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Abstract

In spintronics electron spin is used as information carrier in addition to its charge. It is already
well established metal-based spin-devices practical applications. To use spin degree of freedom
into semiconductor spintronic device technology such as in spin field effect transistor (spin-
FET), there are three main technological challenges are, firstly, injection of spin polarized
carrier from a ferromagnetic (FM) into semiconductor (SC) channel and detection by FM,
secondly, SC channel should have strong spin-orbit coupling (SOC) to precess spin during
transport through SC channel, and finally, control of the spin precession by gate electric field
to modulate spin signal. Therefore, exploring promising FM/SC hybrid structures are important.
Here, we synthesized MnAs/111-As hybrid structures on GaAs(111)B as a possible candidate
for future spin-FET and investigated the first challenging issue into the hybrid structures. We
carried out successful molecular beam epitaxial (MBE) growth of MnAs(~5-200
nm)/GaAs(~0-10 nm)/thick-InAs(~200-1200 nm) /GaAs(111)B hybrid structures at low
temperature MnAs epitaxial growth. In reflection high energy electron diffraction (RHEED)
study, we see double step lattice transition ~4 nm of InAs from GaAs surface and abrupt lattice
transition of GaAs ~3.6 nm from InAs lattice respectively. The origin of these transition is still
unclear for such lattice mismatch growth. In 26 x-ray diffraction (XRD) measurement of
MnAs(~200 nm)/thick-InAs(~1200 nm) /GaAs(111)B, we see single phase epitaxial growth of
hexagonal MnAs with cubic InAs and GaAs (only low temperature MnAs growth case). Also,
the extracted lattice parameters are consistent with their bulk values which imply that the grown
epitaxial layers are strain relaxed. To check deviation of c-axis, we carried out w scanning.
From w and 26 measurement, we also observed less deviation (InAs ~0.12° and MnAs~0.22°)
of c-axis normal to the planes of thicker MnAs(200 nm) and InAs(1200 nm) layers. Hence, the
26 and o scanning indicates good epitaxial growth of MnAs and InAs. We also estimated
thickness dependence threading dislocation density from the w-6 broadening, we found
reduction of the dislocation density with increasing grown layer thickness. It means better
crystal quality in thicker case. Also comparatively, InAs shows less dislocation density in
similar thickness than that of on GaAs(001). Besides, we also confirmed smooth surface and
maze-like magnetic structures by atomic force microscopy (AFM) and magnetic force
microscopy (MFM). The MnAs ~5-200 nm samples show strong magnetic anisotropy along [-
2110] and [01-10] lateral and [0001] out of plane directions by superconducting quantum
interference device (SQUID) magnetometry. It also reveals easy and isotropic magnetization
in lateral directions which is similar to MnAs directly on GaAs(111)B. We also see higher



MnAs thickness higher saturation magnetization and lower coercive field which seems directly
related to the crystal quality. The better the crystal quality the better the magnetic response. It
also shows over room temperature (~300 K) magnetism (estimated Curie temperature ~320-
324 K). However, to evaluate contact between MnAs/InAs on GaAs(111)B, we studied
transmission line model (TLM) device and found isotropic Ohmic behaviors in lateral [-110]
and [11-2] directions of cubic InAs. Specific contact resistance, of MnAs/InAs interface at
~300 K is ~(10°-10*) Q-cm? which is little higher than typical Ohmic contact. However, over
room temperature isotropic magnetic and isotropic electric behaviors in lateral directions gives
good flexibility to design lateral spintronic device. We studied trials of lateral spin valve device
of MnAs (~50 nm)/GaAs (~1, 3)/InAs (~200 nm)/GaAs(111)B grown samples in lateral spin
valve device application. Through the study, we improved device processing and carried out
lateral spin valve measurement using AC lock in technique. We successfully confirmed spin
injection and detection through simultaneous local spin valve (LSV) and non-local spin valve
(NLSV) measurements in lateral spin valve device of 1 nm GaAs barrier insertion sample at
1.5 K. We obtained large spin diffusion length ~10 um and spin injection efficiency ~1.6%
which is similar to other FM/narrow gap hybrid structures. However, ~2.0 time enhancement
of NLSV signal can also be seen in FM-FM input case than that of FM-NM input case. On the
other hand, at 300 K, the extracted spin diffusion length ~2.6 um and spin injection efficiency
~6.3% which is significantly large value in comparison to other FM/narrow gap hybrid
structures at 300 K. The enhancement of spin injection efficiency at 300 K is due to better

impedance matching between MnAs/InAs rather than at 1.5 K.

In conclusion, we can say that large spin injection efficiency ~6.3 % of the hybrid structure is
record value at ~300 K which is very promising for future spin-FET application. Further, higher
GaAs thickness dependence investigations are necessary to clarify spin injection efficiency
more in details as well as other two challenging issues also have to be investigated before

approaching spin-FET applications.

Keywords: 1. Molecular beam epitaxy (MBE), 2. MnAs, InAs, GaAs(111)B, 3. Magnetic

properties, 4. Electrical properties, 5. Lateral spin valve
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Chapter 1

Introduction

1.1 Spintronics overview

It is already well-established of electronic charge flow and manipulation in semiconductor
electronic devices. The charge of electrons and holes is used as primary information carrier.
The spin of electrons in addition to the charge has already unlocked way for a wide range of
new device structures. Particularly, in metal based magneto-electronics, spin and charge
properties of electrons are applied to obtain magneto-resistance effects like giant magneto-
resistance (GMR) [1,2] tunnel magneto-resistance (TMR) [3,4] for hard disks and magnetic
random access memory (MRAM) [5] for practical applications. To use spin degree of freedom
with existing semiconductor technology, a related research field called semiconductor
spintronic already has been emerged. In semiconductor spintronic, spin-field-effect transistor
(spin-FET) and spin metal-oxide-semiconductor field-effect transistor (spin-MOSFET) which
are expected to have features like non-volatility, reconfigurable logic functions and low power
consumption [6-8] devices. The spin transistors require to have ferromagnetic (FM) metal
source and drain for spin polarized charge carrier injection and detection, semiconducting
channel for coherent spin-polarized charge carrier transport, and a gate electric field for the
transport control. A combination of ferromagnetic (FM)/semiconductor (SC) hybrid structure
is expected to be promising candidate for semiconductor spintronic to meet the basic
requirements to realize device functionalities. For coherent-transport, spin lifetime within
semiconductor necessarily to have long to be used in spintronic device. Usually semiconductor
have longer spin lifetime than metal. In GaAs [9] the spin-coherent lifetime is long enough for

device purposes but different semiconductors are likely to be rather different, and for devices
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requiring 111-V materials other than the well-studied GaAs, problems still remain. Also spin
polarized charge carrier can be made to flow in the same way as conventional carrier by
applying longitudinal electric field, or made to precess by transverse electric field as described
by Datta and Das [6]. Favored detection of spin polarized charge carrier can be achieved using
ferromagnetic contacts. However, materials for spin generation is foremost condition to realize

the spintronic devices.

1.1.1 Materials for spin generation

We know, electrons have an intrinsic spin, which have two states, spin up (s =1/2) or spin
down (s = -1/2). In an un-polarized charge currents, number of electrons in each spin state is
equal. The number of spin up electrons with an energy E is expressed by the density of states
(DOS) N:(Ef), and those with spin down by N, (Ef).The spin polarization P is defined as the
ratio of the density of states of spin up and spin down electrons at a Fermi level is given by;

_ N:(Er) — Ny (Ef)
N:(Er) + Ny(Ef)

(1.1)

In order to act as a spin source a solid state spin injector is required to have unequal spin up
and spin down DOS at the Fermi level. Figure 1.1 shows the DOS for three classes of materials.
From Fig.1.1 (a), we see the density of states of spin up and spin down electrons are equal in
paramagnetic materials, P=0 because DOS of spin up and spin down are equal. On the other
hand, the density of state of spin up and spin down are different in ferromagnetic materials,
P>0 but smaller than 1 as shown in Fig.1.1 (b). If a material has a band gap in the minority
band at a Fermi level and shows metallic behavior in the majority band, the density of state of

the minority band is zero at the Fermi level. In this case, only up-spin electrons are present at



the Fermi level, P=1 as shown in Fig.1.1 (c). This type of material is called half-metal because

it shows both metallic and semiconducting behaviors.

E E E
N (a) N (b) N (C)
Ny N, E; Ny | Ny E; N; E

P=0 P<1 P=1

Paramagnetic Ferromagnetic Ferromagnetic half-metal

Fig.1.1 Density of states of (a) Paramagnetic, (b) Ferromagnetic and (c)

Ferromagnetic half-metal materials.

We can clearly see only ferromagnetic materials can be used as a source of spin. There are

four types of FM materials have been well studied for potential spin source are:

1. Dilute magnetic semiconductors (DMSs)
2. Ferromagnetic metals
3. ferromagnetic alloys

4. Half metallic ferromagnets (HMFs)

DMSs can be developed by doping non-magnetic semiconductor with magnetic ions such as
transition metals ( Mn, Fe, Ni, Co, etc.) or rare earth elements ( Gd, Eu, Er, etc.) [10]. For

example doping I11-V semiconductors with magnetic atoms such as Mn. Into Ga1-xMnxAs, the



Mn takes up a substitutional Ga site and acts as an acceptor. The resulting holes facilitate
ferromagnetism in the material [11]. The other three injection materials act as part of hybrid
system, in which non-semiconductor based magnetic materials as spin source. A wide range of
materials including FM metals such as Fe, Co, Ni, ferromagnetic alloys, such as CoFe, NiFe
oxides (CrO2) and pnictides MnAs, MnSbh, and HMFs such as NiMnSb and CozFeSi-Heusler
alloy etc. However, a number of problems exist for hybrid spintronic devices, arising as a result
of considerable structural, electronic and chemical differences between injection material and

semiconductor.



1.1.2 Semiconductor materials for spintronic

Semiconductor materials that are used in existing electronic technology have been studied to
search their applicability into spintronic devices. Commonly used semiconductor materials
have already attained interest to researcher are Si, Ge, GaAs, InAs, InAlAs and InP and single-

/bi-layer graphene etc. for future spintronic device application.
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Fig.1.2 Schematic diagram of Datta Das type spin-FET [6].

We are particularly interested in spin-FET. Figure 1.2 shows a schematic diagram of spin-FET
proposed by Datta and Das in 1990. For spin-FET, narrow gap two dimensional electron gas
(2DEG) semiconductors are important as a channel material because narrow gap
semiconductors show strong spin-orbit coupling (SOC) which is pre-requisite to realize spin-
FET operation. SOC enables to control effective magnetic field in semiconductors by external
gate electric field [12, 13] and hence control of spin-polarized carriers in semiconductors
channel [14, 15]. However, semiconductors having weak SOC are expected to have long spin
coherence, but it is difficult to control carrier spin by the electric field. Thus, generally the
strength of the spin coherence length and SOC are in a trade-off relationship. The basic

discussion about SOC has been discussed in appendix-Al.



1.1.3 Spin injection and detection into FM/SC hybrid structures

Electrical bias field, E across FM/SC creates non-equilibrium spin density in SC. Spin injection

is known as spin-polarized charge current follow from FM to SC.

® (a)
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Fig.1.3 (a) FM/SC contact (assume electrical bias between FM/SC), (b) Electrochemical

potential for up spin down spin electrons in FM/SC decaying profile. (c) Spin current

flow model up spin and down spin electrons in FM/SC.

Also opposite direction of current flow creates non-equilibrium spin density in SC, it is known
as spin extraction. Figure. 1.3 (a) shows FM/SC contact. Two spin orientations (up and down)
have different resistivities i.e different density. Therefore, current density of two different spin
in FM/SC hybrid structure are generally not equal. Flow of electrons spin current j;; is
indicated by the sum of drift current due to electric field and diffusion current due to

concentration gradient. The flow of spin can be represented by using Einstein relation as;



o1l
Dy = - 1.2
1= N, (1.2)

Where, Dy, and oy, are spin dependent diffusion constant and conductivity respectively, and e

is electron charge. Therefore,
Jryw = —Eoy,—eDy Ang,

—or}

. Ang
JiL = T eAqb + (13)

eNm

Where, E and ¢ are electric field and electrostatic potential respectively and Zf}i is the
T

electrochemical potential of spin. Now, we can use them as p;, = e +

n .
L then equation
eNty

(1.3) can be written as;

—0
Jry = % (Apry) (1.4)

Therefore, we defined the currents j; | dependent on spin, which shows that the currents
Jr, flow by the gradient of the electrochemical potential which define spin accumulation. The

electro-chemical potential difference can be define as,

Ap = pr —py (1.5)

Au represents non-equilibrium state having non-zero value result in spin relaxation decays
exponentially in SC with spin diffusion lengths Lg. The spin current relaxation behavior of
FM/SC is shown in Fig. 1.3 (a) and (b). When the SC has large resistivity in comparison with
FM results in inefficient spin injection [16, 17]. This is known as conductivity mismatch or
impedance mismatch problem in typical FM/SC hybrid structure. Figure.1.3 (c) shows a

schematic of two current flow resistor model for the two spin channel. In the model, the



resistance for up spin and down spin are same in SC, Rgc+ = Rgc, but different in FM assume,
Remt < Rppgy- Usually, in FM/SC contacts R > Rpypry, total currents are equal for both spin
channels as a result spin injection is insufficient [18]. Alongside spin relaxation into FM and
SC are also important. However, Rgc »> Rpyt, Suggests to improve impedance mismatch
problems by alternative ways like spin injection from a FM half metal having 100% spin
polarization [17] or spin injection through a tunnel barrier contact [19-21]. A tunnel barrier into
FM/SC, introduce tunnel contact resistance ., in series with Rgc and Rpyq . We can get
improve impedance mismatch problem from Rgc > Rppp,, condition by tunnel barrier contact

if and only if, . = R [19].

There are two common electrical techniques called local and non-local spin valve (LSV and
NLSV) measurement to evaluate spin injection and detection into FM/SC hybrid structures.
Here, the meaning of local is that the spin valve signal is mediated and directly influenced by
local drift electric field as represented by equation 1.3. In LSV measurements, spin-polarized
charge current injection and detection is performed locally between two FM electrodes. The
LSV configuration is shown in Fig.1.4 (a). The two-terminal LSV resistance can be modulated
similar way to GMR [1, 2] and TMR [3, 4] operation. LSV using SC channel interesting in
semiconductor spintronic device concepts [6-8] except manipulation mechanism during spin
transport. The conceptual devices require efficient spin injection, transport, and detection in
lateral LSV. In addition, in LSV measurement, due to flowing of spin polarized charge current
in the local channel there are possibilities to affect the intrinsic signal of interest by drift electric
field [22] anisotropic magnetoresistance (AMR) [23] or local Hall effect (LHE) [24]. On the
other hand, in NLSV measurement such spurious effect can be avoided [25, 26] because charge
current and spin current are separated in non-local arrangement. This means, NLSV study
provides more direct evidence of spin injection, transport and detection into FM/SC hybrid

structure. The NLSV configuration is shown Fig.1.4 (b). Therefore, both LSV and NLSV are
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equally important to investigate spin injection and detection to approach semiconductor

spintronic device technology.

ST O

©

Injection

'Y

(a)

Substrate

AT Qs

Injection

1

©

+

Detection

B

(b)
Ohmic

Substrate

B

Fig 1.4 Schematic of spin valve measurement configurations (a) LSV (b) NLSV.

I and V input current and measured voltage respectively.

It is obvious to have spin valve signal, we require two different aspect ratio size FM electrodes

having different magnetization hysteresis behaviors. Usually, high aspect ratio of FM electrode

M
A (@)
F 3 R H
[ Z HC g
—> R
anti-parallel

(b)

+—>

spin valve signal

Fig 1.5 (a) Conceptual magnetization difference of low aspect (blue line) and high

aspect ratio (green line) FM. (b) Ideal hysteresis behavior in spin valve

9



shows higher coercive field (H_.) compared to that of low aspect ratio FM electrode as shown
in Fig.1.5 (a). The parallel and anti-parallel state between two FM gives hysteresis behavior in
spin valve measurement as shown in Fig.1.5 (b). There are numerous FM/SC combination such
as Fe [27], FeSiz [28] and CoFe [29] with Si; Co [30], Co2FeSi-Heusler alloy[31] with
Graphene; CoFe [32], Fe [33] and CozFeSi-Heusler alloy [34] with GaAs; and Ni [35] and NiFe
[36] with InAs trials have been conducted spin valve measurements to reveal spin injection and
detection in those hybrid structures to check their candidacy for semiconductor spintronic
device application [6-8]. To this end, to approach future spin-FET, we consider, combination

of MnAs/I11-As hybrid structure as a base structure.
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1.2 Motivation and organization of the thesis

Usually ferromagnetic transition metals like Fe, Co, Ni [37], MnAs [38] has higher (over room
temperature) Curie temperature (T.) than diluted magnetic semiconductor (DMS) Mn(111-V)
[39]. So over room temperature magnetism is advantageous to utilize in practical spintronic
device. We choose MnAs as a candidate for spin source. MnAs shows significant difference of
up spin and down spin density of states at fermi-level [40] as shown in Fig. 1.6. and shows

~50% spin polarization at fermi-level [41].

=
:
e a
——
o
E 2
o 1 o
- - 4
‘% spin polorised OU Eﬁ
i}
W™ ? spin down ' -
- i i i i i i i PR
0 5 4

0 ' p
e @ "N Fermi energy
Fig. 1.6. Local density of states (dashed line: p-band, full line (p + d)-bands)

for hexagonal ferromagnetic phase. (spin polarization at 0 Fermi energy.) [40]

Synthesis of transition FM metals with I11-As, an unintentional mixing like Fe and As [42],
Co and GaAs [43] creates magnetically dead layer (MDL) at the FM/SC interface [44] which
has detrimental influences in spintronic device operation [45, 46]. Therefore, choosing MnAs
epitaxial growth with 111-As semiconductors in epitaxial growth, it is expected no mixing effect
between MnAs and As at the interface because the MnAs also contains As which is expected
as an advantageous point of MnAs epitaxial growth with I11-As semiconductors. Also
MnAs/Il1-As interface can be synthesized in the same epitaxial growth system [47] at low

temperature. However, ferromagnetic Heusler-alloy shows half-metallic nature which implies
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100% spin polarization are also promising candidate in spintronic device application [39]. But
the main obstacle to achieve half-metallicity Heusler-alloy films are crystalline disorder , such
as atomic displacement, misfit dislocation, symmetry breaking at the vicinity of the surface of
the film and also there is a possibility of MDL formation. Therefore, choosing MnAs is
advantageous from the material point of view. There are reports, MnAs synthesis on GaAs(001)
surface MnAs shows mixed phases of hexagonal (ferromagnetic) and orthorhombic (non-
magnetic) structure [48] also the c-axis laterally of the hexagonal MnAs on GaAs(001) which
creates high degree of lateral magnetic anisotropy [49]. On the other hand, on GaAs(111)B
surface MnAs shows controlled epitaxial (only hexagonal phase) growth of hexagonal NiAs-
type structure with c-axis normal to the GaAs(111)B plane [50] and almost isotropic easy
magnetization in lateral directions. It means easy to control epitaxial growth of MnAs in one
direction on GaAs(111)B than that of on GaAs(001) surface. Figure 1.7 (a) and (b) shows the

epitaxial relationship of hexagonal MnAs on GaAs(001) and GaAs(111)B respectively.

(a) (b)

MnAs[01-10] MnAS [0001]
MnAs[0001 nAs
GaAs[001] nAs[0001] MnAs[01-10]
GaAs[110] GaAs[111]
GaAs[11-2]
MnAs[-2110]
MnAs[-2110]
GaAs[1-10]
GaAs[-110]

Fig. 1.7 Epitaxial relations of MnAs layers grown on (a) GaAs(001) and (b) GaAs(111)B
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To this end, to evaluate spin polarized carrier injection from MnAs and detection, there are
trails about spin valve measurement using MnAs/II1-As(thin)/MnAs tunneling
magnetoresistance (TMR) structures on GaAs(111)B where very thin layer of 111-As act as a
tunneling barrier not as a channel [51] with current flowing perpendicular to the GaAs(111)B
substrate. There is also a report on lateral spin valve measurement with Schottky barriers
contact on GaAs(001) [52] where doped Il1-As, GaAs act as a channel which usually has
smaller SOC compared to narrow band gap. Also there is no report about spin transport
properties like spin injection efficiency and spin diffusion length evaluation from MnAs into
semiconductor by means of electrical study. We consider InAs a narrow gap IlI-As
semiconductor as a channel and combination with MnAs for future spin-FET application. InAs
is zinc-blende in crystal structure. It (band gap 0.35 eV at 300 K) has a surface electron
accumulation layer [53] with triangular potential showing well conductive without intentional
doping and large split-off energy hence higher SOC is expected which is pre-requisite to realize
spin-FET operation. InAs already emerged as a promising channel material [35, 36] for spin
injection and detection trials with FM. However, good 2DEG InAs epitaxial growth is
important as a channel material. Comparatively, on GaAs(111)B the sliding planes with 3
sliding directions of InAs are in-plane as a result dislocation density annihilation take place on
(111)B and inhibits three-dimensional growth at the interface as well, the degradation of
physical properties by the dislocations become weaker by networking the dislocations than that
on (001) which results in better electrical properties of InAs [54]. To our knowledge, there is a
few trials of MnAs and thin-InAs combination in the form MnAs/InAs(less than 10 nm)/MnAs
on GaAs(111)B [51] and MnAs/InAs(less than 10 nm)/GaAs(100) [55] but there is no trial
about epitaxial growth of direct combination of MnAs and thick-InAs on GaAs(111)B. Also
there is no lateral electrical and spin transport properties of MnAs/thick-InAs (channel) which

are important to approach future spin-FET. Besides, the typical impedance mismatch problem

13



associated with MnAs/InAs hybrid structure can be improved by inserting GaAs barrier layer
in between MnAs/InAs. Therefore, considering the basic properties and advantageous points
of MnAs and IlI-As growth on GaAs(111)B substrate, we believe MnAs/Ill-As hybrid
structures on GaAs(111)B expected to be a suitable candidate for future spin-FET. To realize
spin-FET, there are three main technological challenges are, firstly, efficient injection of spin
polarized charge carrier from a ferromagnetic (FM) into semiconductor (SC) channel and
detection by FM, secondly, SC channel should have strong spin-orbit coupling (SOC) to
precess spin during transport through SC channel, and finally, control of the spin precession by
gate electric field to modulate spin signal. Therefore, to meet the technological challenging
issues for spin-FET, here we report about, development of MnAs/111-As hybrid structures on
GaAs(111)B by means of molecular beam epitaxy (MBE) system. We clarified structural,
morphological, magnetic and basic electrical properties as well as a trial of lateral spin valve
device to investigate the first technological issue about spin injection, transport and detection

into the hybrid structures for spin-FET candidacy check.

Therefore, to clearly present our purpose, chapter 1 describes the background and motivation

of this research including fundamental concepts of this research.

Chapter 2 describes epitaxial growth details of MnAs/IlI-As on GaAs(111)B, structural,
morphological, basic electrical properties and magnetic properties of the as grown hybrid

structure.

Chapter 3 describes fabrication process of transmission line model device (TLM) to evaluate
contact properties of MnAs/I11-As and also we designed and investigated spin injection and
detection into a lateral spin valve device geometry of MnAs/IlI-As hybrid structures on

GaAs(111)B.

Chapter 4 describes brief summary and future prospective of the propose hybrid structure.

14
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Chapter 2
Epitaxial growth of MnAs/Il1-As on GaAs(111)B
and its structural, electrical and magnetic characterizations

2.1 Introduction

As discussed in Chap. 1, the importance of the propose structure but a number of questions

remain unanswered including not limited:

e Epitaxial relation of MnAs/InAs on GaAs(111)B substrate

e Surface morphology

e Magnetic behavior of the structure

e Basic electric properties
This chapter details the preliminary work undertaken in attempting to answer these questions.
In section 2.2, molecular beam epitaxial growth (MBE) procedure to grow MnAs/thick-
InAs/GaAs(111)B hybrid structure is discussed alongside by in-situ reflection high energy
electron diffraction (RHEED) images demonstrating surface reconstruction. Also ex-situ x-ray
diffraction (XRD) study to elucidate crystal structure of the hybrid structure in section 2.3,
atomic force microscopy (AFM) and magnetic force microscopy (MFM) to observe surface
morphology in section 2.4, superconducting quantum interference device (SQUID)
magnetometer to study magnetic behaviors in section 2.5, and Hall effect measurement to study
basic electrical properties in section 2.6 of the as grown sample structure have been presented.

A brief conclusion of this chapter has been discussed in section 2.7.
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2.2. MBE growth

MBE was first succeeded with III-V semiconductors by Arthur [1] and Cho [2] at Bell
Laboratories in 1960s. The method allows for the controlled growth of thin film crystalline
materials on substrates composed of either the same (homoepitaxy) or different (heteroepitaxy)
material. The main advantageous points of this technique the ability to control the layer
thickness to the sub-monolayer level, the ability to fine tune electronic properties such as the
band gap through epitaxial strain and the growth of multilayer structures. This method needs
ultra-high vacuum (UHV) chambers. This is particularly important where either or both of the
electronic properties and crystallographic structure are adversely affected by the incorporation
of contaminants. Figure.2.1 shows a basic building block of our ultra-high vacuum MBE
system. The three chambers are separated by gate valve. The main growth chamber with source
cells and in-situ RHEED system is separated from load lock chamber by a buffer chamber in
between to avoid direct expose of main chamber with atmosphere during loading and unloading
samples. The pump systems are connected to each chamber continuously running for

evacuation of the chamber.

RHEED
Main Buffer
Chamber chamber Lgﬁd |C:3Ck
GV ~5x10-1° ~6x10-"" Torr amboer
S0 o ~3x10° Torr
GV GV \
N
K-Cells ‘ GV GV
i | P |
TMP
RHEED: Reflection high energy electron diffraction
TMP: Turbo-molecular pump
RP: Rotary pump =P

IP: lon pump
GV: Gate valve

Fig.2.1 Basic building block of our ultra-high MBE system.
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However, in this following section we will discuss about MBE growth condition of the hybrid

structure and in-situ RHEED observation.

2.2.1 Growth and in-situ RHEED observation

MnAs/InAs and InAs/GaAs interfaces is expected to have misfit dislocations due to lattice
mismatch (MnAs/InAs ~14% and InAs/GaAs ~7%). However, on GaAs(111)B the sliding
planes with 3 sliding directions of MnAs and InAs are expected to be in-plane, the degradation
of physical properties by the dislocations is expected to become weaker by networking the
dislocations. We carried out molecular beam epitaxial (MBE) growth of MnAs(~5-200
nm)/GaAs(~0-10 nm)/thick-InAs(~200-1200 nm) /GaAs(111)B hybrid structures. First, we
optimized epitaxial growth conditions of MnAs/I11-As hybrid structures on GaAs(111)B. To
do so, we consider, MnAs/InAs/GaAs(111)B. To carry out epitaxial growth, we choose InAs
growth temperature ~480 °C which is in between typical growth temperature ~ (450-500) °C
[3, 4] in MBE system. For MnAs growth, we choose two substrate temperatures one at high
~480 °C same as InAs growth temperature to get MnAs/InAs interface at same temperature,
and another one is ~250 °C which is typical growth temperature ~(200-250) °C [5, 6] of MnAs.
The target layer hybrid structure details is shown in Fig.2.2 (a). To carry out the growth, we
used semi-insulating GaAs(111)B substrate with 12 mm X 15 mm and carried out organic
cleaning in acetone 5 minutes, in methanol 5 minutes and in deionized water (DIW) 5 minutes
and inorganic cleaning in semico-clean 10 minutes and in DIW 5 minutes followed by organic
cleaning. Then it is loaded into a conventional solid source MBE system mounting on
molybdenum block by Indium (In). After preheating of the substrate up to ~370°C in the
vacuum, it is transferred into the growth chamber for growth. We grow three samples of MnAs,

one at high temperature (HT) ~480 °C and two at low temperature (LT1,LT2) ~250 °C. In the
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case of HT and LT1 samples, Mn cell was at ~900 °C during InAs growth. Actually, due to the
result of LT1 sample, we carried out LT2 sample at Mn cell standby temperature ~450 °C
during InAs growth. MBE growth conditions are shown in Fig. 2.2. (b) GaAs(111)B substrates
always exposed to an excess As ambient with beam equivalent pressure (BEP) ~1.5x10 Torr.

After native oxide removal at ~600 °C in 15 minutes, temperature stabilized at ~480 °C.

""" Ty ey T T LY Ty O Ty F ol 10'2
-——High Temp. MnAs growth (b) 10_3
Low Temp. MnAs growth ] 4
- As flux; In flux; - -Mn flug 10
[ 110°—
L Thermal In exposure -6 o
| cleaning - 10 |S
~ 600 °C i 10-7‘;’
i W 82
GaAs(111)B e 1 110
substrate - 480°C -480°C J10°
- {MnAs gvowm; ~ample
| - 250% | unloaded _- 10'10
(o Sera—— 1 PP 1 A [P P A 10-11

0 60 12 18 240 300
Time [min.]

Fig.2.2 (a) Target layer hybrid structure (b) MBE growth conditions of the hybrid
structures.

We used in-situ RHEED system at 15 KV and 50 pA condition to monitor surface
reconstruction of the samples during growth along GaAs<-110> lateral directions. Just before
starting InAs growth, we observe GaAs(111)B surface by RHEED and it shows GaAs(111)B-
(2x2) as shown in Fig.2.3 (a) surface along GaAs<-110> directions. At substrate stabilized
temperature at ~480 °C thick InAs growth of 1.2 um (In BEP ~8.0x10° Torr) were carried out
in 1 hour with different Mn cell temperatures. The RHEED patterns show InAs(111)-(2x2) as
shown in Fig.2.3 (b) streaky patterns for the all samples which is similar to InAs on
GaAs(111)A [7], with time, the RHEED streak distance shrinkage laterally by keeping (2x2)
streaky pattern which implies lattice transition from GaAs to InAs. When InAs growths were

finished, again substrate temperature were stabilized for MnAs growths and MnAs growths
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were carried out in 1 hour (Mn BEP ~6.4x10® Torr) for HT, LT1, and LT2 samples. HT
growth of MnAs vanishes the As-terminated (2x2) surface with time no periodic pattern as
shown in Fig.2.3 (c). But in the case, LT1 and LT2 samples shows MnAs(0001)-(2x2) surface
and we observe, with time, the RHEED streak distance increases laterally by keeping (2x2) as
shown in Fig.2.3 (d) streaky pattern which implies lattice transition from InAs(111) to
MnAs(0001) surface similar to MnAs(0001) directly grown on GaAs(111)B surface [8-10].
The streaky patterns at LT1 and LT2 samples suggest layer by layer (two dimensional) epitaxial
growth of MnAs and InAs on GaAs(111)B. This is also known as Frank-van der Merwe growth
mode. On the other hand, the disappearance of RHEED streak indicates the growth layer might
be coalescence [11] (induced by lattice mismatch between two layers) into InAs layer which
may result in poly-crystalline growth. This type of growth related to three-dimensional growth

known as VVolmer-Webber mode.

Therefore, the low temperature MnAs growth suggests good layer by layer epitaxial growth of
the hybrid structure. From now, we concentrate on low temperature MnAs growth condition

for the rest of the samples in the work.

(c)

MnAs
No order

InAs
(2x2)

Fig.2.3 RHEED observation images of MnAs(200 nm)/InAs(1.2

um)/GaAs(111)B hybrid structures.

Now, we plan to grow MnAs/GaAs/InAs/GaAs(111)B hybrid structure at low temperature
MnAs growth. The GaAs growth temperature has been kept to ~480°C to grow epitaxial growth
rather than high temperature growth [12]. The reason is to keep InAs layer insensitive to

temperature during GaAs growth. The details of MnAs/GaAs/InAs/GaAs(111)B hybrid
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structure is shown in Fig.2.4 (a). Figure.2.4 (b) shows details of MBE growth conditions. The

growth rate of GaAs was 3.6 nm/min.

1400 1107
- —— Growth temperature (b) 4 192
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I Ga flux; Mn flux ]
01000 F :
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L - GaAs M Siioeane il 10 x
5 600_ I ate 1 fneson 3
InAs (200 nm) § 400
2 na 110°
GaAs(111)B Sub. 200 [ s ffF wons \ sampe {1010
- ~480°C ~250°C unloaded
0 10™

Time [abr. unit]

Fig.2.4 (a) Target layer hybrid structure (b) MBE growth conditions of the hybrid structures.

The RHEED observation of InAs and MnAs shows similar surface periodicity as already earlier
at low temperature MnAs case. Here, we closely monitor the growth behavior of GaAs
insertion. The growth rate of GaAs was 3.3 nm/min. In RHEED observation along <-110>
directions, for 1 and 3 and 10 nm GaAs barrier, we see 1 and 3 nm show no changing of lateral
lattice distance. We only see that 10 nm GaAs barrier shows changing of lateral lattice distance
(d) as shown in Fig.2.5. Thus it seems InAs surface changes to GaAs in the case of 10 nm GaAs

barrier.

InAs (200 nm) GaAs (1 nm) GaAs (3 nm) GaAs (10 nm)

Fig.2.5 In situ RHEED pattern for different barrier thickness GaAs on InAs.
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We also carried out time evaluation of RHEED images to see lattice transition of InAs and
GaAs shown in Fig.2.6 (a) and (b) respectively. We see double step lattice transition ~4 nm of
InAs from GaAs surface and abrupt lattice transition of GaAs ~3.6 nm from InAs lattice
respectively. The origin of these transition is still unclear for such lattice mismatch growth.
The diffraction from <-110> directions and considering strain relaxed InAs layer the extracted
lattice parameter of GaAs is close to bulk value (~5.65 A). However, MnAs lattice transition
estimation was difficult to be evaluated due to surface change during reduction of growth

temperature as shown in Fig.2.2 (b).

InAs thickness [nm] GaAs thickness [nm]
0O 2 4 6 8 10 12 O 2 4 6 7 9 1M1
440 [ T T T T T T T T T T T i 440 T T T T T T T T T T
4.35 |- = ° InAs growth (a) - 4.35 |- -~ - GaAs growth (b)
% 4.30 N e %‘ 4.30 -InAs lattice '
S 425 - " InAslatice g 425F : -
3 420 [ , transition @ ~ 4 nm ] ® 420 [ : -
© ™ e o o . -
g 4.15 |- ! - o 415 j .
Ea10F, - . £ 410 : 5
I [ o = —= 405} : -
g 4.05 L, g 400 F : GaAs lattice
® 4.00 5oAs jattice . LG * transition@ ~ 3.6 nm ]
3.95 [ 1 7 3% : ]
o]0 JL S TP U T U B 3ogot—r»~>— 4Ll
0 6 12 18 24 30 36 0 30 60 90 120 150 180
InAs growth time [sec.] GaAs growth time [sec.]

Fig.2.6 Growth time versus lateral distance (d) curves for (a) InAs (b) GaAs.
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2.3 Epitaxial relations

In order to clarify the crystal structures and their relations. We carried out XRD measurement
by X’Pert PANalytical diffractometer at room temperature for HT, LT1 and LT2 samples. The
basic principle of XRD measurement has been discussed in appendix-A2. The incident x-ray

beam wavelength was 1.540598 A. Figure 2.7 shows the 26 scanning result between 20° and

T T | L —3

-~ N q HT(a)

~c= a a8 8§ 4 (@)

o T 9% S g 7

|22 2 <2 8 .

|52 22118 2 S
= LN & £ £ 3 Table 2.1 Extracted lattice parameters
= [ = = 3
2 [ee ~ & LT10) GaAs | InAs | MnAs
2 [HEY 848§ ] |
s, :—% ‘%8 72 8 3 samples a a c
> Fl°2 E|<‘B g (Al | [A] [A]
=t [ [ -
2 |= =
S HT 5.69
O f ;
£ ke gg T2 '
- Elgs 88 5 5.65 6.06

Fa|lo © n = 9Q 3

S5 S T 8

= S = |s & 7 LT1, LT2 5.71
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Fig. 2.7. XRD spectra of MnAs/InAs/GaAs(111)B obtained by 20-scanning for (a) HT,

(b) LT1 and (c) LT2 samples.

80°. For HT sample, in Fig. 2.4 (a), we see strong peaks of zinc-blende GaAs(111) and (222)
at ~27.31° and ~56.36°, and InAs(111) and (222) at ~25.44° and ~52.24°. We also see weak
peaks at ~31.87°, ~42.23°, ~49.00°, and ~65.56°. According to the powder diffraction data of
hexagonal MnAs [13], these indicate hexagonal MnAs (10-11), (10-12), (11-20) and (0004)
respectively. The results suggest poor alignment of hexagonal MnAs layer with zinc-blende

InAs and GaAs. It seems poly-crystalline growth of MnAs at HT sample. For LT1 and LT2
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samples, in Fig. 2.4 (b) and (c), we see zinc-blende GaAs(111) and (222), and InAs(111) and
(222) similar to the HT sample. We also see relatively strong peaks at ~31.29° and ~65.26°,
which are hexagonal MnAs(0002) and (0004) respectively. In LT1 and LT2 samples, peaks
from hexagonal MnAs(0002) and (0004) and no additional peaks observed that means single
crystalline epitaxial growth of MnAs which are similar to MnAs directly grown on
GaAs(111)B [14]. From the 26 data, of GaAs(111), InAs(111), MnAs(0004) the extracted
lattice parameter GaAs, InAs and MnAs for HT, LT1 and LT2 samples has been summarized
in table 2.1. From the table, we see the extracted lattice parameter for hexagonal MnAs of ¢ ~
5.69 A for HT sample having little angle shift (0.3 deg.) of (0004) which is differ from LT1,
LT2 samples lattice parameter ¢ ~ 5.71 A a similar value to bulk case[15]. The poly-crystalline
growth mixing of different plane results strained c-axis of hexagonal MnAs result in not relaxed.
The angle shift of HT MnAs(0004) implies tensile strain exist in the film result in no relaxation
layer. Also we see lattice parameters for cubic InAs and GaAs of a ~ 6.06 A and a ~ 5.65 A,
respectively for HT, LT1 and LT2 samples. The LT1 and LT2 samples’ lattice parameters are
consistent with their bulk values [15, 16] which imply that the grown epitaxial layers are strain
relaxed and lattice mismatch. The LT1 and LT2 samples results suggest good alignment of
hexagonal MnAs on zinc-blende InAs and GaAs(111)B and no coexisting of hexagonal (0002)
and orthorhombic plane in 2theta measurement. Therefore, we mainly concentrated on low
temperature grown MnAs samples. However, the GaAs grown layer on InAs/GaAs(111)B is

possibility of broadening GaAs peaks through lattice relaxation because of underneath InAs layer
having larger lattice constant (a ~ 6.05 A) than that of GaAs (a~5.65 A). To clarify any effect of GaAs
barrier on GaAs substrate peak. We carried out simulation in Omega/2theta scanning. It seems the 10
nm relaxed GaAs(111)B makes the GaAs peak broadening as shown in Fig. 2.8. But in XRD study,
InAs and MnAs and GaAs grown layers shows similar peak positions with GaAs insertion samples as
shown in Fig.2.9. The GaAs insertion effect seems not apparent in the present study. Larger GaAs

thickness dependent study are necessary.
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Fig. 2.9 XRD spectra of MnAs/GaAs/InAs/GaAs(111)B obtained by 26-scanning.

We carried out w scanning of InAs(111) and MnAs(0002) to elucidate the deviation of c-axis
normal to the planes as shown in Fig.2.10 (a) and (b). Peak positions are almost zero, i.e. the
w values at the peaks are almost same as the 6 values in 26 scanning. The result indicates

almost no tilting of both InAs and MnAs layers to GaAs substrate. From the peak broadening
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of InAs(111) and MnAs(0002), we estimated the threading dislocation densities using the

following expression;
(AB)? =KD (2.1)

Where, A is the full-width at half maximum at g (w — 6) plotting, D is the threading
dislocation density and K, is a constant that can be find theoretically [17] and experimentally

[18]. K, can be theoretically estimated by the following expression;
K, = 2mn2(b)? (2.2)

Where, b is the length of Burgers vector and the estimated smallest threading dislocation
density are ~5.5x10% and ~2.5x10° cm for InAs (1200 nm) and MnAs (200 nm), respectively
as shown in Fig. 2.10 (c). The value for InAs seems relatively smaller than that on (001)
assuming same thickness [18]. Hence, from 26 and w scanning results, we can conclude good
stacking of MnAs(0001)/InAs(111)B on GaAs(111)B with less dislocation density at thicker
InAs and MnAs grown layer cases. MnAs tendency seems little bit higher slope due different

InAs thickness layer underneath it.
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Fig. 2.10 B(w-6) scanning curves of (a) InAs(111) and (b) MnAs(0002) (c) Thickness

dependence threading dislocation density of InAs(111) and MnAs(0002).
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For LT1 sample, we also performed lateral ¢ scanning for MnAs(10-12), InAs(004), and
GaAs(004) planes as shown in Fig.2.11 (a). The incident X-ray direction at ¢ = 0° was along
[-211] of GaAs(111)B. We confirmed 6-fold rotational symmetry of MnAs, and 3-fold
rotational symmetry of InAs and GaAs. The results indicate that MnAs[-2110], InAs[-110],
and GaAs[-110] are parallel each other. We can clearly see the relations among hexagonal
MnAs and pseudo-hexagonal GaAs and InAs as shown in Fig.2.11 (b). This result shows good
alignment of hexagonal MnAs and cubic InAs epitaxial layers with cubic GaAs substrate. In

addition, LT2 sample shows similar result to LT1.
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Fig.2.11 (a) Lateral ¢-scanning for MnAs(10-12), InAs(004), and GaAs(004) planes for

LT1 sample (b) Crystal structures and epitaxial relation between the hexagonal MnAs and

pseudo-hexagonal GaAs and InAs [10].

30



2.4 Surface morphology of MnAs

We used Nanoscope Illa tool that perform atomic force microscopy (AFM) and magnetic force
microscopy (MFM) to study surface morphology and magnetic structure of the HT, LT1 and
LT2 samples. We proceeded magnetization perpendicular to the sample surface of magnetic
etched silicon cantilever (MESP) coated with Co/Cr having hard moment (HM) before the
measurements. We measured MFM at the same position of the samples followed by AFM
measurement. The scan size was 4 um X 4 um. HT sample shows large surface root mean
square (RMS) ~104.6 nm in the AFM image Fig.2.12 (a) and the MFM image Fig.2.12 (d)
seems includes much morphological contribution, however, we can see some differences
between AFM and MFM. Therefore, we think that there is a ferromagnetic structure on the
surface. In Figs 2.12 (b) and (e), LT1 sample shows very smooth surface RMS ~1.1 nm in the
AFM image and maze-like magnetic structure in the MFM image respectively, which indicates
the MnAs layer is ferromagnetic. In Fig. 2.12 (c) and (f), LT2 sample shows also smooth
surface RMS ~0.8 nm and contrast maze like magnetic structure in MFM image respectively
which is similar to LT1 sample behavior. In MFM measurement, the RMS information is
excluded. Magnetic cantilever tip is sensitive to out-of-plane components of MnAs stray field.
The interaction between tip and the stray field depends on the relative orientation of cantilever
tip and stray field directions (up or down). To clarify the complex maze like magnetic structure
contrast, assume a ferromagnetic stripe is divided into oppositely oriented bar magnets along
width of the ferromagnetic stripe. The stripe has easy magnetization along the width of the
stripe. The magnetic stray field of the bar magnet-like domains will either point up or point
down, as shown by arrows in Fig.2.12 (g). Parallel and antiparallel magnetization directions of
tip and stray field creates an attractive and repulsive interaction which results in bright and dark

contrast respectively in imaging.

31



RM

1.00

Cantilever tip

magnetization direction

J

s

Fig.2.12. AFM and MFM images: (a) and (d) for HT, (b) and (e) for LT1, and (c¢) and (f)

for LT2 samples respectively. (g). Cantilever and out-of-plane stray magnetic field

Bar magnetic

interaction mechanism in MFM images.

32



2.5 Basic electrical properties

It is important to know basic electrical properties of like sheet (thin film) resistance (ps),

mobility (i), sheet carrier density (n) and carrier type of the grown samples before proceed to

spintronic device application. We perform Hall effect measurement by van der Pauw technique

[19] at room temperature. We prepared 5 mm x 5 mm size sample. We see, in HT sample, p;

~369.5 Q/sq. which is much higher than that of LT1 sample (ps ~6.3 €/sq.). The large pg in

HT sample is seems reasonable due to large surface roughness as discussed in section 2.4. We

found p-type conduction of all samples. We also measured one bare

InAs(~1.2

pum)/GaAs(111)B as reference sample to evaluate in details. Interestingly, p-type conduction

of HT, LT samples seems hided the n-type conduction of bare InAs(~1.2 um)/GaAs(111)B by

higher sheet carrier concentration MnAs. The details of Hall measurement are show in table

2.2.
Table 2.2 A summary of Hall effect measurement data
Mn cell
Conduction
Sample ps [QUsq] | p[ecm?V-s] | ng[cm?] [Status @InAs
type

growth
InAs/GaAs(111)B 219.0 10150 2.5x10% 300 °C n

HT 369.5 91 1.8x10™ | 900 °C
p

LT1 6.3 35 2.8x10%

LT1-MnAs etched 553 4145 2. 7x1012 | 900°C n
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The complete etched out MnAs in LT1, shows InAs sheet p, increase and u decrease which
explains effect of Mn cell status on InAs layer. It seems possibility of Mn into n-type InAs
layer which can act as donor results in decreasing mobility. Therefore, we only concentrate on

LT2 growth condition seems better for epitaxial growth.
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2.6 Magnetic behaviors

To confirm detail magnetic properties of the hybrid structure, we performed magnetization (M)
measurements of low temperature MnAs growth sample using magnetic property measurement
system (MPMS), which is a superconducting quantum interference device (SQUID). The
magnetization of up to 10 emu can be measured even under high magnetic field environment.
We prepared (5x4) mm? sample for the measurement. Figure 2.13 (a) and (b) shows the
normalized magnetization of the hybrid structure at 300 K as a function of applied magnetic
field (H) along two lateral [-2110], [01-10] and out-of-plane [0001] directions of hexagonal
MnAs. We found easy magnetization along lateral directions is isotropic and hard
magnetization along out-of-plane. This behaviors are similar to MnAs directly on GaAs(111)B
[20]. The saturation magnetizations (M) are ~430 emu/cm?® and ~200 emu/cm?®and the coercive
fields (H,) are ~200 Oe and ~600 Oe along lateral and out-of-plane, respectively which implies
strong anisotropy between lateral and out of plane. Here, we have not subtracted the influence
of diamagnetic influence of GaAs and InAs into the magnetization. In the case of lateral
measurement, the magnetic moment of MnAs after the saturation is ~100 times larger than that
of diamagnetic GaAs and InAs at 2000 Oe. Therefore, the diamagnetic contribution is almost
negligible. However, in the case of out-of-plane measurement, the diamagnetic moment
becomes ~15 times larger at 30000 Oe. Therefore, it can give significant contribution into the
total magnetic moment and the difference of saturation magnetization between lateral and out-
of-plane measurements. Since there are also magneto-crystalline anisotropy and demagnetizing
field anisotropy, these can give the difference of coercive field between lateral and out-of-plane
measurements. For thin films the demagnetizing factor can be calculated using ellipsoidal
model [21]. In our sample, the thickness of MnAs(200 nm) is much smaller than its length (5
mm) and width (4 mm). We assume flat sample and using the model [21], we roughly

calculated the demagnetizing factors along lateral directions 0 and along out-of-plane 4. It
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seems, the large demagnetizing factor along out-of-plane contributes largely to demagnetizing
field (~1200 Oe at saturation magnetization) which affect the magnetization along out-of-plane.
This results in different magnetic response between lateral and out-of-plane magnetizations.
However, the lateral isotropic easy magnetization behavior expected to flexible for magnetic

direction which can be helpful to design lateral spintronic device.

600 —————— 600 ——————
—H || [-2110] | ——H || [0001]
e H || [01-10]

5300 a){ &—300 b) -
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0 - 0
= 300 4 =300} _
E P TR 00 S E
60_8000 0 2000 -30000 0 30000
H [Oe] H [Oe]

Fig.2.13 (a) Magnetization curves at 300 K along (a) lateral [-2110], and [01-10]

(b) out-of-plane [0001] directions of hexagonal MnAs.

To study in details, we investigated about lateral magnetization behaviors at varying MnAs
thickness. Figure 2.14 (a) shows the magnetization behaviors of 5, 50 and 200 nm MnAs-
thickness samples. The 5 nm sample shows gradual magnetization switching. It might happen
if the film thickness become discontinuous. The 50 and 200 nm samples show step
magnetization which may be due to continuous film thickness. We also extracted H, field of
the three different MnAs-thickness samples as shown in Fig.2.14 (b). The reduction of H, with
increasing magnetization with MnAs thickness increasing may affected by the different

dislocation density and other structurally related phenomena that affect the nucleation and
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movement of magnetic domains [22]. The 200 nm MnAs-thickness sample seems better in-
terms of low H_ to device application. We investigate in more details of 200 nm MnAs sample.
We carried out lateral angle dependence magnetization at 2000 Oe as shown in Fig.2.15 (a)
which reveals similar magnetization at 2000 Oe ( Fig. 2.13 (a)) at different lateral angles. This

implies complete lateral easy isotropic magnetic behaviors.

1.0 600 - T - T 600

05F

) =400 400 _
- S S
S 0.0 X =

T g =
os 200 |- /. 200
1.0 ulf ‘ ob— .
-2000 2000 0 100 200

0
H [Oe] MnAs thickness [nm]

Fig.2.14 (a) Magnetization curves at 300 K along lateral [-2110] (solid line), [01-
10] (broken line) directions of (a) of 5, 50 and 200 nm MnAs-thickness. (b) MnAs-

thickness versus coercive field and magnetization curve.

We also studied magnetic phase transition temperature (T.) of MnAs as a function of

temperature at magnetic field of 2000 Oe along [-2110] and [01-10] lateral directions. From
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Fig.2.15 Magnetization curves with lateral rotation angle.
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Fig.2.16 (a), we see the sample shows second order phase transition character from
ferromagnetic to paramagnetic (FM-PM) transition is similar along both lateral directions. In
the temperature range between 4 K and 200 K, it seems almost no change of spontaneous
magnetization. Above 200 K the sample shows significant decrease of the magnetization with
increase of temperature. We also extracted T, value by first derivative of magnetization versus
temperature curve [23] as shown in Fig.2.16 (b). The minimum gives the T, ~324 K which is
slightly higher than bulk valve of 313 K. The result might originate from some differences

between thin film and bulk [24].
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Fig.2.16 (a) Magnetization versus temperature curve and (b) its first derivative.
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2.7. Conclusion

We carried out successful molecular beam epitaxial (MBE) growth of MnAs(~5-200
nm)/GaAs(~0-10 nm)/thick-InAs(~200-1200 nm) /GaAs(111)B hybrid structures at low
temperature MnAs epitaxial growth. We see double step lattice transition ~4 nm of InAs from
GaAs surface and abrupt lattice transition of GaAs ~3.6 nm from InAs lattice respectively in
RHEED study. The origin of these transition is still unclear for such lattice mismatch growth.
In 26 x-ray diffraction (XRD) measurement, we see single phase epitaxial growth of hexagonal
MnAs with cubic InAs and GaAs. Also, the extracted lattice parameters are consistent with
their bulk values which imply that the grown epitaxial layers are strain relaxed. To check
deviation of c-axis, we carried out w scanning. From @ and 20 measurement, we also observed
less deviation (InAs ~0.12° and MnAs~0.22°) of c-axis normal to the planes of MnAs(200 nm)
and InAs(1200 nm). The 26 and ® scanning indicates good epitaxial growth of
MnAs(0001)/InAs(111)B/GaAs(111)B. We see reduction of estimated thickness dependence
threading dislocation density from the w-6 broadening with increasing grown layer thickness

following pair annihilation mechanism. It means better crystal quality in thicker case.

The low temperature grown MnAs sample shows better basic electrical properties than HT
sample. The p-type conduction of MnAs hided the n-type conduction of underneath InAs layer.
Besides, we also confirmed smooth surface and maze-like magnetic structures on the low-
temperature grown samples by AFM and MFM measurements. By SQUID magnetometry
measurement, the MnAs/111-As/GaAs(111)B grown sample shows strong magnetic anisotropy
along [-2110] and [0-110] lateral and [0001] out of plane directions. It shows easy and isotropic
magnetization in lateral directions. The MnAs isotropic behavior almost similar to MnAs
directly on GaAs(111)B. We see higher MnAs thickness higher saturation magnetization in

lateral directions which seems related to crystal quality. In lateral directions, it shows over
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room temperature magnetism (estimated Curie temperature ~320-324 K). Over room
temperature T¢ value and isotropic magnetic behaviors in lateral directions gives a good choice
of MnAs for lateral spintronic device design on GaAs(111)B. Therefore, we believe that the

MnAs/InAs/GaAs(111)B can be a base structure for future spin-FETs.
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Chapter 3
Device processing and electrical characterization

of MnAs/Il1-As/GaAs(111)B

3.1 Introduction

It is important to know contact information between ferromagnetic (FM)-MnAs and I11-As
semiconductor (SC) on GaAs(111)B. As MnAs is metal, no band gap exist between valence
band and conduction band. However, usually metal and semiconductor contact nature depends
on work function of metal and semiconductor. If metal work function (g@,,) differ to
semiconductor work function (q@,) band bending take place into semiconductor which results
in rectifying or Ohmic contact depending on the semiconductor conduction type [1]. The
amount of band bending is given by the difference of work functions of metal and

semiconductor. This can be expressed in terms of barrier height g@,, as follows;

q9p = q9m — q9s (3.1)

To this end, for, MnAs/InAs contact, we assume no contribution of surface dipole to the work
functions of metal and semiconductor. We roughly estimated MnAs work function as ~4.21
eV from MnAs/Si interface [2] using 0.16 eV barrier height (between MnAs/Si) and Si electron
affinity 4.05 eV by neglecting (Ec-Er) of n-doped (~4.4x10% cm™) Si as shown in Fig. 3.1(a).
Since, InAs fermi level just over the conduction band then neglecting the (Ec-EF) of InAs, we
assume InAs work function similar to InAs electron affinity ~4.90 eV [3] at room temperature
which is higher than MnAs work function. According to equation (3.1) the negative barrier
height (~ -0.69 eV) between MnAs/InAs contact and fermi level pinning over conduction band

edge of InAs [4] expected to show barrier free Ohmic contact. The estimated carrier
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concentration at the band bending of two dimensional electron gas of (2DEG) InAs is ~7x10%®
m2. Using the estimated carrier concentration, we also estimated electric field ~7.9x107 V/m.
Hence, we estimated bending distance position at constant electric field from the interface
which is around ~9 nm. The estimated contact profile of MnAs/InAs and MnAs/GaAs/InAs
can be represent in terms of energy band diagram with GaAs affinity () as shown in Fig.3.1(b)
and Fig.3.2 in details. Here, E;,E, and Ep are energy level of conduction band minimum,

valance band maximum and fermi-level respectively.

(a) (b) InAs
— Evacuum
MnAs . NInAsf
1 E\.‘-_SL“-___Evacuum 1 E
g0,=421eV| i q9s=4.05 eV q0.= 4.90 eV

q9,,=4.21 eV

i —p
19 nm;

Er . A '.'---M‘_—_T_—__-__EC Er-------- Y Rk 2 E.
; 0.69 eV 0.42eV
P 112ev E,
i ~———"5 E "
. $» position . > position

Fig.3.1 Energy band diagram of (a) MnAs/Si [2]; (b) MnAs/InAs contact expected from (a).
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Fig.3.2 Energy band diagram of MnAs/GaAs/InAs contact.

However, to understand tunneling probability of conduction electron through the GaAs barrier. A

details theoretical discussion has been carried out in appendix-A3.

However, to know expected Ohmic contact between MnAs/InAs, we studied transmission line
model (TLM) device [5]. TLM is a lateral device structure. We study TLM to extract contact
information of HT, LT1, LT2 samples. The detail of TLM processing and measurement has
been discussed under section 3.2. We also investigated a trial of lateral spin valve device
application of MnAs/GaAs/InAs/GaAs(111)B hybrid structures. The details of spin valve
device processing and measurement has been discussed under section 3.3. Finally, a brief

conclusion of this chapter has been discussed in section 3.4.
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3.2 Transmission line model (T LM) device

To measure contact information between metal and semiconductor, there is resistance
associated with Ohmic metal-to-semiconductor. The details of TLM basic has been discussed
in appendix-A4. To evaluate the contact properties in detail, a test pattern composed of
differently spaced contacts pad are prepared through TLM device processing. The detail of

TLM processing and measurement has been discussed in section 3.2.1 and 3.2.2 respectively.
3.2.1 Device processing

We carried out photo-lithography technique to fabricate TLM device. The schematic of the

TLM device process flow is shown in Fig.3.3 and the process steps are shown in table 3.1.

MnAs

Gans(111)B

” ’ ’ﬂ Electrode transfer

Jg 47 47 Resitcoatng

Mesa formation

Fig.3.3 TLM device Process steps (top-down) schematic.
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Table 3.1 Process steps (top-down) for TLM device

1. MnAs electrode formation

Resist coating Conditions & operation comments
Image reversal
(IR):
Drying HP 110 °C, 3min.
Coating AZ5214E, at 500 rpm, 3sec,4000 rpm 30
sec, 6000 rpm 2sec.(with slope 2)
Baking at 110 °C, 1min.

UV exposure

60 mJ/cm?, 5.5 sec.

With desired mask

Reversal bake

at 115 °C, 2min.

Critical

Flood exposure

300 mJ/cm?, 27.5 sec.(10.9mw/cm?)

Without mask

Developing NMD-W 2min., DIW 2min. N2 blowing

Checking Under microscope Clean pattern

Etching

Ashing O plasma, 10w, 25Pa, 30sec.

Etching Etching: HsPOs4: H202:H.O (3:1:200) , | Etching of MnAs
2min. DIW 2min., N2 blowing (240nm)

AZ5214E resist | In 1165 HP 60 °C, 15min. Acetone 5min., | Avoid DIW  for

removal Methanol 5min. N2 blowing MnAs
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2. InAs MESA formation

Resist coating

Drying at HP 110 °C 3min.
Coating TSMR 8900, 500rpm 3sec, 4000
rpm ,60sec. 6000 rpm 2sec(slope 2sec)
Baking HP 110°C, 1 min.
Masking Exposure 75mJ/cm? , 6.9 sec. Make sure good
alignment
Developing NMD-W 1min. DIW 2min.

Mesa formation

Descum

O plasma, 10w, 25Pa, 30sec.

Etching

H3PO4:H202:H20(3:1:50), 12min.; DIW

2min. N2 blowing

Complete mesa:
Etching rate :
InAs 120nm/min,

GaAs 100nm/min

Resist removal

1165 HP 60 °C, 5min, In acetone 2min.

methanol. 2min. N2 blowing

Avoid water for

MnAs
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Figure.3.4 shows a fabricated TLM device structure. The electrode width and length were
~180 pum and ~90 um, respectively. This is close to design value 200 um. The channel length
were varied between ~10 um and ~70 um. The channel width and electrode width were same.
However, due to MnAs electrode formation InAs channel etched out ~50 nm in between
electrodes. Therefore we have modified TLM model by considering different thickness of InAs
channel underneath MnAs electrode and in between MnAs electrodes in appendix-A4. There

are significant side etching in wet chemical etching technique.

Fig.3.4 Optical microscope image of TLM device.

3.2.2 TLM measurement

Figure 3.5 shows schematic of measurement setup for TLM devices. We use device analyzer

to measure the TLM devices. Figures 3.6 (a), (b) and (c) show current (I)-voltage (V)
1l

77 o

%

GaAs(111)B

111 1NAS[11-2] e ey

Fig. 3.5 TLM measurement configuration.
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characteristics of TLM devices of HT, LT1 and LT2 samples respectively with the current flow
along [11-2] lateral direction of cubic InAs. Each curve is linear. Therefore, we can conclude

MnAs/InAs interface is Ohmic contact as expected.

0.01 — ———— 0.01

L T ﬁl A T T T ' L) L) L L)
| ——[=9.6 ym i —[=23.5um
| —— =19 :m (a) i [ —— =335 um (b) I
— [=28 um [ ——L[=42.0 um
——[=35um t ——L[=51.5um
| ——L=52um | ——L=60.5um

o HT 4 -
001 b ) o Y S
0.1 0.0 0.1 0.1 0.0 0.1
VI[V] V[V]
LR s o o e o g
[—— L =28 um (c)
f——L =37um
| —— [ =46 um
E | —— L =55um
EOOO _-—L=65um
<
-
001 b
-0.1 0.0 0.1

VIV]
Fig.3.6 Current-voltage characteristics of TLM devices of (a) HT, (b) LT1 and (c)

LT2 samples with current flow along InAs [11-2] direction.
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Figure 3.7 (@) and (b) shows TLM plots of HT, LT1 and LT2 samples, and isotropic plots in-
plane directions of LT1 sample (only) respectively. The extracted electrical parameters from
TLM plots, sheet resistance (ps,) of InAs channel, and sheet resistance (ps;) underneath
electrode extraction method has been mentioned in appendix-A4. The contact resistance, (R,)

between MnAs/InAs and specific contact resistance ( p.) are summarized in table 3.2.

_—-—I'II InAs[—11'O] '
—— | || INAS[11-2]
I (b)
0 R PO O M HC (o) PR P S
10 20 30 40 50 60 70 0 20 40 60
L [um] L [pm]

Fig. 3.7 (a) TLM plots of HT, LT1 and LT2 samples. (b) Isotropic TLM of LT1

sample

Table 3.2 Extracted TLM parameters

Sample | ps1[€/sq.] R [Q-cm] L: = R./psy [UmM] Pec = % [Q-cm?]

HT 2023 2.8 13.8 3.8x1073
LT1 910 0.6 6.6 3.9x107*
LT2 660 0.2 3.0 6.0x107°
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From the table 3.2, we see HT sample shows very higher (ps;) and p. than LT1 and LT2
samples. The reason is due to rough sample surface which results in increasing the resistance.
The pg; of LT1 and LT2 samples seems not significant different in their TLM properties.
Above all, the low temperature grown MnAs samples seems better electrical properties.
However, low temperature grown MnAs samples have little higher specific contact resistance

through MnAs/InAs interface than typical Ohmic contact of I11-V semiconductors [6].
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3.3 Lateral spin valve device

To confirm spin  injection  (Inj.), transport and detection (Det.) into
MnAs/GaAs/InAs/GaAs(111)B hybrid structures. We attempt to process lateral spin valve
geometry of this structure. The details of device processing and measurements have been

discussed in section 3.3.1 and 3.3.2 sections.

3.3.1 Device processing

We fabricated lateral spin-valve devices of chip size (2x2) mm?2. We carried out electron-beam
lithography (EBL) for FM MnAs electrode formation. With considering the side etching of
MnAs as mentioned in TLM processing and also considering LSV device size, we used the
combination of electron-beam lithography (EBL) and Ar+ ion beam etching to precisely
control device size. The Ar* etching is expected to be advantageous point for avoiding side
etching. The etching rate of MnAs, GaAs and InAs were ~25 nm/min, ~30 nm/min and ~100
nm/min respectively. The dteails of process flow is shown in Fig. 3.8. Table 3.1 shows the

details of process steps.
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Fig.3.8 Lateral spin valve device process flow.
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Table 3.1 lateral spin valve device process steps

1. MnAs/GaAs Electrode formation

Process Action and condition Comments
Cleaning Acetone dip (3min); Methanol dip
(3min) ,N2 blow
Baking Hot-plate (110 °C, 3 min)
OAP coat N2 blowing, OAP dropping

500rpm 3sec, slope 2sec
3000rpm 30sec, slope 2sec

Hot-plate (110 °C, 3min)

SAL601-SRY7 coat

N2 blowing

SAL601-SR7 dropping
500rpm 3sec, slope 2sec
4000rpm 60sec, slope 2sec

Hot-plate (110 °C, 1min)

Lithography

Exposure (4-8uC/sqcm, 50pA, 0.7us)

Post exposure baking

Hot-plate (100 °C, 5min)

Development

NMD-W (12min)

DIW dipping (3min)

Baking

Hot-plate (120 °C, 5min)

Descum

Ashing (O, 50Pa, 150W, 0.5min)
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Ar+ etching

ECR(Ar: 1sccm, 500eV, 100W, 2.5
min) (e  10-11mA, Ji 0.75-

0.8mA/sqcm)

(60-70)nm

Resist removal

1165 dipping (60 °C,15min)
Methanol dip (3min)
N2 blow

Ashing (O, 50Pa, 30W, 2-3min)

MnAs moisture

sensitive

2. InAs MESA formation

Cleaning Acetone dip (3min)
Methanol dip (3min)
N2 blow
Baking Hot-plate (110 °C, 3 min)
OAP coat N2 blowing

OAP dropping
500rpm 3sec, slope 2sec
3000rpm 30sec, slope 2sec

Hot-plate (110 °C, 3min)

SAL601-SR7 coat

N2 blowing

SAL601-SR7 dropping
500rpm 3sec, slope 2sec
4000rpm 60sec, slope 2sec

Hot-plate (110 °C, 1min)

Lithography

Exposure (4-8uC/sqcm, 50pA, 0.7us)

Post exposure baking

Hot-plate (100 °C, 5min)

Development

NMD-W (12min)
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DIW dipping (3min)

Baking Hot-plate (120 °C, 5min)
Descum Ashing (O, 50Pa, 150W, 0.5min)
Ar+ etching (Ar: 1sccm, 500eV, 100W, 4.5min) 260-270 nm

(Ie: 10.6mA, Ji: 0.78mA/sqcm)

Resist removal 1165 dipping (60 °C, 20min)
Acetone (3min)

Methanol dip (3min)

N2 blow

Ashing (O2, 50Pa, 30W, 1 min)

3. Ti/Au metal pad formation

Cleaning Acetone dip (3min)

Methanol dip (3min)

N2 blow
Baking Hot-plate (110 °C, 3 min)
Resist coat N2 blowing

LOL-2000 dropping

500rpm 3sec, slope 2sec,

3000rpm 30sec, slope 2sec
6000rpm 2sec slope 2sec
Hot-plate (180 °C, 3min)

N2 blowing, TSMR 8900 dropping
500rpm 3sec, slope 2sec

4000rpm 60sec, slope 2sec

6000rpm 2sec slope 2sec
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Hot-plate (110 °C, 1.5min)

Lithography

Exposure (70-80mJ/sqcm)

Development

NMD-W dipping (60sec)
DIW dipping (2min)

N2 blowing

Descum

Ashing (O, 50Pa, 10W, 30sec)
Semico-clean dipping (3min)
DIW dipping (3min)

N2 blowing

Evaporation

Vaccum pressure (~10* Pa)
Ti (~0.05nm/sec, 10nm)

Au (~0.3nm/sec, 150nm)

Lift-off

1165 dipping on hot-plate (60 °C)
Acetone dipping(3min)
Methanol dipping(3min)

N2 blowing
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We have observed almost no side etching during MnAs/GaAs electrode and InAs channel

formation. Figure.3.9 shows an optical image of the fabricated device structure.

(MnAs underneath GaAs/InAs layer)
Lead to access device

Fig.3.9 Optical microscope image of lateral spin valve device geometry.
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3.3.2 Non-local spin valve (NLSV) measurements

Typically, the NLSV signal is measured outside the input circuit. The concept of NLSV
measurement is shown in Fig. 3.10 (a) where the input bias between Ohmic and FM electrode
and non-local voltage measured between one different size FM near input FM and Ohmic
electrode. We can measure pure spin current as clearly seen in electro-chemical potential

distribution with bias electric field as shown in Fig. 3.10 (b).

| GaAs(111)B ﬁ

A
(b)
" l\ : Position

Fig. 3.10 (a) NLSV measurement circuit (b). Electro-chemical potential

Electro-chemical
potential
o

distribution with bias electric field.

However, to observe spin valve signal we carried out magnetization switching behavior of the
designed FM electrodes by MFM measurement. We could clearly observe magnetization
switching in lateral direction. The details of magnetization switching behavior is shown in Fig.

3.11 which is hopeful for lateral spin valve device application.
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MFM as prepared

MFM with field

statingswitch ©  antiparalel  ©  parallel (down)
Fig. 3.11 No external magnetic field (a) AFM, (b) MFM; MFM with applied magnetic
field (c) applied field 100 mT makes parallel (P) magnetization of electrodes, (d) Opposite
direction magnetic field applied 30 mT to start switching magnetization directions, ()
Magnetic field increased to 50 mT seems magnetic switching, (f) 3 um size FM switched
earlier than 1 pm as expected which makes antiparallel (AP) state, (g) 1 um FM switching

complete becomes parallel.

Figure 3.12 (a) shows a schematic of NLSV measurement configuration for both samples. We
carried out electrical measurement of the configuration at 1.5 K with AC lock-in technique
setting lock in frequency 397 Hz. The input current was 1 pA (AC). We superimposed 10 pA
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(DC) with 1 pA (AC) input to make AC current flow in one direction. We sweep magnetic
field (B) between + 150 mT parallel to GaAs[-110] and current flow through InAs channel
along GaAs[11-2] lateral directions. Appendix A-5 shows details of the low temperature
measurement setup. We converted the measured non-local voltage, Vy; (AC) in terms of Ry,
resistance signal by diving the measured voltage by the 1 pA (AC) input current. The NLSV
signals are unclear and seems obscured by noise of both samples. The similar behavior repeats

when we exchange the injection and detection FM.

=
4

| GaAs(111)B

B || GaAs[-110]

Fig.3.12 NLSV measurement configuration.

Fig. 3.13 (a) and (b) show NLSV curves at FM electrode spacing 1 pum of 1 and 3 nm GaAs

insertion samples respectively.
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Fig.3.13 Unclear NLSV signal of (a) 1 nm GaAs, (b) 3nm GaAs insertion samples.
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The reason why NLSV unclear because, from 3-terminal measurement, we see very small
difference of the magnetization switching between 0.5 and 3 um size FM electrodes as can be
seen from the 3-terminal subtraction signal shown in Fig.3.14. The difference between them

seems ~10 mT.
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Fig.3.14 3-terminal subtraction signal of 3 and 0.5 um electrode.

It seems larger size device accessing lead (Fig.3.9) than FM electrode in the device dominating
switching behavior of FM electrode in the device. Also, from TLM study under section 3.2,
chapter 3, we see transfer length ~ 3 um. As the device accessing lead is far away from device
and larger length laterally than transfer length, there is a possibility of current penetration
around device accessing lead which may weaken input current into the device.

Therefore, considering these possible problems, we have processed device with replacing the
device accessing lead with ferromagnetic Ni to keep constant current input into the device. The

details of device processing will be discussed in section 3.3.3.
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3.3.3 Modified lateral spin valve device processing

We kept same device geometry same as discussed in section 3.3.1. We have only replaced
device accessing lead with Ni lead. We used GaAs 1 nm insertion sample for the device
processing. The main steps of device processing are as follows;

1. InAs mesa formation

2. MnAs/GaAs electrode formation

3. Ni lead formation

4. Ti/Au metal pad formation

Figure.3.15 shows the details of processed device image. Table 3.2 shows process steps details.

Ni lead electrodes
on GaAs substrate

Fig.3.15 Optical microscope image of modified lateral spin valve device geometry.
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Table 3.2 Modified lateral spin valve device process steps

1. InAs Mesa formation

Process Action and condition Comments
Cleaning Acetone dip (3min); Methanol dip
(3min) ,N2 blow
Baking Hot-plate (110 °C, 3 min)
OAP coat N2 blowing, OAP dropping
500rpm 3sec, slope 2sec
3000rpm 30sec, slope 2sec
Hot-plate (110 °C, 3min)
SAL601-SR7 coat N2 blowing
SAL601-SR7 dropping
500rpm 3sec, slope 2sec
4000rpm 60sec, slope 2sec
Hot-plate (110 °C, 1min)
EB Lithography Exposure (4-8uC/sqgcm, 100 pA, 0.7us)
Development NMD-W (1.5min)
DIW dipping (10 min)
Ar+ etching ECR(Ar: 1sccm, 500eV, 100W, | 260-270 nm

4.5min)

(le: 10.6mA, Ji: 0.78mA/sqcm)

Resist removal

1165 dipping (60 °C, 20min)

Acetone (3min)
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Methanol dip (3min)
N2 blow

Ashing (O, 50Pa, 30W, 1 min)

2. MnAs/GaAs electrode

formation

Cleaning Acetone dip (3min)
Methanol dip (3min)
N2 blow
Baking Hot-plate (110 °C, 3 min)
OAP coat N2 blowing

OAP dropping
500rpm 3sec, slope 2sec
3000rpm 30sec, slope 2sec

Hot-plate (110 °C, 3min)

SAL601-SR2 coat

N2 blowing

SAL601-SR2 dropping
500rpm 3sec, slope 2sec
4000rpm 60sec, slope 2sec

Hot-plate (110 °C, 1min)

EB Lithography

Exposure (4-8uC/sqcm, 50pA, 0.7us)

Development

NMD-W (2min),

DIW water dipping (3min)

Ar+ etching

ECR(Ar: 1sccm, 500eV, 36 W, 2.5

min) (Ie: 4.0mA, J;: 0.30mA/sgcm)

(60-70 )nm

Resist removal

1165 dipping (60 °C,1hour),ultrasonic

1165(40% 2min)

MnAs moisture

sensitive
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Acetone (3min)
Methanol dip (3min)

N2 blow

3. Ni lead formation

Cleaning Acetone dip (3min)
Methanol dip (3min)
N2 blow
Baking Hot-plate (110 °C, 3 min)
Resist coat N2 blowing

LOL-2000 dropping

500rpm 3sec, slope 2sec,
3000rpm 60sec, slope 2sec
Hot-plate (180 °C, 3min)

N2 blowing, GL-2000-M dropping
500rpm 3sec, slope 2sec,
4000rpm 60sec, slope 2sec

Hot-plate (180 °C, 3min)

EB Lithography

100 pA, 4.5 psec

Development

ZED-N50 dipping (1 min)
ZMD-B dipping (30 sec)
NMD-W dipping (5sec)
DIW (1min)

N2 blowing

Descum

Ashing (O, 50Pa, 10W, 30sec)

Semico-clean dipping (3min)
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DI water dipping (3min)

N2 blowing

Evaporation

Vaccum pressure (~10™ Pa)

Ni (~1A/sec, 100nm)

Lift-off

1165 dipping on hot-plate (60 °C)
Acetone (3min)
Methanol dipping (3min)

N2 blowing

4. Ti/Au pad formation

Cleaning

Acetone dip (3min)

Methanol dip (3min)

N2 blow
Baking Hot-plate (110 °C, 3 min)
Resist coat N2 blowing

LOL-2000 dropping

500rpm 3sec, slope 2sec,

3000rpm 60sec, slope 2sec
6000rpm 2sec slope 2sec
Hot-plate (180 °C, 3min)

N2 blowing, TSMR 8900 dropping
500rpm 3sec, slope 2sec

4000rpm 60sec, slope 2sec
6000rpm 2sec slope 2sec

Hot-plate (110 °C, 1.5min)

Photo lithography

Exposure (100mJ/sqcm)
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Development

NMD-W dipping (60sec)
DIW dipping (2min)

N2 blowing

Descum

Ashing (O, 50Pa, 10W, 30sec)
Semico-clean dipping (3min)
DIW dipping (3min)

N2 blowing

Evaporation

Vaccum pressure (~10™ Pa)
Ti (~3A/sec, 5nm)

Au (~3A/sec, 200nm)

Lift-off

1165 dipping on hot-plate (60 °C)
Acetone dipping(3min)
Methanol dipping(3min)

N2 blowing
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3.3.4 Local and non-local spin valve (LSV and NLSV) measurements

We focus on simultaneous measurements of local and non-local spin valve at two different
input configurations to investigate spin injection, detection. One is input between FM-NM and
another one is input between FM-FM. We compare their behaviors in details through LSV and
NLSV measurements to understand in depth about spin-related parameters and their relations.
Figure 3.16 (a) and (b) show device schematic and measurement configuration for local (V)
and non-local (Vy;) (AC) voltages measurements with FM-NM and FM-FM input cases
respectively. We carried out electrical measurement at 1.5 K and 300K with AC lock-in
technique setting lock in frequency 397 Hz. The input current was 1 pA (AC). We
superimposed 10 pA (DC) with 1 pA (AC) input to make AC current flow in one direction. At
1.5 K, We sweep magnetic field (B) between £ 600 mT parallel to GaAs[-110] and current
flow through InAs channel along GaAs[11-2] lateral directions. Here also, we similarly
converted the measured Vs, V; and Vy;, voltages (AC) in terms of Rsr, R, and Ry, resistance
by diving the measured AC voltages by 1 pA (AC) input current. In Figure. 3.17 (a), the 3T
resistances (Rsy) for the two different size FM electrodes show different magnetization
switching field to create parallel and anti-parallel state in spin valve measurements. The
subtraction of R; up sweep and down sweep as shown in Fig. 3.17 (b) clearly indicates that
0.5 um and 3 um have ~110 mT difference in their hysteresis. Also we have measured R;; at
B=0 with sweeping DC bias current with superimposed with 1 pA (AC) current to see the
contact nature of MnAs/GaAs/InAs. Figure 3.18 shows the resistance area product (RA)

response seems tunnel like nature at varying DC bias.
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Fig. 3.16 Device schematic structure and measurement configuration for local

and non-local at input between (a) FM-NM and (b) FM-FM.
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Figure. 3.18 (a) 3T resistance area product for 0.5 pm and 3 pm versus DC bias current
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However, the local R; between FM-NM electrodes with sweeping magnetic field shows no
hysteresis as shown in Fig.3.19 (a) and R, between FM-FM shows spin valve like hysteresis
as shown in Fig.3.19 (b). This LSV like hysteresis behavior implies that it comes from different
switching behavior of two different size input FM electrodes which is well-known phenomenon
in spin valve study. However, the large difference in resistance in local measurement due to
measurement electrode separation. In the case of FM-NM the separation several 10’s pm but
in the case of FM-FM the separation only 2 um. Another point the contact difference between

FM-NM and FM-FM contributes in the resistance values.
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Fig. 3.19 (a) Absence of LSV hysteresis between FM-NM local circuit and (b) LSV

between FM-FM local circuit.

However, we also observed clear NLSV hysteresis with input between FM-NM and FM-FM
cases. Figure.3.20 (a, ¢) and (b, d) shows NLSV hysteresis curves at different channel lengths
in the case of input between FM-NM and FM-FM respectively. In the case of FM-FM input,
the simultaneously-measured non-local signal, Ry, seems ~2 times larger than that of the non-
local signal in FM-NM input case. This enhancement of non-local signal mainly comes from

the two FM-FM electrodes contribution. This is because in parallel magnetization between two
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close FM electrodes in the local circuit, spin accumulation i.e electrochemical potential
(Uchanner) 1N the non-local channel become zero due to opposite direction spin current flow
across the two input FM interface cancel out each other (each electrode has equal contribution
as mentioned earlier). On the other hand, in anti-parallel condition the p nqnner bECOME
constructive (twice) because the spin current induced by each FM flow in the same direction
and hence it is expected to enhance total Ry in the NLSV measurement. Enhancement of non-

local signal also have been observed in FM/metal system if FM-FM is used in the spin injection

circuit [7-9].
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Fig. 3.20 NLSV hysteresis curves at different channel length in the case

of input between (a,c) FM-NM and (b,d) FM-FM.
To study in depth about spin injection and detection in LSV and NLSV measurements, we
carried out similar measurements at different channel length and extracted LSV and NLSV

amplitude signals (AR) from the subtraction of up and down-sweep signals as shown in Fig.3.21
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(). We find LSV and NLSV amplitude signals at different channel length as shown in Fig.3.21
(b) seems exponentially decaying with increasing L which implies spin transport in LSV and

NLSV measurements.
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Fig. 3.21 (a) Subtracted signal of up sweep and down sweep of LSV and NLSV signals at
3um channel length and (b) Extracted channel length dependent signal amplitude from

subtracted signal for LSV and NLSV.

Hence, spin accumulation at interface can be written in the form [10, 11];

—L
AR(L) = ARyexp (L_s ) (3.2).

Where, AR, is the amplitude at L =0, L, is the spin diffusion length. From the exponential
fitting lines (not shown here), the fitting parameters Lg seems widely deviated in each

measurement conditions as summarized in table 3.3.
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Table 3.3 Extracted parameters form spin valve measurements

Parameter NLSV NLSV LSV

FM-NM input FM-FM input FM-FM input

Ls [um] 8+4 1143 1242

ARo [Q] 0.013+0.001 0.024+ 0.001 0.054+0.001

As drift electric field only exists in local channel, as a consequence the field can play important
role to enhance, Lg in LSV than NLSV measurement. We found drift electric field is around
~100 pV/um in our measurement and also we examine the, Lg value of LSV and NLSV
measurements. The Lg values of LSV and NLSV measurements which are similar to each other
even though they have large deviation which implies the local drift field has no significant
effect on Lg values in LSV measurement. Also we see insignificant deviation of amplitude AR,.
We think the deviations mainly have come due to scatter data points. Therefore, we have
assumed one fixed value Lg ~10 pum which suits well for fitting lines as shown in Fig.3.21 (b).
We also see amplitude enhancement in NLSV and LSV in FM-FM input case than FM-NM
input case but the Lg and n should be same in NLSV and LSV at FM-FM input case also.
Therefore, we can introduce an amplitude enhancement factor, () in LSV and NLSV
measurements which can be written as [8, 9] ;

nszLS
w

AR, = a (3.3).

Where, 7 is the spin polarization at L =0, ps sheet resistance and it is ~180 Q/sq. at 1.5 K of
the InAs channel and channel width, W is ~40 um. We assume, a=1 for NLSV in the case of

FM-NM input because only diffusive spin transport between single FM electrode in the input
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to non-local detection FM electrode. Now using, a=1 and with the values of Lg, ps and W, the
calculated n value is ~1.6%. Using the n value, we have calculated a values from equation
(3.3) for NLSV and LSV in the case of FM-FM input and the values are ~2.0 and 4.7 for NLSV
and LSV respectively. Considering the two FM electrodes contribution, the NLSV amplitude
enhancement factor ~2.0 seems reasonable. Details of extracted parameter are summarized in
table 3.4. Moreover, we see significantly large enhancement of LSV signal amplitude which is

deviated from well-established theoretical relation between local and non-local signal

ARy,

amplitude of one-dimensional spin diffusion model [11, 12] where, = 2at Lg » L. Alarge
NL

deviation than the theoretical factor 2 also have been experimentally demonstrated in FM/SC
[13] and FM/metal [14, 15] hybrid structures. Typical effect involves with such deviation are
drift electric field [16], anisotropic magnetoresistance (AMR) [17], local Hall effect (LHE) [18]
or spatial distribution of device geometry [19]. Here, due to separation between spin polarized
charge current path and non-local voltage probe, neither AMR nor LHE can contribute to the
deviation from NLSV measurement. Also similar spin diffusion length in LSV and NLSV
measurements as mentioned early implies insignificant influence drift electric field in local
channel as well. We have not measured magnetoresistance of FM electrode independently but
the AMR effect of FM electrodes may have contribution to the LSV amplitude which might
makes the large deviation. Also we have considered one dimensional diffusion model but in
realistic case two dimensional spatial spin diffusion can become influencing factor in the LSV
and NLSV measurement simultaneously [19]. However, the extracted spin diffusion length and

injection efficiency are similar to FM/narrow gap semiconductor [10, 20] hybrid structures.
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Table 3.4 Extracted parameters at certain spin diffusion length

Parameter NLSV NLSV LSV
FM-NM input FM-FM input FM-FM input
Ls [um] 10
ARo [Q] 0.012 0.024 0.055
n [%] 1.6
o 1.0 2.0 4.7

On the other hand at 300 K, we could clearly see LSV signal but we could not see NLSV signal.
Figure 3.22 (a) and (b) shows LSV and NLSV signal respectively. The reason why we could

not see the NLSV seems related to very small (~6mT) difference of magnetization switching

between two different size FM electrodes as shown in Fig. 3.23 (a) and (b).
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Fig. 3.22 Hysteresis curves of (a) LSV and (b) NLSV at 300 K.
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Figure. 5.23 (a) 3T resistances (R5r) for 0.5 pm and 3 um FM electrodes show almost
similar magnetization behavior (b) It seems that 0.5 um and 3 um have ~6 mT difference in

their hysteresis.

However, assuming similar enhancement factor (4.7 at 1.5 K), we extracted spin diffusion

length and injection efficiency at 300 K for LSV signal using the following equation.

n°psLs (—_L
w

- ) (3.4)
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The extracted spin diffusion length ~2.6 pm, sheet resistance ps~180 Q/sq. similar to 1.5 K
condition and hence extracted spin injection efficiency ~6.3%. It is surprising that the injection
efficiency is higher at~300 K compared to 1.5 K spin valve measurement. Figure 3.24 shows

the comparison of spacing dependence curves of LSV signals.
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Fig. 3.24 Spacing dependence LSV signal amplitude comparison at 1.5 K and 300K.

To reveal the injection efficiency enhancement at 300 K, we simply compare the sheet
resistance of InAs and MnAs at two different temperature for impedance matching. In our
measurement, we find constant sheet resistance ~180 €/sq. of InAs in the device at 1.5 K and
300 K but we see varied sheet resistance of MnAs at temperature dependent sheet resistivity

measurement of MnAs(~50 nm)/InAs(~200 nm)/GaAs(111)B as shown in Fig.3.25,
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Fig. 3.25 Sheet resistivity measurement of MnAs(~50 nm)/InAs(~200 nm)/GaAs(111)B.

We separated MnAs sheet resistance using the following basic equation,

1 1 1
- = +— (3.5)
Ps totat Ps.MnAs Ps

Using this relation we find MnAs sheet resistance (ps mpas) ~6 €2/sq. and ~140 Q/sq. at 20 K
and 300 K respectively. Therefore, in comparison, the sheet resistances of MnAs at 300 K
better impedance matching with that of InAs ~180 €/sq. result in high injection efficiency at

300 K rather than 1.5 K.
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3.4 Conclusion

We found isotropic Ohmic behavior between MnAs and InAs, and the best sheet resistance and
specific contact resistance in the low-temperature grown samples. p. of MnAs/InAs interface
at room temperature is ~ (10°-10"%) Q-cm? which is higher than typical Ohmic contact. Also
we tried to fabricate and characterize lateral spin valve devices. We studied trials of lateral spin
device of GaAs (1, 3) nm grown samples in lateral spin valve device application. Through the
study, we improved device processing and carried out lateral spin valve measurement using
AC lock in technique. We successfully confirmed spin injection and detection through
simultaneous LSV and NLSV measurements in lateral spin valve device of 1 nm GaAs
insertion sample at 1.5 K. We obtained large spin diffusion length ~10 um and spin injection
efficiency ~1.6%. However, ~2.0 time enhancement of NLSV signal can be seen in FM-FM
input case than that of FM-NM input case. On the other hand, at 300 K, the extracted spin
diffusion length ~2.6 um and spin injection efficiency ~6.3%. The enhancement of spin
injection efficiency is due to better impedance matching between MnAs/InAs at 300 K rather

than at 1.5 K.
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Chapter 4

Summary and future prospect

In spintronics, electron spin is used as information carrier in addition to its charge. It is already
well established metal-based spin-devices practical applications. To use spin degree of freedom
into semiconductor spintronic device technology such as in spin field effect transistor (spin-
FET), there are three main technological challenges are, firstly, injection of spin polarized
carrier from a ferromagnetic (FM) into semiconductor (SC) channel and detection by FM,
secondly, SC channel should have strong spin-orbit coupling (SOC) to precess spin during
transport through SC channel, and finally, control of the spin precession by gate electric field
to modulate spin signal. Therefore, exploring promising FM/SC hybrid structures are important.
Here, we synthesized MnAs/I111-As hybrid structures on GaAs(111)B as a candidate for future
spin-FET and investigated the first challenging issue into the hybrid structures. Now | will

discuss the findings.

We carried out successful molecular beam epitaxial (MBE) growth of MnAs(~5-200
nm)/GaAs(~0-10 nm)/thick-InAs(~200-1200 nm) /GaAs(111)B hybrid structures at low
temperature MnAs epitaxial growth. We see double step lattice transition ~4 nm of InAs from
GaAs surface and abrupt lattice transition of GaAs ~3.6 nm from InAs lattice respectively in
RHEED study. The origin of these transition is still unclear for such lattice mismatch growth.
In 26 x-ray diffraction (XRD) measurement, we see single phase epitaxial growth of hexagonal
MnAs with cubic InAs and GaAs. Also, the extracted lattice parameters are consistent with
their bulk values which imply that the grown epitaxial layers are strain relaxed. To check
deviation of c-axis, we carried out thickness dependent « scanning. From « and 26

measurement, we also observed less deviation (InAs ~0.12° and MnAs~0.22°) of c-axis normal
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to the planes of thicker MnAs(200 nm) and InAs(1200 nm) layers. Hence, the 260 and w
scanning indicates good epitaxial growth of MnAs and InAs. We also see reduction of
estimated thickness dependence threading dislocation density from the w-6 broadening with
increasing grown layer thickness following pair annihilation mechanism. It means better crystal
quality in thicker case. We also see that GaAs and InAs show 3-fold, and MnAs shows 6-fold

rotational symmetry which implies good stacking of MnAs and InAs on GaAs(111)B.

In Hall effect measurements, the low temperature grown MnAs sample shows better basic
electrical properties than HT sample. The p-type conduction of MnAs hided the n-type
conduction of underneath InAs layer. Besides, we also confirmed smooth surface and maze-
like magnetic structures on the low-temperature grown samples by AFM and MFM
measurements. By SQUID magnetometry measurement, the MnAs/I11-As/GaAs(111)B grown
sample shows strong magnetic anisotropy along [-2110] and [0-110] lateral and [0001] out of
plane directions. It shows easy and isotropic magnetization in lateral directions. The MnAs
isotropic behavior almost similar to MnAs directly on GaAs(111)B. We see higher MnAs
thickness higher saturation magnetization in lateral directions which seems related to crystal
quality. In lateral directions, it shows over room temperature magnetism (estimated Curie
temperature ~320-324 K). Over room temperature T value and isotropic magnetic behaviors
in lateral directions gives a good choice of MnAs for lateral spintronic device design on
GaAs(111)B. Therefore, we believe that the MnAs/InAs/GaAs(111)B can be a base structure

for future spin-FETs.

To evaluate contact between MnAs/InAs on GaAs(111)B, we carried out transmission line
model (TLM) device processing by photolithography and H3PO4 based wet chemical etching
technique. The electrode width and length were ~180 um and ~90 pm respectively. In TLM
study, we found isotropic Ohmic behavior between MnAs and InAs as expected, and the best
sheet resistance and specific contact resistance in the low-temperature grown samples. We
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found isotropic Ohmic behaviors in lateral directions of cubic InAs. Specific contact resistance,
of MnAs/InAs interface at room temperature is ~(10°-10%) Q-cm? which is little higher than
typical Ohmic contact. However, over room temperature (~300 K) isotropic magnetic behavior
and isotropic electric behaviors in lateral directions gives good flexibility to design lateral

spintronic device.

We studied trials of lateral spin valve device of MnAs (~50 nm)/GaAs (~1, 3)/InAs (~200
nm)/GaAs(111)B grown samples in lateral spin valve device application. Through the study,
we improved device processing and carried out lateral spin valve measurement using AC lock
in technique. We successfully confirmed spin injection and detection through simultaneous
LSV and NLSV measurements in lateral spin valve device of 1 nm GaAs insertion sample at
1.5 K. We obtained large spin diffusion length ~10 um and spin injection efficiency ~1.6%
which is similar to other FM/narrow gap hybrid structures. However, ~2.0 time enhancement
of NLSV signal can also be seen in FM-FM input case than that of FM-NM input case. On the
other hand, at 300 K, the extracted spin diffusion length ~2.6 pum and spin injection efficiency
~6.3%. The enhancement of spin injection efficiency at 300 K is due to better impedance

matching between MnAs/InAs rather than at 1.5 K.

In conclusion, we can say that large spin injection efficiency ~6.3 % of the hybrid structures is
record value at ~300 K which is very promising for future spin-FET application. Further, higher
GaAs thickness dependence investigations are necessary to clarify spin injection efficiency
more in details as well as other two challenging issues also have to be investigated before

approaching spin-FET applications.
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Spin-orbit coupling (SOC)

It is a relativistic effect in which spin and orbits are coupled by magnetic energy. Fig. Al.1 (a)
shows, electrons moving with velocity v at a distance  from a nucleus having a charge of
+ Ze. In the coordinate system where the electron is stationary, it seems that the nucleus is
turning around the electron at the velocity v as shown in Fig. A1.1 (b). The magnetic field

created by the motion of the nucleus creates at the position of the electron.

(b)

Berr
v

.............................. Vo aHs N ¥
............................. .. _,;-..----"""'" "'"'"c--..."—.

____ . Ry H“S u
Nuclear Electron Electron Nuclear

Al.1 (a) Model of spin orbit coupling at atoms (b) Stationary electron and positive
charge of the nucleus makes a circular motion, and the spin of the electron feels the

effective magnetic field.

Then according to Biot-Savart's law, we can write down the generated magnetic field B as;

HoZe HoZe
B = =B=———I1 Al.l
amrs' Y 4rmgyr3 ( )

Angular momentum, L = r X p, m, is electron rest mass.
However, electron spin s has magnetic moment u, and they are related by the relation

2
U = — %s (A1.2)
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Here, ug = % is a Bohr magneton. Now the energy in the magnetic field

B HohZe® l Al1.3
—Usg.B=————1s .
Bs 4Tmar3 (AL3)

This relation differs from the result by relativistic quantum mechanics by a factor of two, and

the energy relation given by the following equation.

pohZe?

Heo = — o5
8mm3rs3

lL.s (Al4)
Now, consider Pauli’s spin matrix, g as, s = (g)o, and p = hk. Now electric field

E=-V¢p= ze Al.5
B ¢_47r60r3r (AL5)

V¢ is the electrostatic potential gradient. Then using equation (A1.4), finally we can derived,

hk x E

Hyo = —t50.(5——
S0 19:14 2mgc?

) (AL.6)

Here, in analogy to Zeeman Hamiltonian H, = —ugo. B with the Zeeman effect the magnetic
field inside the parenthesis, and we can rewrite this into the effective magnetic field B,f and

we can write down,

hk X E
) (A7)

Berr = ( 2myc?

From this, it can be seen that the effective magnetic field is generated in the direction
perpendicular to the particle's motion direction. 2mgc? is energy gap between particle
(electron) and antiparticle (positron). This is 1 MeV order for free electron. This energy gap is

known as Dirac gap. In a typical semiconductor, this energy gap is a band gap reduced to ~1
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eV. The Dirac gap is replaced by the energy-band gap using k.p perturbation theory [1]. It
results in six time increase of SOC in semiconductor. More specifically, SOC for group 111-V
compound semiconductors, we consider an independent p orbital. If we introduce the full-

angular momentum, j = I + s, we get,
1 1.
lLs= > [(L+s)2—12-5s%] = E[UZ —I? — s%] (A1.8)

Therefore, Hy, is commutative to j2, j,. We know the motion of electrons in a crystalline solid
is described by the energy band dispersion, E — k relation. The band structure in the solid is
shown in Fig.Al.2. The electron state at valence band edge with orbital angular momentum
1=1 with SOC included, we get states with j = 3/2 and 1/2, and the latter is called the spin
orbital separation band. When the wavenumber is large, the band of j = 3/2 splits into bands of
j, =%3/2, £1/2. The wave function in the vicinity of the top end of these valence bands, near
the lower end of the conduction band. We call heavy hole (HH) and light hole (LH),
respectively, from wave function near the top of the valence band near the lower end of the

conduction band SOC is considered to be absent because it consists of constituent atoms' s orbit
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E‘.

>Conducti0n
band

)
S

[
HH (7.=+3/2
£ (j=£3/2)
Valence
band ) LH (j~=112)
k /

\so (j=1/2)

Fig.A1.2 Band structure near I" point of III-V compound semiconductor

(1= 0) but in practice SOC contributes greatly to the conduction electrons by hybridization
of the orbits between the bands. The wave function of electrons in solid can be written by
replacing the mass of electrons with the effective mass in Schrédinger equation. The equation
(A1.9) is a band structure near the I' point of the group IlI-V compound semiconductor

obtained from the k - p perturbation as [2],

P?[1
Hy, =

1 1
Tl Ere )Zl%a (p xV¢) (AL9)
g g so0

P is the matrix element between the conduction band and the valence band, E, is the band gap,
E,, is the energy difference between j = 3/2 and j = 1/2 in the valence band. From equation
(A1.9), we see the narrower the band gap the higher the SOC. Now, we briefly introduced
about two fundamental Rashba and Dresslhaus type SOC. Rashba type SOC associated 2-

dimesional electron gas (2DEG) system for example in narrow gap I11-V ( for example InAs,

89



Appendix-Al

InGaAs, InGaSb) semiconductor hybrid structure. Because in 2DEG system electrons are
conducted at high speed in an electric field caused by the structure inversion asymmetry (SIA)
property of 2DEG system which makes asymmetric potential distribution in the direction
perpendicular to the 2D plane and conduction band degeneracy take place [3, 4]. There are
reports from various aspects such as magnetic field dependence, origin, size of SOC in narrow
gap 2DEG [5-8] system. Considering Rashba term Hy as a perturbation to the Hamiltonian
H3,, inthe x, y direction under zero magnetic field, then the Hamiltonian H,,,, of (001) oriented

crystal becomes,

Hy, =HY,+Hg (A1.10)

hZ
HY, = — (k2 +k2) (A1.11)

Hg = a(oyky, — oyk,) (A1.12)

Thus we obtain energy eigenvalue for H, , where a is the spin orbital coupling coefficient

representing the strength of Rashba SOC. The eigenstate of HJ, is |kx, ky, a) can be

represented as,

h%k?
(ky, ky, 01| H2 ) | kx Ky, 02) = Ee 85,0, (AL.13)

In matrix form that is,

[A%k? o |
2 *
H,?,yzl m hzszl (Al1.14)
0 2m*
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Then using equation (A1.12), H; becomes,

Hp = a(axky — aykx)

0 1 0 —i
- 0 ky+ik
or R‘“[ky—ikx 0 ]( 15)

Now,

[Ak? o |

| 2m* |+a[ 0 ky+ka]

l thZJ ky—ik, 0

2m*
[ h2k? ]
| om a(ky + lkx)l
or,Hy, = h2)2 J (Al.16)

a(k, — iky) oy

Then energy eigenvalue Ex can be obtained using (A1.16),

h2k?
2m*

( — Eg)? — a®(ky + iky)(ky, — iky) = 0

21,2
or, (5 = Ex)?—a?k?=0
2k2
JEn = + ak (Al1l.17
or, ER o tak ( )

Therefore, dispersion relation at zero magnetic field,
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2k2
E = + Al.1l
e ak 1,1 (A1.18)

It can be seen that spin is split energetically with respect to finite k. Also, its spin splitting

energy is AEg,
AER = 2aky (A1.19)

Where, kg is the Fermi wavenumber. Now comparing equation (Al1.19) with the Zeeman

AE; = g ugB separation energy. We get,

B _ 2lalke A1.20
|eff(R)|_|g*|MB (A1.20)

The effective magnetic field B, 7 () due to the Rashba SOC is determined. Figure A1.3 shows

the Fermi circle by Rashba SOC and the direction of the effective magnetic field.

ky 11 [010]

. ﬂ""-.‘\ Beff(R)

4 b

$ ' > k, Il [100]
L

Fig.A1.3 Fermi circle and direction of effective magnetic field at Rashba SOC.
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On the other hand, Dresslhaus type SOC also induced in compound semiconductors with zinc-
blend structure from the bulk inversion asymmetry (BIA) property of the crystal structure. All
of [100], [111] crystal orientation have been exhibited Dresslhaus SOC which is proportional
to k3 in the k space [9]. Let us consider the Dresselhaus term Hp as a perturbation to the

Hamiltonian Hy, in the x, y direction under zero magnetic field of (001) oriented crystal

becomes,
Hey=HY, +Hp (Al21)

hZ
m*

HY, =—(kZ+k2) (A1.22)

HD = HDl + HD3 == ﬁl(O'yky - O-xkx) + ]/(—O'ykyk,% + O-xkxka,-) (A123)

Here,3; = y(k2) and in equation (A1.23) the first term is proportional to k so it is called a
linear term and the second term is proportional to k3 so it is called a Cubic term. g, is a strong
Dresslhaus SOC coefficient. Since k, depends on the expansion of wave function. We can
control 8; by changing the width of the quantum well but y is a parameter peculiar to a material.

The precision of y determines ;. Thus we obtain energy eigenvalue for H, ,,. The eigenstate

of Hy, is |k k,, o) can represent as,

h2k?
(ky, ky, 01 |HL |k Ky, 02) = 2—m*6c,1,(,2 (A1.24)

Then,
h%k?
|[2m* 0 ]|
H,?,y = thZJ (A1.25)
0 2m*
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The Hamiltonian Hp, of the linear term in Dresslhaus SOC is,
Hp, = B1(oxk, — oyky) (A1.26)

or,Hp; = Br1ky, [2 (1)] — B1kx [(l) _Oi

k

or, H =ﬁ[ 0 y+ik"] (A1.27)
Hor =Pl —ik, o :

Using equation (Al1.25) and (A1.27), equation (A1.21) becomes,

Hyy = ch’,y + Hp

[hzkz
3 | 2m* | 0 ky + ik,
or iy = l thZJ A [iky ke 0 ]
2m*
[ h2k? N
| 2m* Bl(ky + lkx)l
or,Hy, = h2)e2 (A1.28)
ﬁl (iky - kx) m* J

Then energy eigenvalue Ep; can be obtained using (A1.28),

h2k?
2m*

(5= — Ep1)? — Bi(iky — ki) (ky + iky) = 0

2k2

" _ED1)2_,812k2 =0

or, (_Zm

2k2
OT',EDl = Z—TTl*iﬁlk (A129)

Therefore, dispersion relation at zero magnetic field,
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2k2
Epiny = ——— % Bk 1,1 (A1.30)

The spin splitting energy is AEp4,
AEDl = ZﬁlkF (A1.31)
Now comparing equation (Al1.31) with the Zeeman AE, = g*ugB separation energy. We get,

2|By |kp
|Beff(D1)| = W (A132)

The effective magnetic field B,ffpqy due to Dresslhaus SOC is determined. Figure. Al.4
shows the Fermi circle by the Dresslhaus SOC and the direction of the effective magnetic field
in contrast to the Rashba SOC, the effective magnetic field vector B¢y depends on the

wave vector k.

k, Il [010]

%=~ Br(D)

7l
= o Sk, Il [100]
\ &’

N

Fig.A1.4 Fermi circle and direction of effective magnetic field at Dresslhaus SOC.
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Therefore, choice of suitable FM/SC hybrid structure and understanding about electrically spin
injection, controlling spin transport and detection into the hybrid structure are crucial to decide

the candidacy of FM/SC for future spin-FET.
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X-ray diffraction (XRD) for structural analysis

Atomic structure of crystalline solids usually examined by x-ray diffraction techniques. X-ray
radiation has wavelengths in the range of 0.1 to 10 A. We consider x-ray interference effects
with crystal lattice. The diffraction condition first established by Bragg. He studied with a
monochromatic x-ray beam having coherent radiation incident on a crystal as represented in
Fig.A2.1. Moreover, atoms which constitute the actual diffraction centers are sets of parallel
planes reflect x-rays. The spacing of these planes, d having miller indices (hkl) is connected

with lattice constant(a); In a cubic crystal,

a
o = e D

and for hexagonal unit cell d having miller indices (hkl) is connected to lattice constant(c);

dowy = | 2 = (2.2
I e ey e A

Incident beam Diffracted beam

4
.
v %
- "
- -
: .
: C
:
.
:
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:
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- " v
o
.
.
.,
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Fig.A2.1 Bragg diffraction: two beams with identical wavelength and phase

approach a crystalline solid and are scattered off two different atoms within it.
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We can find diffraction peak at constructive interference of diffracted beams from successive
planes. Therefore, it is necessary to have in phase of the diffracted beams after leaving crystal
surface. We labeled beams 1 and 2 in Fig.A2.1. The path difference between the two beams

(AB + BC) be equal to an integral number (n) of wavelengths (1) of the indicent radiation.

AB + BC =nl (A2.3)

Since AB = BC and sin = 22

(hkl)

Therefore, AB=d ;ysin 8; then from equation (A2.3) can be written as;
nA =2dsinf (A2.4)

This is known as Bragg’s law. It demonstrates angular relation of diffracted beam with A and

d(hkl). For first order diffraction (n = 1) Bragg’s law becomes;
A =2dsinf (A2.5)

At diffraction condition, the incident angle, w is equal to diffracted angle & which meets the
relation, A = 2d sin 8. The diffraction experiment provides quantitative data on lattice
constant and shape characteristics of simple cubic, body centered cubic and face centered cubic
unit cell. However, Bragg’s law treats size and shape of unit cell not with atom positions.

Diffraction peaks selection rules for cubic system are given in table A2.1
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Table A2.1: Diffraction peaks selection rules for cubic system

Bravais Lattice Peak present Peak absent
Simple cubic Every None
Body center h+k+| = even h+k+I= odd
cubic
Face center h,k,I unmixed (either all even | h,k,l mixed
cubic or all odd)

Figure.A2.2 shows basic setup up and relationship of x-ray diffraction measurement. Here,
w angle between incident x-rays and sample surface, 26 angle between incident x-rays and

detector, 1 Sample tilt, ¢ lateral direction of sample and Z vertical displacement of sample.

Monochromator X-ray detector

Samplel | Y
., Azimuthal tilt

Fig.A2.2 X-ray diffraction measurement setup.
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Transmission coefficient through a tunnel barrier

Consider a potential barrier with barrier height gV, as shown in the figure below. We will
consider transmission coefficient of a particle (i.e electron) through this barrier having

thickness, t in x direction.

[ave
. qVo
Reflection Transmission
— —
Incident
Y, E Y1 Y
0 t X

Fig.A3.1 Schematic of one dimensional potential barrier.

In classical mechanics, the electron will be reflected completely if its energy E is smaller than
the barrier height. However, in quantum mechanics, the electron has a finite probability to
transmit or tunnel through the potential barrier. So the behavior of the electron in outside the

barrier is free i.e gV, (x) = 0 can be described by Schrédinger equation;

n dZdJ— Ey (A3.1
2m, dx? ¥ (A3.1)

Where, m,, is effective mass, # is the reduced Planck constant, E is the kinetic energy, and y

is the wave function of the electron. Equation (A3.1) can be written in the form,

dy 2m,

s T B

2

d
,——+k*p =0 (A3.2
or Tx? + k“yY ( )
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2mpE
h2

Where, k =

The equation (A3.2) for region (1) and (111) becomes

a2y
Wzl + k%P, =0 (A3.3)

dzlpIII
dx?

+ kzll}”I = 0 (A34‘)

Equation (A3.3) and (A3.4) are homogeneous second order deferential equation. First, to find

general solution of (A3.3), we consider,

2
Y _ m2e™*
- =
dx

or,

Using these values in equation (A3.3), the auxiliary equation is found to be
m?e™* + k2e™* = (
But, e™ = 0

then,

m2+k?=0
Or,m = 1jk
Hence, the general solution of equation (A3.3) at x < 0, is in the form,

Y, (x) = Ae/** + Be /¥* (A3.5)
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Similarly way, the solution of equation (A3.4) is in the form
Y1 (x) = Cel*™ + De k¥ (A3.6)

But, at x > t, we have only transmitted wave function, so reflected wave amplitude in region

(1) is zero, then equation (A3.6) can be of the form,
Y (x) = Celkx (A3.7)

However, consider, the finite barrier height of the potential barrier at, gV, > E, the Schrédinger

equation in region Il becomes;

d*p;  2m,
T ?(CIVO —E)Y;; (A3.8)

d2¢11

) dxz = 21’!]”
dzlpll
dx2 — %P =0 (A3.9)

Where, g = /—Zm"(Z:O‘E)

The solution of equation (A3.9) can be written of the form,
Y (x) = FeP* + Ge™B* (A3.10)

The continuity of ¥ and % at x = 0 and x = d which is required by the boundary conditions,

provides four relations between the coefficient, A, B, C, F, G. To get transmission coefficient,

We can write at x = 0,

Y (0) = ¢, (0)
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di;(0)  dy;(0)
dx dx

Hence, using these relations, we can write down from equation (A3.5) and (10)at x = 0
A+B=F+G (A3.11)
Ajk — Bjk = FB — GB  (A3.12)
Multiplying equation (A3.11) by jk and add with equation (A3.12) and simplified, we get,

_[FGk +B) + GGk = B)]

A
2jk

(A3.13)

Atx =t
Y (t) = Yy (t)
FePt + GRe Pt = Cjkel*t (A3.14)

dy;(t)  dy,(6)
dx dx

or, FBePt — GBe Pt = Cjkel¥ (A3.15)
Multiplying equation (A3.14) by 8 and adding with equation (A3.15), we can write down,

e [CUk + B)elkt]
B 2Beht

(A3.16)

Again multiplying equation (A3.14) by f and subtracting equation (A3.15), we can write down,

- ikt
G=[C([; ﬁe]_kﬂ)f] | (A3.17)
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Putting the value of F and G in equation (A3.13), we get,

C(jk Jit C(B — jk)el*
[ S L+ g+ < L - gy

2jk

_CGk+ PGk +p) | C(B—jk)e Gk — p)

A
or 4jkpePt 4jkfBePFt

Gk + BGk+B)  (B—jlk)(k—=B)

or, A = Celkt

4jkpebt 4jkBe—Bt
et g 8
— : 2,-Bt _ (il — P)2,Bt
or, A Hkp [(]k+ B)e (jk — B)“e ]
ekt
or,A = T [(B? — k?)e Pt + 2jkpe Pt — (B2 — k?)ePt + 2jkBeP!]
eJkt
or,A = T [(B2 — kD)e Pt — (B% — k?)ePt + 2jkBe Pt + 2jkBePt] (A3.18)

We can represent (A3.18) in terms sinh(x) function, we can define it as

sinh(x) = (e™* —e*)/2

cosh(x) = (e™ 4+ e%)/2

Using these relations we can represent equation (A3.18) as follows,

jkt

A/C= Skp

[2(B?% — k?)sinh?Bt + 4jkBcosh?Bt] (A3.19)

The complex quantity of equation (A3.19) can be obtained, j = —j,

—jkt

—4jkp

AY/C* = [2(8% — k?)sinh?ft — 4jkBcosh?ft] (A3.20)
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Multiplying (A3.19) by (A3.20), we get,

? i? = 16k12ﬁz [4(B? — k?)2sinh?(Bt) + 16k2B%cosh?(Bt)] (A3.21)

Using, cosh?x = 1 + sinh?x relation we can write down the modulus of (A3.21) as follows,

2
% = Terzpz 487 — K)?sinh® (B0) +16K° % cosh? (B1))
or AL [4(B? — k?)?sinh? (Bt) + 16k*B2{1 + sinh? (Bt)}]
€2 16k2pB?

2

T2 T Tek2p?

[{4(B2 — k?)? + 16k2B2}sinh?(BE)} + 16k2B2]

c? 16k2p2
O 42 T [{4(B? — k?)? + 16k2B2}sinh?(Bt)} + 16k2B2]

c2 1
T4z T [{4(B? — k?)? + 16k2B%}sink?(Bt)}/16k2B2] + 1
C? 3 1
A2 T T+ [{(B2 — k?)Z + 4k2B%)sinh? (BL)}/4Kk2B2]
c? 1
or,— =

AZ T 1+ [{B* — 2B%k2 + k* + 4k2B%}sink2(Bt)}/4k2p2]

C? 1
or,— =

AZ 1+ [{B* + 2B2k? + k*}sinh2(Bt)}/4k2 B2

C? 1
O 42 T 1+ [{(B2 + k?)Zsinh?(Bt)}/4k2B7]
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Cc? 1
A2~ (B2 + k®)?sinh?(BD))
[ 4k2.82 ]

or,

(A3.22)

Putting the values of k = /ZmnE and B = Zm"(qv" E). we get from equation (A3.22),

c? 1
T T (Gma Ve —B)/R®) + 2myE /R Esink? (B0,
402my(qVy = BY/R7 J2my B /R%)
c* 1
2 = 1 4 12mnqVo — 2myE + 2m,E)sinh?(Bt)
1 T6m2E(qV, — F) ]
o c? 1
Az (2m,,qVy)?sinh?(Bt)
L+ M emzE @@V =) )
or ¢ = ! (A3.23)
Az (qVo)2sinh?(Bt), ~
R /T,

This is an expression of transmission coefficient for a one dimensional barrier height qV,. We

consider three different energies of conduction electron (0.1, 0.2, 0.3) eV of a finite potential barrier 0.9

eV with GaAs mass ratio, 0.067. We have theoretically calculated transmission coefficient using

equation (A3.23) at three different particle energy and varying barrier thickness. Fig.A3.2, shows the

barrier thickness dependence transmission coefficient. We see the transmission coefficient decreases

monotonically as E decreases. To get a finite transmission coefficient, we require small thickness of

tunneling barrier, t, a low potential barrier and a small effective mass.
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0.1}

0.01

Barrier height: 0.9 eV
- Mass ratio:0.067

0001t 11 1.
0 2 4 6 8 10

t [nm]
Fig.A3.2 Barrier thickness versus transmission coefficient curve.

T

However, At, x > 1, the definition of sinh(x) becomes,
sinh(x) = (e™* —e*)/2
or,sinh(x) = (—e*)/2

Hence doing similar manner in equation (A3.23) at St > 1,

cz 1

A2 {qV,sinh(BD)}?
e, =5y

cz 1
Taz T (CqVeePt/2)?
CZE@Qv, =5
C? 1
or,— =

A? (—qVyeht)?
[T (qv, = B

€2 16E(qV, — E)

O TR

This is the approximate form of transmission coefficient.
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Transmission line model device (TLM)

This is a method for measuring Ohmic contact resistance in a planar device to evaluate Ohmic

contact resistance. Figure A4.1 shows a conceptual diagram of TLM.

v i) 3

|
!
0 x x+ Ax L,

Fig.A4.1 Conceptual diagram of contact in TLM.

The sheet resistance of the device channel layer is p; [% . ] specific contact resistance between

electrode and channel layer is p.[ Q.cm?], electrode width and channel width is same W, and

electrode length is L. At this time, the lateral resistance per unit length of the channel layer is

R = % [%] the longitudinal conductance per unit length between the electrode and the

channel layer is, G = = [ﬁ]. Assuming that the constant potential of the electrode is 0, the

Tc

potential v(x) and the current i(x) at the position x of the channel are,

dv Ps
—=—R=—— A4.1
il (A4.1)
di = —0v = A4.2
dx_ v = Cv ( )

Taking derivative of (A4.1) and (A4.2) can be represent written in the following form

respectively,
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d’v _ psdi
dx?2  Wdx
d?v
or, o3 = %v (A4.3) using (A4.2)
c

And similarly way, using (A4.1) we get,
or,—=—1 (A4.4)
p
The differential equations can be solved under the boundary conditionat x = 0;i = 0
andx = L,;i =1,

sinh (Ll
i(x)=1 —Lt
sinh (L—e)

t

(A4.5)

X
m COSh(L_t)
w

v(x) = -1 (A4.6)

inh (=€
sinh( Lt)
Here, L, = \/p./ps, therefore, the contact resistance R. between the point x = L of the

channel and the electrode is,

__v(@) _ VPsPc

W w tanh(i—‘:)

(A4.7)

This is an expression of the Ohmic contact resistance, and if % > 1, tanh (i—e) =~ 1. Then
t t

(A4.7) becomes,

;

PsPc

(A4.8)

S
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L. is an important value for designing the electrode length.

Total resistance Ry between the two electrodes as shown in Fig.A4.2 at interval L is the sum

of channel resistance, Ry, = ’%L between the two electrodes and two contact resistance, 2R..

psL v PsPc

RT=RSC+2RCZW+2 W

(A4.9)

If we know the linear relationship between [ and R, we can determine pg from the slope and

R. from the intercept, and p. can be determined using equation (A4.7) or (A4.8).

Fig.A4.2. Total resistance between two electrodes.

Le

When 2 « 1, tanh(
L¢ L¢

)zi—e, then, eequation (A4.7) can be written in the following
t

approximated form,

_ P
WL,

R, (A4.10)

However, considering etched out InAs channel (~50 nm) during MnAs electrode formation,

there is different InAs sheet thickness of InAs channel underneath and between electrodes.
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Therefore, we have modified the TLM structure as shown in Fig.A4.3. The total resistance

relation becomes;

L v/
Ps2 Ps1Pc (A4.11)

Rp = Roc +2Re ===+ 2%

Fig.A4.3. Total resistance between two contacts in modified structure.

Hence from the measured TLM, we can know the sheet resistance (ps;) of InAs channel
between MnAs electrode and hence sheet resistance (ps;) of InAs channel underneath MnAs

electrode can be written in the form as follows:

t
Ps1 = Ep (A4.12)

Where, t; and t, are the InAs thickness underneath MnAs and between MnAs electrodes

respectively.
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Low temperature measurement system

In this study, we were carried out spin valve measurement at low temperature ~1.5 K
environment using *He cryostat shown in Fig A5.1. There is superconducting magnet (SCM)
placed in dewar. We can apply magnetic field up to £8 T to a sample at variable temperature
insert (VTI) unit. The VTI is connected from the Helium-dewar with needle pipe and its
opening can be adjusted by the needle valve. The liquefaction temperature of “He is ~4.2 K.
However, when the pressure is reduced by evacuation, the liquefaction temperature close to

~15K.

Measurement
v.,

by

------ » Evacuation system

Needle Valve'

/Vacuum chamber

Sample rod

‘He

o
>

3“'

Sample

il

Superconducting magnet

Fig. AS5.1 liquid *He cryostat configuration.

We mainly measured very small signal strength at non-local spin valve (NLSV) measurement.
There is possibility to suppress the measured signal by thermal noise at room temperature,
electromagnetic noise from environment and so on. For this reason, at low temperature by

combining an AC power supply and lock-in amplifier, we can avoid the inclusion of noise into
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the measured signal. The measurement set up is shown in Fig A5.2. To keep constant current
flowing to the device, a resistor of 1 MQ and a standard resistor of 10 kQ are connected in
series. 1 MQ resistor stabilizes the current and measure the voltage drop across the standard
resistance. In the signal detection, a preamplifier, an isolation amplifier and a lock-in amplifier
are connected in series. The lock-in amplifier plays act as a band pass filter and the signal
component of the same period as alternating current is measured by digital multimeter, and
these measuring instruments are connected in parallel by general purpose interface bus (GPIB)

and control by LabVIEW programming software.

............................................................................................................ GPIB interface
Reference signal :
1 MQ
Transformer Isolation-amp  :
+ .
Digital
i 10 kQ - ¢ multimeter
397 1 MQ Pre-amp Lock in amp
Hz Instrument
-5—@ Control by
, : LabVIEW
; Isolation-amp  :
| N Digital
> T | multimeter
~1.5 Kand B+ 600 mT | Pre-amp Lock in amp

Temp. controller
Power supply of SCM etc.

Fig. A5.2 Low temperature measurement set up.
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