e | s
.8 1 nis — 1 e
{80nn.T,=500°C) - 3.6 &
{10 e 7 { 1 {s §
. o F e :
18 2 ] o {33
E o051 ~ E g I | =344 . E
o * 16 T . f i & 1™ g
« 0.4 — / 14 * £ !,-«_lc“\{ “‘i * ] 3.2 (b) SE
’ b \:\./ 4 ! \ 1%
—@—Si{001MEAI{50 nm)d.:glﬁu AmER, T (b) 12 a (a) - . - . . + 3.0 T T . T T T —29
.- H
02 SIDOTVNAKSO nmYAGIZ0 IR, i 1o 250 300 350 400 450 500 550 600 B - 0O
0 100 200 300 400 500 600 T.(°C) H,, (kOe)
a
T.(C)

Fig. 12 Annealing temperature dependence of ARA for epitaxial CPP-GMR
devices on Si(001) substrate (red star), epitaxial CPP-GMR devices on
MgO(001) substrate (black square) and polycrystalline CPP-GMR devices on
Si/SiO; substrate (grey square, green circle and blue triangle). (b) Typical MR
curve of CPP-GMR devices annealed at optimal temperature 400°C.

Fig. 11 Surface roughness measured by
AFM of the film stacks Si(001)//NiAl(50
nm)/Ag(50 nm).

Fabrication of Single Crystalline Magnetoresistive Sensors on Polycrystalline Electrode using

Three-Dimensional Integration Technology
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Fig. 13 Wafer bonding process in this study. Epitaxial CPP-GMR film on 2inch Si(001) substrate was bonded on poly-
crystalline permalloy film deposited on 8 inch Si/SiO, wafer.
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A current-perpendicular-to-plane giant magnetoresistance (CPP-GMR) device inherently possesses low
RA due to its all-metallic structure; however, the MR ratio used to be too small for any applications.

Recently, substantially large MR ratios (>80%) and ultralow RA of 0.05 Qum?, which satisfy the



requirements for >2 Thit/in®,° have been realized in CPP-GMR devices with Co-based Heusler alloys
such as Co,MnSi and Co,Fe(GaysGeos) (CFGG)™* that exhibit half-metallic behavior. However, the
following two critical issues still hinder practical applications of the CPP-GMR devices. First, MR
ratios > 30-50% have been achieved only in (001)-oriented epitaxial CPP-GMR devices grown on
unpractical MgO(001) substrates. Secondly, high-temperature annealing over 500°C is indispensable for
attaining the high MR ratios. Such high-temperature annealing is not compatible with the conventional
fabrication processes of read heads because it damages the permalloy magnetic shield and destroy
layered structure of polycrystalline devices. To overcome these critical issues, we develop the following
processes (see Fig. 13): (i) epitaxial growth and high-temperature annealing of CPP-GMR multilayer on
Si(001) substrate, (ii) bond a sensor film stack onto a wafer with electrode by a direct wafer bonding
technique, *° (iii) removal of backside Si and (iv) micro-fabrication to make devices. These processes
enable integration of the high-performance epitaxial CPP-GMR devices for sensor applications. High
MR output (ARA of 8.6 mQ « um” and MR ratio of 27.8%) are achieved using the CFGG Heusler alloy
as ferromagnetic layers on Si(001) substrate. It should be noted that by inserting CoFe as a diffusion
barrier, MR output is further enhanced to 9.5 mQ « um? and 37% after annealing at 500°C. These MR
outputs are comparable with those for the multilayer grown on an MgO(001) substrate (see Fig. 14).
CoFe insertion layer can acted as a diffusion barrier and suppressed the formation of silicide at NiAl/Si
interface during the high-temperature annealing (see Fig. 15). The improvement of the annealing
stability by inserting CoFe layer resulted in the enhancement of MR output as shown in Fig. 14 because
the high-temperature annealing without inter-diffusion promoted L2, ordering in CFGG layers, which is

essential for the half-metallic band structure.
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Fig. 15 Cross-sectional HAADF-STEM and EDS mapping image for
CFGG/Ag/CFGG based CPP-GMR device annealed at 500 °C w/wo CoFe
insertion layer.



Microstructure of the bonding interface was analyzed by high-resolution HAADF-STEM and EDS
mapping (see Fig. 16). Smooth Ta/Au bonding interface without any defects is observed. In the
magnified HAADF image of bonding interface region, a clear bonding is obtained while keeping the
single-crystal structure of Au layer on top of amorphous Ta layer. Note that this is first demonstration for
direct bonding epitaxial MR multilayer film on top of amorphous layer. The EDS mapping images show
that the Au/Ta interface is sharp without any oxidation, which means the epitaxial CPP-GMR film is

successfully bonded on top of the permalloy bottom electrode.

Epi. CPP-GMR stacking

Bonding interface

Amor.-Ta

Fig. 16 Microstructure analysis of the stacking film after bonding and
bonding interface by HR-HAADF STEM. Epitaxial CPP-GMR film is
successfully bonded on Ta capping layer without any remarkable defects
at the interface.
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