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Chapter 1
Introduction

Size of silicon based metal-oxide-semiconductor field effect transistor
(MOSFET) has been recently reached to the order of 10 nm for advance of information
processing performance. However, it is hard to continue the scaling down the transistor
size because of physical limitation as regarding to device process and design. The
device process have mainly trouble about development difficulty for shorter-wavelength
light of optical lithography beyond ArF laser. While, sub-threshold leakage due to the
scaling down is another issue for device design. However, double patterning and
three-dimensional structure technologies were used as temporary solutions, it is only a
matter of time before the developments stop. Thus, this fundamental obstacle requires
an alternative new materials and functional devices. Spintronics is expected for one of
the most promising solutions for overcome these obstacles. This field is motivated that
spin degree of freedom is applied for electronic devices [1].

The emergence of spintronics originated from discovery of giant
magnetoresistance (GMR) effect by P. Griinberg and A. Fert in 1987. So far, the
technology has contributed to magnetic head in hard disk drive (HDD) and magnetic
random access memories (MRAM). Besides that, spin-based device as transistor is also
great concerned as represented by spin field effect transistor (spin FET). The spin FET
was first proposed by S. Datta and B. Das in 1990 [2]. The new device has possibility to
achieve better switching performance than the conventional MOSFET. The spin FET

operation is based on the technology both spin injection/detection and manipulation,
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however, it has not been confirmed yet due to obstacles with spin creation and

manipulation in semiconductors (SCs).

1.1 Motivation

The concept of spin-FET is electrical resistance modulation by gate control of
electric field as magnetic force without external magnetic field. The spin FET has
ferromagnetic electrodes for source and drain, which is used for spin injector and
detector as shown in Fig. 1.1. The channel consists of narrow gap semiconductors based
two dimensional electron gas because these have strong spin orbit coupling (e.g.
InGaAs, InAs, InSb). The spin orbit coupling enables to manipulate the spin precession
frequency of conducted spin in the quantum well. It takes a strong magnetic force that
interacts to conduced spin. The magnetic force makes the spin precession in the center
of spin orbit coupling orientation (channel width orientation). The spin precession
angles at the ferromagnetic detector are expressed with channel length L and strength

of spin orbit coupling a(V;;) as described below.

2(V,)m*L
40 = (22 (1.1.1)

where m* is the effective mass. If the gate electric field is adjusted to precession angle
at the detector by 180 degree, the spin angle will be anti-parallel to magnetized
orientation of detector, and so the spin will be reflected by the drain. If the angle is 0 (or
360) degree, the spin will get thorough. Thus, the Datta-Das type spin FET is analogue
to a conventional MOSFET without control of spin precession. The energy consumes
for switching in the spin FET is apparently much less than the conventional MOSFET,

since the small energy is used as switching motion.
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Figure 1.1 Schematic of the Datta-Das spin-FET

To enhance the spin FET performance, strong spin orbit interaction and highly
efficient spin injection/detection is crucial. The strong spin orbit interaction make it
possible to decrease the channel length, because it needs to be hold longer than spin
precession length which is the distance during the spin precession angle change from 0
to 180 degree. It was reported that the enhancement of the spin orbit interaction have
been reported by adjustment of layer structure [3-7], 2-dimensional electron gas (2DEG)
based quantum wire [8-9] and nanowire [10-13]. However, the spin precession length
needs to be much shorter for device application, as considered to the minimum length of
70 nm in previous reports [14]. In addition, the spin injection/detection from
ferromagnet into semiconductors is another issue. So far, the spin injection/detection
experiment have been demonstrated by using both optical and electrical detection
method as represented to spin light emitting diode (LED) [15-17] and nonlocal spin
accumulation geometry [18-24], respectively. The conductivity mismatch is an obstacle
that decreases the spin injection efficiency in the FM/SC interface [25]. This obstacles
can be overcome by inserted a Schottky barrier or a tunneling barrier in FM/SC junction
as it has been reported that optimized control of the junction resistance plays a crucial
role in enabling efficient spin injection and detection [26]. There have been many
reports on spin injection into highly doped bulk layer of GaAs [18-19], Si [20] or Ge
[21] using a FM/SC Schottky tunnel barrier or an FM/insulator/SC tunnel barrier. On
the other hands, there have been very few reports on the nonlocal detection of spin

injection into narrow-gap semiconductors. These have been limited to
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CoFe/lng75Gap2sAs [22] or NiFe/lngssGag47As/INAs  quantum  well (QW) [23]
structures with an FM/InGaAs Schottky tunnel barrier, and the reported spin injection
efficiency of these materials is relatively low compared to other materials. A possible
origin of the relatively low spin injection efficiency in FM/InGaAs heterojunctions is
low tunnel resistance due to a low Schottky barrier height of the FM/InGaAs
heterojunction, resulting in a conductivity mismatch. Thus, insertion of a tunneling
barrier between the ferromagnet and semiconductor is necessary to achieve highly

efficient spin injection into narrow gap semiconductors.

1.2 Objective

This dissertation aim to that highly efficient spin injection and detection from
ferrmagnet into an InAs quantum well. Especially, the spin injection from NiFe spin
injector into an InAs quantum well through an MgO tunneling barrier is investigated.
With a secondary theme, thermal stability of Pd gate on InAlAs is evaluated for a

solution against gate deterioration during thermal treatment in a spin FET process.



1.2 Outline

This dissertation mainly focuses on spin injection and detection in InAs
quantum well in the purpose of realization for spin based semiconductor devices. The
evaluation of gate material on InAlAs is also investigated to optimize the process with a
secondly theme.

In chapter 2, the theory regarding spin injection, detection and transport
mechanism is introduced. The fundamental obstacle with spin injection into
non-ferromagnet, as called conductivity mismatch, is focused. Then, the tunneling
barrier playing roll for suppress the conductivity mismatch problem are described.

In chapter 3, an overview of the device process technique and flow is
described.

In chapter 4, thermal stability of Pd gate on InAlAs is described. Since Ni and
Fe as the ferromagnet electrode is easy to diffusive the InAs around 120 °C, and then
thermal treatment deteriorate the gate characteristics. On the other hands, generally used
Ti/Au and Ti/Pt/Au gates on InAlAs are also poor with resistance against thermal
treatment over 200 °C. The deterioration of gate characteristics during thermal treatment
required process, such like a resist bake, make a problem for spin FET process. Thus,
Pd/InAlAs Schottky gate was evaluated in regard to thermal stability over 200 °C. The
analysis of a fabricated Pd/InAlAs gated FET was conducted by using voltage-current
measurements.

In chapter 5, spin injection and detection in semiconductor is described. First,
NiFe/MgO/n-Si and Fe/n-Si non-local spin valves were fabricated for confirming the
tunneling barrier effectiveness. The NiFe/MgO/n-Si sample show clear spin valve
signals due to interface resistance adjustment, but any nonlocal signals was not shown
in Fe/n-Si case. It seemed that the signal of Fe/n-Si was too low to detect in nonlocal
configuration. To analyze it further, three-terminal Hanle effect measurement was
conducted, which make it possible to detect the spin accumulation without spin
relaxation in channel. The Hanle effect measurement result showed a clear spin
accumulation and another effect signals simultaneously. The origin of another effect is

discussed in aspect of bias voltage dependence of the Hanle amplitude. Based on these
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results, spin injection into InAs quantum well through MgO tunnel barrier was
conducted. The spin accumulation signal was observed in the fabricated
NiFe/MgO/InAs nonlocal spin valves, and then spin-related parameters were evaluated.
The spin polarization in InAs quantum well reached to 9 % and the value was 4 times
higher than the previous reported value of NiFe/InGaAs/InAs. It is possible to realize
that the further study will perform a highly efficient spin injection into InAs quantum
well. Finally, the nuclear spin polarization in InAs quantum well was challenged. An
anomalous Hall effect signal was detected when spin was injected from ferromagnet as
source electrode in Hall-bar. The anomalous signals probably indicated to nuclear spin
polarization in InAs quantum well by spin injection from analysis of the signal
amplitude.

Finally, chapter 6 provides a summary of this dissertation.
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Chapter 2
Spin  Injection,  detection and
transport

2.1 Spin injection and transport in non-ferromagnet

This section focus on the spin injection and accumulation in non-ferromagnet. The fist
experimental demonstration was conducted by Johonson and Silsbee. [1] In the density
of state (DOS) of spin polarization inside ferromanget play roll which is observation of
spin injection and detection in non-ferromagnet. The spin injection into
non-ferromagnet from ferromagnet induces to spin accumulation in the non-ferromagnet.
As considered to current flow between ferromagnet and non-ferromagnet, the

conductivity of spin-up and spin-down is not accorded, as called a spin current (I; —I,).

o Oy (2.1.1)

= o ox

where j;; is the spin up (spin down) current density. The spin current accompany with
a charge current simultaneously. Then, the injected spin make the non-ferromagnet
magnetized caused by the spin accumulation. It is related to the difference of population
spin-up and spin-down as expressed by chemical potential (uy — ;). The spin
dependent conductivity form as according to Einstein relation

oy = e?Ny (Ep)Dyy (2.1.2)

where ay; is the spin dependent conductivity, and N(Ey) is the density of state in



Fermi energy and Dy, is the diffusion constant. Then, Dy, is given by D = 1/3vg, Iy,
where vg, is the Fermi velocity and l;; is the spin dependent electron mean free path.
The spin polarization ratio comes from spin dependent conductivity asymmetry which
can be formed as

azh—h (2.1.3)
vt

It assumes that conducted spin is limited to one dimensional diffusion. By using the
spin averaged diffusion constant D = DyD,(N; + N;)/(D;Ny + DyN,) and ¢ is the

spin relaxation time, Einstein relation transform to

0% — ) _ (m— ) (2.1.4)

D
0x? TSf

Finally, the general solution of the equation is given by:
C x D x

Uy =A+Bx+a—uexp (—E>+U—”exp <E> (2.1.5)
where A, B, C and D are defined in boundary condition between ferromagnet and
non-ferromagnet and A, is the spin diffusion length which is expressed as Asf =
\/st. The boundary conditions in ferromagnet/non-ferromagnet interface are first
explained by Schmidt theory, which is considered to chemical potential continuity at the
interface. While, Fert expanded the theory to be general condition in regard to chemical

potential discontinuity. These details are explained as follows.

2.1.1 Conductivity mismatch

Schmidt et al predicted the obstacles for efficient spin injection into semiconductors in
2000 as called conductivity mismatch. [2] In this section, the efficiency of spin injection
into non-ferromagnet from ferromagnet is explained. In situation of the interface
resistance and spin relaxation at the interface are neglected, the spin dependent chemical
potential continues crossover the interface. The electrical chemical potentials
exponationally decay with the length inside non-ferromagnet resulted to u;(+w) =
u; (). As considered to the boundary condition at the injector and detector, detectable

magnetoresistance signal is expressed by
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AR p? (AFM O'NM)Z 4

—_—= 2.1.
RP 1_32 O-FM X ( 6)

2

(275 41) 2

where Rp is the resistance in ferromagnets magnetized in parallel, g is the spin
polarization in ferromagnet, Ar,, is the spin diffusion length of ferromagnet, oz vu)
is the conductivity of ferromagnet (non-ferromagnet). In sandwich of ferromagnet, the

equation is shortening to:

I (2.17)
R GB-DE+D

As considered that the g is limited to be less than 100% and short spin diffusion length

of ferromagnet ~10 nm, This equation 2.3.6 shows that the observable
magnetoresistance is completely dominated by the ratio of conductivities in
non-ferromagnet and ferromagnet oyu/0ry- Figure 2.3.1 and 2.3.2 indicate that the
dependence of AR/Rp on oy /ory While the g =0.8 (blue), 0.6 (red), 0.4 (black),
the x=1000 nm, and the Az, = 10 nm. For getting a non-zero magnetoresistance, oy
must be at least 100 times larger than oz, although normally the oy,, is smaller than
opy OF nearly equal to oz, in semiconductors. In the conductivity mismatch situation,
the spin injection efficiency becomes extremely low. It seems that the injected spin
absorbed by the ferromagnet as spin injector and then the spin is flipped fast inside
ferromagnet. Obviously, the spin injection into semiconductor counters the obstacle

with this conductivity mismatch problem.
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For overcoming the obstacles, there are several solutions.

(1) 100% polarized spin injector and detector

(2) Ballistic transport at the ferromagnet and semiconductor interface

(3) Schottky barrier between ferromagnet and semiconductor

The (1) and (2) are difficult for applying the semiconductor because it is unrealistic for

getting a perfect ferromagnet crystal quality.

2.1.2 Spin injection thorough interfacial tunneling barrier

The previous Schmidt model can not be applied for a realistic situation. Because, the
ferromagnet/non-ferromagnet interface generally have a certain initial interface
resistance even if metal/metal interface. The interface resistance virtually must play roll
for the boundary condition. Anyway, elimination of the chemical potential continuity is
important technique for spin injection efficiency enhancement. In this section, thus, the
interfacial tunneling barrier is focused on. It is one of the most promising solutions for
efficient spin injection from ferromagnet. Fert et al extended the theoretical calculation
of the conductivity mismatch by developing a model in which as, spin dependent
interface resistance is taken into account. [3] First, the spin dependent current density
from ferromagnet to semiconductor is defined j.(z). The spin dependent conductivity
is written to py =2(1—-B)ps" and py = 2py* for ferromagnet and
non-ferromagnet, respectively. As considered to chemical potential discontinuity by
interface resistance, the specific boundary condition in ferromagnet/non-ferromagnet

interface (z=zo) is described to
pe(z =20") —ps(z = 207) =144 (2) (2 = 2p) (2.3.8)

where py(z=2,"), py(z=2,") are the chemical potential in the two
ferromagnet/non-ferromagnet interface, and interface resistance factor is expressed by
interface resistivity r,*

ry = 21," (1 +7y) (2.1.9)

The spin resistance for ferromagnet rz and non-ferromagnet r, is defined to
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e = ppt X lgg" (2.1.10)
™ =pn" X lsg"
The r,* in the ferromagnet/non-ferromagnetic metal generally show around 10 Qum?,
which initially rz < 1y, can be hold. In spin valve configuration, spin current
polarization SP = (J, —J_)/] is written to

_ PBre+yn” (2.1.11)

SP =
e+ 1y +1°

In case of conductivity mismatch dominated r,* ~ 0, the equation transform to

__ b (2.1.12)
1+ry/1r

SP
which is same equation of Schmidt model as discussed before. On the other hand, when
1" 1S much larger than 1 and ry, the equation become to SP = y. It is explained by
the differences of spin diffusion length between ferromagnet and semiconductor. In
condition of r,* ~ 0, the chemical potential at the interface become continuity. It
causes the spin current relaxation inside ferromagnet near the interface. The spin
diffusion length of ferromagnet is much shorter than that of non-feromagnet, the almost
all the spin flips in reaching the interface. In contrast, in situation of r,* > 1, the spin
diffusion length of the ferromagnet does not affect any interface spin relaxation, because
the chemical potential hold discontinuity. At these results, the interface resistance
makes it possible to suppress the conductivity mismatch problem. The
magnetoresistance in ferromagnet/non-ferromagnet/ferromagnet structure is expressed

with these ferromagnets boundary condition to:

AR = 2(Bre +ympy*)? — > (2.1.13)

X 7 7 x
re + 1, *cosh | == +—N[1+ -b_ ]sinh
F g (lst> 2 (rN) lst
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X

=21 - Bz + er <+ 2(1—yH)n,’*
sd

N

2 * 2 2., % X (2-1-14)
(B = v)?remy* + rv(B?1e + ¥21,")tanh T
sd

+2
(rg + ") + rytanh LN
214

where x is the non-ferromagnet length (spin travel length). As considered to three
specific conditions, the magnetoresistance is described as listed below.

(1) Without interface resistance  1,* ~ 0,1y ~ 7%,

AR _ B (2.1.15)
R B-DE+1)

(2) Without interface resistance + semiconductor regime " ~0, Iy > 1%

2
AR _ (T lsa" (2.1.16)
R ™ X
(3) With interface resistance + semiconductor regime " #F0, iy > 1%
H X * lSdN
(1) rN(m)<rb <rN(x),
. AR y? (2.1.17)
AR = 2y?n,*, ?:1—)/2

i Ls N *
(ii) TN( i )<rb :

AR 2rylsg” (2.1.18)
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Figure 2.1.3 The magnetoresistance versus contact resistivity in InAs QW and Graphene

Figure 2.1.3 shows the magnetoresistance dependent on contact resistivity for InAs QW
and grapheme as comparison. In the conductivity mismatch region, the AR/R increase
constantly as proportional to AR enhancement, and then it reaches maximum at
" = 1y point. While, AR/R gradually decreased in increasing the r,* for increase
of only the R. To evaluate material parameter, non-doped non-ferromagnets are
compared here. Since the InAs QW has a relatively high conductivity and a short spin
diffusion length compared to graphene, the spin resistivity is lower. This means that
ideal interface resistance for efficient spin injection become lower. It is obviously
emphasized that alignment between interface resistance and spin resistance is crucial to

detect non-zero magnetoresistance according to material parameters.

2.2 Spin transport in semiconductor

The amount of injected spin into semiconductor doesn’t directly response to
magnetoresistance. The deterioration of magnetoresistance can be occurred due to
unintentional spin relaxation and precession inside semiconductor channel. The
dynamics of magnetoresistance deterioration is related to each semiconductor material
and device structures. Thus, it is important to understand the spin relaxation and

precession mechanism for precise device control and design.

2.2.1 Spin relaxation

16



Spin relaxation is the depolarization (randomization) of spin density inside
non-ferromagnet material for reaching to initial non-equilibrium state, which means that
conducted spin flips and never come back to polarized state. It is occurred due to
combination of momentum scattering and spin orbit interaction. The relaxation rate is
defined as a certain time (zs) and length (1s), as called spin life time and spin relaxation
length respectively. The relation of spin life time and relaxation length can be described
by using diffusion constant D, which gives

D = As/TSZ (221)

According to the Einstein’s relation, the diffusion constant D is written to

D= - o _ (2.2.2)
e?ppos(E)

where o is the Drude conductivity and ppos(E) is the density of state. Here, electron
is conducted by drift but electrons within kT around the Fermi energy kT «< Eg. It
means that the first level in two dimensional electron systems is dominant, Fermi wave

number k and Fermienergy Eg

kF == ﬂZT[nS (223)

hlkp* Th? (2.2.4)
EF = =
2m* m*

where ng is the carrier density. Whereby, density of state at Fermi energy in two

dimensional electron systems is expressed as

*

_m (2225)
pap(Ep) = ThZ

The diffusion constant D can also be written as,

D = 1 _ (2.2.6)
e?p,p(Ep)Rs
where Rg is the sheet resistance.
The spin life time and spin diffusion length is regarded as a particular index which each
semiconductors have. These parameters indicate that individual semiconductor

materials have spin-related transport characteristics. The spin life time (diffusion length)
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have range from several hundred pico-seconds to nan-seconds (from nano-meter to
micro-meter), although it depends on material properties such like doping concentration,
carrier mobility, band structures and so on. It has been cleared that several factors cause
to spin relaxation and de-phasing. Here, the physical origin of each relaxation

mechanism is listed up in the following.

Elliot-Yafet (EY) mechanism

EY mechanism [4-5] refer to the conducted spin relaxation in which an electron spin
scatter through impurities and phonon scattering event that induce to flip the spin. These
momentum scattering event can be originated from impurity doping and defect, lattice
vibration (thermal effect), and ionized impurity. The spin flip-flop mechanisms are
illustrated in Fig. 2.4. The localized electric field due to these factors is directly
transformed to spin orbit interaction. Almost all semiconductors have the EY
mechanism, particularly this mechanism is much concerned in highly doped
semiconductors and inversion symmetric material of group IV, such like Si and Ge. The

spin life time for EY mechanism is given by the relation:

1 =A< Aso >2<@>2 1 2.2.7)
Ts (Ek) Eg + ASO Eg Tms(Ek)

Where A is a constant (almost near to 1), 4g, is the spin-split energy in the valence

band, E, is the bandgap,and 7,,s is the momentum scattering time. Since the
momentum scattering event is typically dominant of lattice phonons scattering around

room temperature and impurities at low temperature,
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Figure 2.2.1 Illustration of the Elliot-Yafet spin relaxation mechanism.

D’yakonov-Perel’ (DP) mechanism

DP mechanism [6] is originated from the spin-split of the conduction band related to
spin orbit interaction of structural inversion asymmetry (SIA) and bulk inversion
asymmetry (BIA) (see section 2.4.2 and 2.4.3). The conducted spin move precession by
a certain precession frequency with respect to lattice orientation g_i(E) in effective
magnetic fields via SIA and BIA. The wave number Kk is shifted through the momentum
scattering events, and then the orientation of effective magnetic field can be also
changed. During the time between scattering event, the spin precession phase is shifted
by Q(k) T,ns, Where T, is the momentum scattering time. Hence, spin life time

related to DP spin relaxation is expressed to

1
~ o~ erms (2.2.8)
Ts
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Figure 2.2.2 Illustration of the D’yakonov-Perel” mechanism. The conducted spin

precesses aligned to effective magnetic field by spin orbit interaction.,

The two major spin scattering mechanism is important to understand. The scattering

rate of EY mechanism is linearly proportional to momentum scattering time ¥ o

Tms, While that of DP mechanism is inversely proportional to it 7,PF o Ti It implies

ms

that low momentum scattering time t,,, make the 3PP possibly enhanced, which
spin precession frequency become much higher by using in engineering quantum
confinement, because it is well known that the quantum confinement normally increase
the momentum scattering time. To be concluded, a high mobility and quantum

confinement structure have much advantage for application of spin-FET.

2.2.2 Structural Inversion asymmetry (SIA)

Spin orbit coupling is expressed by Dirac equation from Hamiltonian;

oL (2.2.9)
H = ma . (p X VV)

where p is the momentum, & is the spin operators and Vis the electrostatic chemical

potential. The effective spin orbit interaction is drastically increased in conduction band
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of semiconductor which can be written via k - p perturbation;

3 PZ[ 1 1 (2.2.10)

T 3 |E2 (Eo +00)?

1—> -
3 EO"(pXVV)

Structural inversion asymmetry refers to the conducted electron feel effective magnetic
field in asymmetric confinement potential of conduction band, as shown in Fig. 2.5.
The asymmetry electrical potential supply conducted to an effective magnetic by a
certain precession frequency which is given by:

Q(k) = agé x k (2.2.12)

where ap is the strength of the spin orbit coupling (Rashba parameter). [7] This
effective magnetic field make the conduction s-orbit band degenerated, which leads that
spin polarization is occurred in biased voltage gradient. The one dimensional energy
dispersion along to z-direction in a semiconductor quantum well form split as described

to

h2 (2.2.12)

Elll - 2m* ((kx i kR)z - kRZ)

where m* is the effective mass in the conduction band and kp = aym/h?.

Hamiltonian is also expressed to:

ar

h

N a 2.2.13
Hp = o- (p X2)= ?R (pyax - pxay) ( )

Whereby, the spin split energy linearly depends on strength of spin orbit coupling and
Fermi wave number as given to:

AR = ZaRkF (2214)

The spin split energy reach to more than 30 meV in InAs quantum well in highly

engineered structure.
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Figure 2.2.3 Illustration of the degenerated spin split band in narrow gap quantum well,

the energy dispersion relation to k-space, and effective magnetic field in field of SIA.

2.2.3 Bulk inversion asymmetry (BIA)

Bulk inversion asymmetry comes from lattice structure asymmetry as
represented to zinc-blend structure of IlI-V type compound semiconductors (GaAs,
InAs, InP). [8] In the zinc-blend lattice structure, the atoms position breaks inversion
asymmetry, that is electric field due to Coulomb potential between Ill-V atoms. The
spin orbit interaction emerge in which the spin conduct in the electric field. The
Hamiltonian is written as precession frequency:

h AR (2.2.15)

H=-
2

The precession frequency is derived from k - p perturbation of zinc-blende structure

which is given by:
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2 (2.2.16)
= ﬁ (kalky? = k%) ke (K,
— k), ey (e = k)
where ap, is the strength of the spin orbit interaction (Dresselhaus parameter), and E,
is the energy band gap of the semiconductor. Compared to the SIA, the BIA have
anisotropic field to the k-space. It assumes that the two dimensional electron gas on

(001) crystallographic orientation in the following form:

o 2.2.17
H= f(kyay ko) (2.2.17)

Figure 2.2.4 lllustration of the effective magnetic field due to linear BIA effect.
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2.3 Spin injection and detection measurement

Spin injection and detection measurement in spin valve geometry is discussed
here. Spin valve signal must be taken careful to analyze because another effect usual
include it. The magnetoresistance is a simply resistance change as ferromagnets
orientation by magnetic field. In this situation, the anomalous Hall effect and
anisotropic magnetoresistance (AMR) effect, as no related to spin injection, appear at
the same time.[12] In this reason, non-local measurement have been developed to

eliminate these unambiguous signals in spin valve measurement.

2.3.1 Two-terminal local geometry

The two-terminal local spin valve measurement is simply analogous to the
inserted non-ferromagnet in metallic GMR or TMR device, where Spin polarized
electron injected to non-ferromagnet by biased electric field between two ferromagnet
which imposed on non-ferromagnet, the magnetoresistance appear depending on

parallel and anti-parallel state of two ferromagnets magnetization.
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Figure 2.3.1 Schematics of the two terminal local spin valve configuration and ideal

spin valve signals

As described in section 2.1, the amplitude of magnetoresistance is expressed below.
2(Bre +y1p")?

%y 2
X T, T . X
+ ry*cosh | —x | + -4 [1+ b ] h|—=
@ Ty COS <lSdN> 2 (rN) sSin lSdN

AR =

) (2.3.1)
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X

=21 =Bz +1y N +2(1 —y?)n,*
sd

(2.3.2)
X

(B — V)?*1emy” + 1y (B%1e + y21, ) tanh (2 =

+2 Lsa

(rg + 1) + rytanh LN
214

2.3.2 Four-terminal nonlocal geometry
The four-terminal non-local spin valve configuration makes it possible to detect
only spin injection and detection related phenomena as shown in Fig. 2.4.1. The biased
current in injector supply a pure spin current between injector and detector, while spin
and charge current between outside electrode and injector. The pure spin current
diffusive to the detector orientation, and then it is detected by ferromagnet detector. It
means that there are no charge current in the detector circuit resulted to elimination of

local Hall effect and anisotoropic magnetoresisatnce.
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ideal spin valve signals.

The spin transfer characteristic in the nonlocal set-ups was developed theoretically by S.
Takahashi and S. Maekawa. [13] For easier to understand, it assumes that spin current at
the ferromagnet and non-ferromagnet interface is uniform as according to Iy," «
dy, dp < wy, Wp < lgg", where dyryand wyyare non-ferromagnet (ferromagnet)
width and thickness. The current in the interface is described by I = 1/(eR;). In this
situation, when the bias current | flow between ferromagnet injector (FM1) and outside
non ferromagnet, there are no charge current between FM and FM2. The electrical
chemical potential dependent on x direction is written to p_(x) = elx/o + odu

between FM1 and NM and ., (x) = oéu for between FM1 and FM2, where 6u is the
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oy = a, exp (— %) + a, exp (— 'lx_,f)) with chemical potential shift by spin

sd

injection term o and FM2 detector (x-L).
The nonlocal spin signals in FM2 correspond to the spin chemical potential defference

at the FM2 interface in three cases, is given by
2
4Rs{ P 2( R ]+ Paa (RFM ﬂ exp(_L)
_ 1_P| Rsc 1- PFM Rsc isc (2,3,3)

ARNL 2
2 (R, 2 (Ru) g ol 2L
1- P|2 Rsc 1- PFZM Rsc /ISC

where the Rsciry = pscmyAscr/@nsWar)) -

2.3.3 Hanle effect

The Hanle effect relates to spin precession effect in external magnetic field. It assumes
that conducted spin diffusive only in a 1-D-diffusive channel between two ferromagnets.
The perpendicular external magnetic field make the conducted spin torque, resulted to
induce spin precession. The diffusion time t from injector to detector has a broad

distribution ¢(t), which is expressed by

—]2
() = exp ( ) (2.3.4)

1
VanDt 4Dt

During the spin travel between ferromagnet, spin coherence also diffusive leading to
spin population decay. It causes that only non-flip-flop spin is detectable in Hanle
geometry. In this reason, taking into account the spin flip process, the output signal
become multiple the ¢(t) and spin flip process function. Then, probability of spin
potential diffusion is expressed to ¢@(t) exp (—t/7sq4). Since the detectable spin also
depends on the spin precession angle cos (w,t) in center of z-direction at the detector.

Finally, the output signal is written with integration of all diffusion time by

2

eN(Ep)S

jowgo (t) cos (wyt)exp (—t> dt

— (2.3.5)
Tsd

Vi (BJ_) =
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2.4 Spin FET
Spin FET is based on the combination of spin injection and detection and spin

manipulation by spin orbit interaction in a strictly ballistic 1-D system. Taking into
account the strong SIA materials (e.g. InAs QW), the conducted spin precession
depends on the initial spin angle. Figure 2.4.1 shows the initial spin angle
(magnetization direction) dependent on spin precession. When y-magnetized spin is
injected to InAs QW, the spin precession does not occurred, because the SIA direction
and spin quantization axis stay parallel state. On the other hands, when x and
z-magnetized spin is injected, the SIA is anti-parallel to injected spin resulted to spin
precession in center of y-axis. The two precession geometries are only different with
spin precession phase caused by 90 degree of the initial phase shift. The spin precession

angle is expressed to:
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where the a(1;) is the SOI strength dependant on gate voltage. The observable

conductance modulation G is also written to:

G = Acos <—2a(l{;2m*L + (].’)) (2.4.2)
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Figure 2.4.1 Spin precession and non-precession configuraation in 1-D InAs QW.

2.4.1 Spin FET in two dimensional system

In two dimensional quasi-ballistic regimes, the wave number for channel width (y)
direction was not conserved. Since the total wave number is expressed to (kz> —
kyz)‘l/z, the momentum scattering event in y-direction can make spin randomized.
Taking into account the total wave number (kz° —k,*)~%/2, the conductance
modulation in a two dimentional spin FET is written with precession angle

0 (ke ky, a(V;)) to [15]:
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2 kp 2
G = ZnVIZfO <1 — %) cos [@ (kF, ky, a(l{q)) L] (24.3)

Zm*a(l{q) N 4m*2a2(l{g)
2 Z
0 (kp, ky,a(Vy)) = ——0 h (2.4.4)

ke’ — k,*

(2.4.5)

Zm*a(V)L T
cosl hzg +Z]

B
e
2 /nm*a(Vg)L

Thus, the conductance modulation ratio in 2-D spin FET is limited to be less than 100 %
caused by the existence of y-direction momentum scattering event as compared eq.
(2.4.2) and (2.4.5). It implies that on/off ratio of 2-D spin-FET stay to be weak, even if
extremely high spin accumulation is realized. Only option for overcoming this problem
is the strictly 1-D channel, although on-resistance of the 1-D spin FET limited more
than quantum resistance h/e? (>10 kOhm). It is impossible for the spin FET to attain

high driving current and on/off ratio simultaneously, unlike conventional MOSFET.
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Chapter 3
Experimental Methods

3.1 Sample fabrication

In this short section, the fabrication process for analyzed samples is described
as details. First one is a gated Hall-bar fabricated for Hall measurement. The main
objective is the gated process in InAs quantum well. Last one is a lateral spin valves for

Si and InAs QW.

3.1.1 Gated Hall bar

The fabrication process of this device is done by conventional optical
lithography, wet chemical etching, plasma enhanced chemical vapor deposition and
metal evaporator. In forming a Pd/InAlAs Schottky gate, leakage current make a trouble
in mesa side wall. For decreasing the leakage curret, InAs/InGaAs composite channel
was etched by citric acid based etchant without InAlAs layer etched. The following is
the flow for device fabrication.

(1) Mesa isolation formation

Prebake 90 degree for 10 min

Spincoat  SPR6810, 500/5000 rpm, 3/30 s
Bake 90 degree for 10 min
Exposure

Development and Rinse
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Wet chemical etching H3PO4:H20,:H,0 30:1:1, 15 degree, 100s
(220 nm of mesa height)
Selective etching for InAs/InGaAs from mesa side wall
CeH705:H202:H,0 2:1:2 for 4min
Resist removal
(2) Passivation film
Native oxide removal NH3:H,O 1:3 for 30 sec
SiO, deposition PE-CVD (250 nm)
(3) Ohmic electrode formation

Pthotolithography for Ohmic electrode pattern

SiO; etching HF:NH4F 1:5 for 30 sec
Native oxide removal NHs:H,0 1:3 for 30 sec
Metal deposition Au/Ge/Au/Pd/Au 30/40/30/15/50 nm
Rapid thermal Annealing 420 degree for 75 sec
Lift off

(4) Gate formation

Photlithography for SiO, etching pattern

SiO; etching HF:NH4F 1:5 for 30 sec
Photlithography for Gate pattern

Native oxide removal NHs:H,0 1:3 for 30 sec
Metal deposition Pd(30)/Ti(20)/Au(50) nm
Lift off

3.1.2 Lateral Spin Valve
The lateral spin valve for n-Si and InAs QW was fabricated by electron beam
lithography, reactive ion and wet chemical etching. The following is the flow for device
fabrication for InAs QW as represented.
(1) Mesa isolation formation
Pthotolithography for isolation pattern
Wet chemical etching H3PO4:H,0,:H,0 30:1:1, 15 degree, 70s
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(100 nm of mesa height)
Selective etching for InAs/InGaAs from mesa side wall
CeH705:H202:H,0 2:1:2 for 4min
Resist removal
(2) Passivation film
Native oxide removal NH3:H,0 1:3 for 30 sec
SiO, deposition PE-CVD (100 nm)
(3) SiO, removal around Mesa
Photolithography for SiO, removal pattern
SiO; etching HF:NH,4F 1:5 for 30 sec
Resist removal
(4) Outside non-ferromagnet electrode formation

Pthotolithography for non-ferromagnet electrode pattern

Native oxide removal NH3:H,0 1:3 for 30 sec
Metal deposition Au/Ge/Au/Pd/Au 30/40/30/15/50 nm
Lift off

Rapid thermal Annealing 420 degree for 75 sec

L_

(5) Ferromagnet formation
EB lithography for ferromagnet pattern
Prebake 110 degree for 10 min
Resist coating PMMA A7, 500/5000 rpm for 3/30 sec

Bake 170 degree for 5 min
Exposure 100 kV, 500 pA
Develop MIBK:IPA

O, plasma ashing for resist descum
Etching to InAs layer H3PO4:H,0,2:H,0 30:1:1 for 28 sec

(Low energy Ar ion milling)
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Ferromagnet deposition
Lift off

il | bt

(6) Supply Pad formation

Photolithography for Pad pattern
Metal deposition  Ti/Au, 20/60 nm
Lift off

H

Figure 3.1 A fabricated lateral spin valve device picture.
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3.2 Electrical measurement in an InAs quantum well
The layer sequence of an InAs quantum well is detailed in section 5.1.
Conventional Hall and Shubnikov de Haas oscillation measurements were used to

evaluate the carrier density, mobility and spin split energy in the InAs quantum well.

3.2.1 Shubnikov de Haas oscillation

A perpendicular magnetic field to a conducted carrier induces a Loretz force
which is perpendicular to the current orientation as known the Hall effect. The Hall
resistance in 2-D structure is given by Ry = (nRs)~! with sheet resistance Rg. The
electron mobility u is expressed u = Ry /p where p is the sheet resistivity. When the
magnetic field is enough to high in a clean 2D structure, the Hall resistance is quantized
resulted to get step behavior. The resistance steps are characterized by h/ne?, where n
Is an integer, as called the von Klitzing constant. The origin is formation of the Landau
levels which is degenerated due to the cyclotron orbits of carriers quantization. The
Landau levels is given byE,, = (n + 1/2)hw,., where the w, = |eB|/m is the
cyclotron frequency. The typical Shuvnikov-de haas oscillation is shown in fugure 3.2.1.
The length between oscillations peaks depend on the carrier density n = e(61/B)/
(mh). In strong rashba SOI, the Landau level is degenerated by the spin split energy
resulted to form two oscillation frequencies as shown in Fig. 3.2.2. The strength of the
spin orbit interaction can be extracted from the period of the beating A1/B according

to:

n(ag) (3.2.1)
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Figure 3.2.2 The Shubnikov-de Haas oscillation in strong spin orbit interaction
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Chapter 4

Thermal stability of Pd Gate In
Pseudomorphic InGaAs
Heterostructures

4.1 Introduction

For high efficiency spin injection, a clean FM/InAs interface is crucial. However, Fe
as ferromagnetic contact was shown to react with arsenide over thermal treatment of
resist bake for electron-beam lithography caused to deteriorate spin injection efficiency.
On the other hand, commonly used Schottky gate materials such as Ti/Au and Ti/Pt/Au
on InAlAs barrier-layer are known to deteriorate during thermal procedure after the
Schottky formation. For these reasons, | have investigated a heat-stable material for gate
and forming gate contact before Fe contact formation to avoid this problem of heat
treatments. Despite the fact that titanium is widely used as Schottky gate material on
InAlAs, the Schottky characteristics have been shown to low Schottky barrier height
and low heat stability. [1] Catalytic metals such as platinum or palladium have been
known to a good Schottky material on GaAs or AlGaPb devices for precise Schottky
barrier thickness control. [2-3] Recently, Pt/InAlAs Schottky control was reported. [4-5]
Pt gate could be able to adjust the threshold voltage with appropriate anneal procedure
causing to interface of alloy progressed (buried-Pt gate technology) and achieve high

transconductance and large cut-off frequency. It was also reported that Pd and n-InAlAs
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of Schottky diode can lead to good Schottky characterization as well. [6] Compared with
platinum, palladium has advantages such as low cost and lower melting point which
make easier to be evaporated by electron-beam evaporator. However, there have been
only a few reports on Pd/InAlAs Schottky contact and almost no report on HEMT with
Schottky material. In this section, we describe the fabrication and electrical evaluation
of Hall-bar device on InGaAs-based peudomorphic heterojunction with Pd gate in order

to confirm the thermal stability of the material system.

4.2 InP HEMT structure

We used the Ings3Gag47As/Ings2Alp48AS HEMT structure grown on InP(100)
substrate with 50 A -thick Ingg;Gag10As channel layer in the middle of the InGaAs layer.
The device structures illustrated in Fig. 4.1. The structure consist of 300/800 nm  of
InP/Ing.5,Alo4sAs buffer layer, 5.0x10"cm™ of Si §-doping, 100 A of Ings:AlgssAs
spacer layer, 50 A of Ings3Gag47As sub-channel, 50 A of Ingg;Gag.19As main channel,
50 A of Ings3Gag.47As sub-channel, 100 A of Ings,AlgsAs spacer layer, 1.0x10* cm™ of
Si §-doping, 50 A of Ings2Alg4sAs barrier layer and InGaAs 100 A cap-layer. Gated
hall-bar structure was fabricated for evaluation of annealing effect of Pd gate in a
HEMT structure. The dimension of the Hall-bar devices were 50 um wide and 150 um
long as shown in Fig. 4.1 and 4.2. The schematic conduction band diagram of the device
before and after the anneal are shown in Fig. 4.3. In the figure, dark region indicates
newly formed metal palladium compounds between Pd metal and recessed barrier layer
interface. As the dotted line indicates in the figure 4.3, the new schematic band diagram
of the thinned barrier layer can be seen to cause positive shift of the threshold voltage
and the capacitance increase due to the metallic compound formation at the interface
during the annealing process. The carrier density of 2.0x10™ cm™ and the mobility of
18,659 cm?V's™ were measured by van der Pauw method at room temperature. As
source and drain ohmic contact of these devices, Au/Ge/Au/Pd/Au
300/400/300/150/500 A layer were evaporated by electron-beam evaporator and
annealed by rapid thermal annealing at 420°C for 75 s. Before formation of the gate,

gate recess etching was performed by wet chemical etching using phosphoric acid
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(H3PO4:H,0,:H,0=1:1:30) at 15°C. Gate metal stack of Pd/Ti/Au 200/200/500 A was
deposited and annealed for 5 min in N, ambient. Three different annealing temperatures,
i.e.,, 200, 250, 300 °C, were chosen for each device. During the anneal process,
formation of PdsAs, PdsAl; and so on are suggested to be formed at interface of Pd and

Inos2Alo.48As barrier-layer. [4]

Source Gate Drain
Alloy
Ing s;AlgagAs Darrier 5004
Si d-dope [11.0x10"%cm™?
Ing 52 Al 4sAs spacer 100A
Ing 53Gag47As | |sub-channel S0A
Ing s Gag 1sAs channel S0A
Ing 53Gags7As  |[sub-channel S0A
Ing 52 Al 4sAs spacer 100A
Si d-dope |5.010"cm™?
Ing sz AlpagAs buffer 0.8pm
InP buffer 0.3um
InP (100) substrate

Figure 4. 1 Schematic heterostructure diagram of the InGaAs-based HEMT transistor.

After rapid thermal anneal, the drain and source electrode reach to channel is indicated

with dotted line.

Figure 4. 2 A fabricated Hall bars with 50 and 150 pum of gate width and length.
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Figure 4. 3 A schematic of conduction diagram of the Schottky junction before (dotted
line) and after annealing (solid line). Dark area indicates metallic palladium compounds

formed after anneal.

4.3 Results and Discussion

The fabricated devices were analyzed by electrical measurements by analyzing Schottky
characteristics and drain to source current-gate to source voltage (lgs-Vgs) characteristics.
The value of Schottky barrier height was estimated by the thermionic diffusion theory.
The appropriate Richardson constant was derived from effective mass. [7-8] Figure
4.4 shows drain to source current and transconductance dependence on gate voltage
before and after the anneal at 250°C for 5 min when drain to source voltage was 1.0 V. It
indicates that the transconductance was enhanced and threshold voltage was shifted over
anneal, which barrier-layer width was decreased. Prior to the Schottky anneal, this
device had -0.52 V of threshold voltage and 650 uS/mm of maximum transconductance.
After Schottky anneal, the device performances changed to be -0.38 V of threshold
voltage and 700 uS/mm of maximum transconductance. The depth of the alloy layer
was estimated to be 50 A by transconductance peak shift before and after annealing
process. Figure 4.5 shows Schottky characteristics of the present device. Ideality factor
was found to be 1.03 and 1.05 before and after anneal, respectively. The Schottky
barrier height of this device was 0.68 eV both before and after anneals. The carrier

mobility after annealing was measured to be 18,841 cm®V's® by Hall-effect
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measurement. It indicates that the Schottky characteristic of Pd-gate was not degraded
over the annealing process. Annealing temperature dependence of threshold voltage
shift, Schottky barrier height, and ideality factor are shown in Fig. 4.6(a), (b), and (c),
respectively. The horizontal axis of Fig. 4.6 corresponds to annealing temperature. This
gate recess etching time of the samples shown in Fig. 4 .6 was different from that of Fig.
4.5. The estimated barrier layer thickness in Fig. 4. after gate recess was 300 A by the
corresponding etching rate, while that of samples in Fig. 4.3 was 400 A. The barrier
thickness difference of between Fig. 4.5 and 4.6 can be verified by the threshold voltage
differences. At 250°C for 5 min annealing, threshold voltage shift of Fig. 4.4 and 4.5
were 0.13 and 0.2 V, respectively. The threshold voltage shift in Fig. 4.6 (a) was around
0.15, 0.22, and 0.3 V when annealed at 200, 250, and 300°C, respectively, which was
linearly proportional to annealing temperature. In other words, the Schottky interface was
found to progress linearly with annealing temperature. In Fig. 4.6 (c), shifted value of
ideality factor of each device is plotted against annealing temperature. Before anneal,
ideality factor of most of the devices distributed at around 1.2 to 1.3. After anneal, the
values were not degraded, except samples annealed at 300°C. The deterioration is
presumably caused by the increased gate leakage current due to tunneling through
thinned barrier-layer as thin as 225 A estimated by the threshold voltage shift and

reaction rate.
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Figure 4. 4 Drain and gate current characteristics of one of the fabricated devices. The
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transconductance enhancement and the threshold voltage increase can be seen after

anneal. The barrier thickness shrinkage was estimated to be 50 A.
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Figure 4. 5 Schottky diode characteristics of the device. It shows that 0.68 eV of

Schottky barrier height and around 1.0 of Ideality factor was not deteriorated during the

anneal.
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Figure 4.6 Threshold voltage shift (a), Schottky barrier height shift (b), and Ideality
factor shift (c) are illustrated as function of annealing temperature. The threshold
voltage shift (a) is seen to be proportional to annealing temperature. The Schottky

barrier height shift (b) and Ideality factor shift (c) were not degraded, exempt for 300°C.

Because gate leak current was increased considerably.
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Figure 4. 7 The Schottky barrier height and ideality factor dependant on annealing

temperature.
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Chapter 5
Spin injection into InAs Quantum
well

In this section, the experimental electrical spin injection into InAs quantum
well is described. First, several layer structure was designed and analyzed as regards
enhancement of the strength spin orbit coupling. A clear enhancement of the spin orbit
interaction was observed with engineered InAs QW. For spin injection measurement,
nonlocal lateral spin valves were fabricated with n-Si and InAs QW for comparison.

Then, the spin polarization was evaluated via spin valve and Hanle effect measurement.

5.1 InAs quantum well structure

5.1.1 InAs quantum well layer design
Strong spin orbit coupling is necessary for achieving a short channel length for spin FET.
In this section, layer structures in InAs-based heterostructure were investigated for
enhancing the spin orbit coupling. These four different layer structures were prepared as
shown in Fig. 5.1.1 (a) — (d). Then, the strength of spin orbit coupling was measured by

using Shuvnikov de-Haas oscillation at low temperature.
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Figure 5.1.1a Normal Ing gGag 2As-based heterostrucutre.
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Figure 5.1.1b Inverted Iny sGag 2As -based heterostrucutre.
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Figure 5.1.1d Inverted InAs-based heterostrucutre.
The table 5.1.2 show results of the electrical characteristics and spin orbit coupling
strength (SOI strength) in each wafers. The wafer d indicated the strongest SOI strength
and lower carrier mobility compare to the others. As considered to the narrower
quantum well width (~12 nm) in wafer d, the carrier density inside band offset (depleted
region) become relatively higher. These results clearly indicate the effectiveness of the
inserted abrupt band discontinuities in the middle of the QWs for the enhancement of
Rashba effect, as reported before [1-3]. In the spin injection experiment into an InAs

quantum well, the wafer d was used for fabricating a lateral spin valves

a b C d
Mobility (sz/VS) 63200 154000 252000 28000
Carrier density (/cm?) 0.9 1.28 0.85 1.5
SOl strength 10" eVm 10 11 9.3 25

Table 5.1.2 Electrical transfer characteristics and SOI strength data.

5.2 Spin injection into n-Si

First, spin injection and spin accumulation in highly doped n-type Si was
investigated for confirming the tunneling barrier effectiveness before InAs quantum
well. Spin transfer characteristics was characterized by non-local measurements with
MgO tunnel barrier. The measurement results indicated that the MgO samples showed
nonlocal spin valve signal, whereas samples without MgO did not show it. However, it

remarked unequivocal evidence of spin accumulation inside Si in three terminals Hanle
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measurement, while maintaining symmetric characteristics in magnetic field. In this
report, we have discussed the spin accumulation effects on the two types of interface
structures.
5.2.1 Device fabrication and electrical characterization

Fabricated device structure consists of 50 nm-thick phosphorus-doped silicon channel
layer, 150 nm of SiO,, p-type Si substrate, as shown in Fig. 5.2.1. The carrier density of
the channel was obtained by Hall measurement to be approximately 3x10™ cm™ at
room temperature. Pattern definition of all fabrication process was conducted by
electron beam lithography and reactive ion etching (CF4 and O2 gas). For Ohmic
contact, Ni electrodes were stacked with electron beam evaporator followed rapid
thermal annealing to silicide. After eliminating native oxide by buffered hydrofluoric
acid, Fe (15 nm) or NiFe/MgO (30/2 nm) were stacked by electron beam evaporator in
the ultra high vacuum (UHV) chamber lower than 1x10° Torr. Then, Au cap layer was
deposited for preventing further oxidation. For enhanced MgO crystalline, annealing
process were employed only for MgO samples at 300 °C for 60 min in UHV chamber.
The measurement configuration is shown in Fig. 5.2.1. the current-voltage
characteristics between contact 1 and 2 indicated linear behavior and the contact area
products were estimated to be 2.3 kQ pm® at 1.4 K.

I VA

py

Figure 5.2.1 Schematics of fabricated nonlocal lateral spin valves. The device consist 50
pm of mesa isolation width and 0.5 and 0.8 um of ferromagnetic electrodes. External
magnetic field is aligned to long axis of ferromagnetic electrodes.

5.2.2 Spin valve measurement
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Magnetoresistance measurement was conducted with nonlocal lateral spin
valves geometry. The measurement results of nonlocal signal for 1 mA of biased current
are shown in Fig. 5.2.2 (a). External magnetic field (Bext) was applied parallel to
longitudinal direction of FM electrodes from -800 to 800 Gauss in order to obtain
nonlocal voltage change clearly. When the magnetic field was swept, the peaks of
nonlocal signals of 30 pV was detected at Bext=+170 Gauss. In addition to this result,
spatial FM electrodes dependence of nonlocal voltage was shown in Fig. 5.2.2 (b)
together with the fitting based on the equation Vi =RP?(1L/S)exp(-L/Lsg), where R is
resistivity of the Si channel, P is the spin polarization, S is the cross sectional area of
channel and Ly is the spin diffusion length. The spin diffusion length of 1.66 um was
obtained with the fitting curve. The spin relaxation time was estimated to be 7.45 ns
given by z=DL’, where z is the spin relaxation time, D is the diffusion constant.
These data were consistent with previously reports. [1] The nonlocal amplitude was
linearly proportional to biased current according to theory in Fig. 5.2.2 (c). [2] It is

reasonable evidence that the spin transfer is occurred inside Si channel.
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Figure 5.2.2a Result of a nonlocal spin injection (NiFe/MgO/n-Si) at 1.4 K. The data
were taken for the device of L=1.4 um, while the biased current fixed to =1 mA. The

offset of nonlocal voltage was excluded.
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Figure 5.2.2b Spatial FM electrodes dependence of nonlocal voltage at 1.4 K, when

biased current set to be 1 mA. The line indicates the exponential decay fitting curve.
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Figure 5.2.2c¢ Bias dependence of nonlocal voltage at 1.4 K for L=1.4 um sample. The

positive (negative) current direction indicate spin extraction (injection) direction.
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5.2.3 Hanle effect measurement in Fe/n-Si

Nonlocal spin signals with no tunneling barrier sample (Fe/n-Si) was not observed,
probably because of an accumulated spin potential in FM detector, which is expected to
be weak compared with NiFe/MgO/n-Si sample. For this reason, three terminals Hanle
measurement was conducted to observe the spin accumulation in zero length.
Schematics of fabricated sample for three terminals Hanle was shown in Fig. 5.2.3. The
SOl wafer is the same as shown in Fig. 5.2.1. The contact pad size is 150 um in width
and 200 um in length, respectively. The contact pad separation of 50 um is enough to

cause diffusive state.

Si (001)

Figure 5.2.3 Schematics of a three terminals Hanle configuration in Fe/n-Si.

150%200 pm? of electrodes size and 50 um channel length (between contacts).

The results of 3T Hanle measurement are exhibited in Fig. 5.2.4 with various constant
current conditions. The Hanle line shape should be approximated with Lorenzian
function given by V(B)=V(0)/(1+wL?ts?), where wL is the Lamor spin precession. As
see in Fig. 5.2.4, two type of Hanle-like signal were observed to overlap and the shape
indicated symmetric with biased current direction (injection and extract direction). The
spin relaxation times were estimated to be 3.4 ns of narrower peaks for I=3 mA and 0.4
ns of wider peaks for 1 mA, respectively. It is clear evidence that the narrower peaks are
originated from Si as referred from the NL spin relaxation time of 7.45 ns, which spin is
relaxed inside Si channel against perpendicular magnetic fields. We further note that the
amplitudes of narrower peak were linearly proportional to biased current as shown in
Fig. 5.2.6. For the broader peaks, the amplitudes were obtained to be particular

characteristics with biased current. In this narrow Schottky barrier between Fe and n-Si,

55



tunneling contact resistance would be intensely sensitive to band bending of biased field.
The disappearance of broader peak at high bias situation suggests tunneling resistance
related origin which is consistent with literature, Uemura et al. [3] Accordingly, a
observed authentic Hanle signal was to be unleashed from a spurious Hanle-type signals

in this specific regime.
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Figure 5.2.4 Result of three terminal Hanle measurement in Fe/n-Si at 1.4 K.

Perpendicular external magnetic field was swept from -400 to 400 Gauss, where the

bias current was set to 1=+0.5, 1 and +3 mA.
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of Lorentzian function (lines).
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Figure 5.2.6 3T Hanle amplitude as a function of biased current. The broader and

narrower peaks showed distinct characteristics.
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5.2.3 Conclusion

We have demonstrated spin injection with situation of NiFe/MgO/n-Si and Fe/n-Si to
reveal the reliability of the 3T Hanle measurement. NL spin accumulation was observed
in NiFe/MgO/n-Si clearly. The estimated spin transport properties were 1.66 pm of spin
diffusion length and 7.45 ns of spin relaxation time, respectively. In the 3T Hanle
measurement, we have observed the broader and narrower Hanle-like signals in Fe/n-Si
simultaneously, and the broader peak was strongly diminished at high bias situation.
Evidently, typical 3T Hanle-like signal was originated from magnetic-field-dependent

tunnel resistance.

5.3 Spin injection into InAs quantum well
5.3.1 Device structure

According the previous NiFe/MgO/n-Si data, we have fabricated a lateral spin
transport device with a NiFe/MgO spin injector/detector as shown in Fig. 5.3.1(a). The
transport channel consists of an Ings3Gag 47As/INAS/INg 53Gag 47As QW. A layer structure
consisting of (from the substrate side) a 300/800-nm-thick InP/Ings,Alp 48As buffer layer,
a Si 5-doping layer with a sheet concentration of 1.2x10' cm® a 10-nm-thick
Ings2Alo48AS spacer layer, a 5.6-nm-thick Ings3Gag47As sub-channel, a 4.1-nm-thick
InNAs main channel, a 1.8-nm-thick Ings3Gag47As sub-channel, a 50-nm-thick
Ing.52Alo.48AS barrier layer and a 10-nm-thick Ings3Gag 47AS capping layer was grown on
a semi-insulating InP (001) substrate. Figure 5.3.1 (b) shows a calculated energy band
structure of the InAs QW. The InAs QW is close to the InGaAs/InAlAs heterointerface
so that electrons experience a large electric field arising from the InGaAs/InAsAs band
offset, which induces the large Rashba SOI. For a spin injection device, a 50-pm-wide
channel was constructed by wet chemical etching aligned along the [110] direction. The
FM electrode patterns for a spin injector and a detector were defined for 0.2- and
0.4-um widths using electron beam lithography. A NigiFeig (70 nm)/MgO (2) stack was
deposited by an electron beam evaporator in an ultra-high vacuum chamber on the InAs

channel directly after wet chemical etching of the top InGaAs/InAlAs (/InGaAs) barrier
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layers. A sample with NiFe/Ings3Gag47As/INAs Schottky tunnel junctions was also

fabricated for comparison.

. L
InAlAs/
n-InAlAs

InP (001) substrate - |nm,;s {nloaAs/l
InAs/InGahs

Figure 5.3.1 Schematic diagram of a four-terminal lateral transport device for nonlocal
spin-valve measurements and a band simulation for the semiconductor channel. A wide
channel of 50 um was formed by wet chemical etching. After the top barrier layers were
etched down to the InAs channel layer, NiFe/MgO was stacked. The width of the spin
injector and detector (NiFe/MgO) were to be 0.2 and 0.4 pum. For spin valve
measurements, the magnetic field was swept in the long distance [1-10] direction of the
electrodes. NL voltage was detected between 3 and 4, while constant current was
supplied from 2 to 1. To measure in-plane magnetoresistance of the injector (detector)

contact, a three-terminal voltage was sensed between 2 (3) and 4.

5.3.2 Electrical characteristics

The electrical transport properties were characterized by Hall effect measurement,
which yielded mobility of 2.0x10* cm?/Vs, sheet carrier density (ns) of 1.5x10™ cm?,
and sheet resistance (Rs) of 300 Q/sq. at 1.4 K. The SOI parameter o was observed to be
~ 23x10™"? eVm at 1.4 K as determined by Shubnikov-de Haas oscillation and its
waveform analysis by the maximum entropy method of fast Fourier transform. This
value is approximately 2.6 times larger than the value in the literature [4], possibly due
to a high carrier density at the InAlAs/InGaAs band offset, although the carrier mobility
would become relatively lower. This strong SOI parameter leads to a short spin
precession length of approximately 340 nm over the mean free path of 600 nm; that is,
the spin relaxation due to the D’yakonov-Perel” mechanism can be avoided in the case

of a quasi-one-dimensional ballistic transport regime [5-6]. This value meets a
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requirement for realizing a Datta-Das spin transistor. Figure 5.3.2 shows the
resistance-area product (R-A) as a function of bias voltage for a NiFe/MgO/InAs tunnel
junction at room temperature and 1.4 K. A clear tunneling behavior was observed. This
contrasted with the result for a NiFe/InGaAs/InAs junction, which showed ideal ohmic
behavior (not shown). The value of R-A for NiFe/MgO/InAs in the vicinity of
zero-bias was approximately 2 k€um 2, a value two orders of magnitude higher than
that of NiFe/InGaAs/InAs (< 20 Qum 2). The relatively low R-A values observed in the

NiFe/InGaAs/InAs junction are consistent with the literature [9].
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Figure 5.3.2 RA-voltage characteristics in the NiFe/MgO/InAs QW at RT (closed
circle) and 1.4 K (open circle). A schematic diagram of the conduction band near the

NiFe/MgO/InAs interface is shown in the inset.

5.3.4 Spin valve measurement

Figures 5.3.3(a) and (b) show typical results of the NL spin-valve measurement at
1.4 K for (a) NiFe/MgO/InAs and (b) NiFe/InGaAs/InAs. The spacing between injector
(terminal 2) and detector (terminal 3) in the NL measurement was 0.7 um. For the
sample with an MgO barrier, clear voltage peaks were obtained at 10 mT and at -3 mT
upon positive and negative sweeps of the external magnetic field, respectively. By

contrast, for the sample without an MgO barrier the NL signal was not reproducible
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among the junctions in the wafer, and no clear NL signal was observed, indicating no
spin injection. In the NL measurement for the sample with an MgO barrier, a
background resistance of approximately 22 Q was detected possibly due to
unintentional electrical charge flow into the detector circuit of the NL voltage. This
electrical charge flow may have affected the change of the NL signal if there was any
magnetoresistance (MR) effect, such as anisotropic magnetoresistance (AMR) of the
FM electrode or tunneling AMR [7-10] of the tunnel junction, from the injector contact.
To verify whether this was the case, we measured the MR of the injector contact using a
three-terminal (3T) geometry, in which a constant current of 100 pA was supplied
between terminals 2 and 1, and the voltage between terminals 2 and 4 was detected
under sweeping by an in-plane magnetic field. The MR of detector contact 3 was
similarly measured. The results are shown in Figs. 5.3.3(c) - (f). All data were
normalized by the value at zero magnetic field. The 3T signal for NiFe/InGaAs/InAs
showed a spin-valve-like signal, as shown in Figs. 5.3.3(d) and (f), with an MR ratio of
approximately 0.04% due to AMR of the NiFe electrode, while those for
NiFe/MgO/InAs showed no such AMR signal (Figs. 5.3.3(c) and (e)). This is because
the tunnel resistance of the MgO barrier is much higher than that of the NiFe electrode.
The junction resistance of NiFe/MgO/InAs was almost constant against the in-plane
magnetic field with an MR ratio of less than 0.008%. Thus, we concluded that the NL
voltage change observed for the sample with an MgO barrier originated from the
spin-valve effect; i.e., switching between the P and AP states for the relative
magnetization configuration between the injector and detector contacts. This result
indicates a clear spin injection from NiFe into an InAs QW through an MgO tunnel

barrier.
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(a) NiFe/MgO/InAs QW (b) NiFe/InGaAs/InAs QW
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Figure 5.3.3 (a), (b). Non-local spin-valve signals for (a) NiFe/MgO/InAs and (b)
NiFe/InGaAs/InAs at 1.4 K. The closed circle (open circle) represents positive
(negative) direction sweep of the external magnetic field along the longitudinal axis of
ferromagnetic electrodes. The slightly asymmetric behavior of the nonlocal signal with
respect to the polarity of the magnetic field is due to the existence of the residual field
from the superconducting magnet. A background signal was subtracted. (c), (d).
In-plane magnetoresistance for injector contact for (c) NiFe/MgO/InAs and (d)
NiFe/InGaAs/InAs. (e), (f). In-plane magnetoresistance for detector contact for (e)

NiFe/MgO/InAs and (f) NiFe/InGaAs/InAs.

Figure 5.3.4 shows the L dependence of ARy for the sample with an MgO barrier,
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where L is the spacing between the injector and detector contact, and 4Ry is the NL
resistance change defined as Ry.” — Rn”", where Ry.") is NL resistance for the P
(AP) configuration. Based on the conventional one-dimensional spin diffusion model,

ARy is given by [11]
2
4Rs{ P, 2[ R } Poa [RFM H exp{_L]
1- PI Rsc 1- PFM Rsc lsc
AR, = >
2 5 R, + 22 Rew +1| —exp _2b
1-PF"(Rg 1-Pay (R Asc

where Pygw) is spin polarization at the FM/SC interface (FM electrode), Rscwy is the

(5.3.1)

spin resistance of SC(FM), R, is the interface resistance, and Asc is the spin diffusion
length of SC. For the NiFe/MgO/InAs junction, since Ry is approximately four orders
of magnitude smaller than R,, the second term in the square bracket in eq. (5.3.1) is
negligible. Through fitting of the L dependence of ARy. with eq. (5.3.1), the values of
spin polarization P, and spin diffusion length Asc in the InAs QW were determined as
8.1% and 1.6 um, respectively. The spin lifetime zs was estimated to be 8.0 ps from zs =
Jsc?ID, where the diffusion constant, D, was substituted by that extracted from Hall
effect measurements assuming that it is independent of spin polarization. The values of
Asc and s are comparable to those previously reported [12]. The obtained value of 1.6
um for Asc is about five-times larger than the estimated spin precession length. The Asc
obtained from the spin-valve measurement is a length scale in which the electron spins
parallel to the SOI field conserve their spin states, while the spin precession length is a
length needed for electron spins perpendicular to the SOI field to rotate by 27 with the
SOl field. Thus, both values should be different. Importantly the obtained spin
polarization of 8.1% is approximately four times higher than the previous result with
NiFe/InGaAs Schottky junctions [14]. To the best of our knowledge, this is the highest

value yet reported for spin injection into InAs.
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Figure 5.3.4 Magnitude of nonlocal spin-valve signal (4Ry.) for NiFe/MgO/InAs as a

function of spacing (L) between ferromagnetic electrodes. The solid line indicates fitting

according to eqg. (5.3.1).

We will now discuss the effect of MgO insertion on spin injection properties. From
eq. (5.3.1), 4Ry. decreases as the ratio R/Rsc decreases. This is known as the
impedance mismatching problem. The values of R/Rsc at | = 100 pA are approximately
3 and 0.03, respectively, for the samples with and without the MgO barrier. To avoid the
conductivity mismatch problem, the junction resistance R, should be much larger than
Rsc. If this condition is satisfied, 4Ry, takes the maximum value of ARy ™. From eq.
(1), 4Ry ™™ is given by

ARN™ = P?Rsc exp(—L/1sc) (5.3.2)
If we introduce ARn/ARN™ as a measure of the degree of freedom from the
impedance mismatch, it is approximately 74% and 0.6%, respectively, for the samples

with and without the MgO barrier. Thus, the sample with the MgO barrier is largely free
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from the impedance mismatching problem, resulting in a clear NL spin valve signal,
while the spin-valve signal for the sample without the MgO barrier greatly decreases

below the detection limit due to the impedance mismatching.
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Figure 5.3.54Ry. versus spin resistance mismatch

5.3.5 Hanle effect measurement
Observation of the Hanle precession is the most rigorous evidence of spin injection. In
the conventional Hanle effect measurement, application of the out-of-plane magnetic
field (B,) induces Hanle precession. The full-width at half maximum of B, for the Hanle
curve estimated from By,= //(g ugts), where 7 is the Planck constant divided by 27, g~
is the effective g-factor (g* is assumed to be 12 for InAs), and ug is the Bohr magneton,
is approximately 100 mT. However, no Hanle signal is expected in our sample within

+100 mT scan for B, due to the existence of a strong SOI field (Bso) acting on the
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conducting spins. The effective magnetic field from SOls inside the InAs QW was
estimated to be ~23 T from Bso, = (20k)/(g us), Where ke = (2zns)? is the Fermi wave
number. Since the saturation field of the perpendicular magnetization for NiFe is about
1 T, the magnetization direction of the NiFe electrode is almost unchanged within £100
mT scan for B,. Then, no Hanle precession occurs, because the Bsoj, Which is dominant
for the total magnetic field acting on the electron spins, is parallel to the electron spins.
For Hanle precession, application of large B, comparable to the saturation field of NiFe
is necessary so that the spin direction changes from that of Bso, through changing the
magnetization direction of the NiFe electrodes. Then the amplitude of the Hanle signal
in our sample is estimated to be on the order of several-tens mQ, since it equals to
ARnL/2. However we also observed a large background signal in the sample with an
MgO barrier as shown in Fig. 5.3.6, the origin of which is still not well understood. The
background signal showed almost quadratic dependence on B; at |B,| > 40 mT, and the
change of the background signal was as much as approximately 4 Q for 0< | B,| < 150
mT, a value more than two-orders of magnitude larger than that of the estimated Hanle
signal. Thus, it is difficult to sense the Hanle signal due to the existence of the large

background signal.
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Figure 5.3.6 The Hanle effect measurement in NiFe/MgO/InAs QW.

In summary, we have demonstrated efficient spin injection from NiFe into an InAs
QW through an MgO tunnel barrier for potential application to an InAs-based spin
transistor. Insertion of an MgO tunneling barrier is an effective way to control the

interface resistance for narrow-gap SC systems, enabling effective spin injection.
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5.4 Anomalous Hall signals by out-of-plane spin injection from
ferromagnet into an InAs quantum well

In this section, | have investigated an InAs channel Hall-bar structure with
ferromagnetic spin injector in one of the current terminals. After magnetizing the Fe
electrode, spin polarized electrons are injected through the edge of the isolation mesa
structure and the anomalous Hall voltage is observed, when even electrons are injected
from the ferromagnetic terminal. When the injected spin polarization are maintained
stationary, the dynamic nuclear polarization (DNP) based on hyperfine interaction [13]
lead to transfer from electron to nuclear spin angular momentum dynamically near the
injection edge. If the electron spin is transferred to nuclear spins, effective magnetic
field is induced without applying external magnetic field. So far, a number of
experiments for application in spintronics have been demonstrated the control of nuclear
spin in semiconductors, which have become realistic by various methods such as
quantum Hall state edge current [14], creation of spin polarized electrons in quantum
dots by irradiating circularly polarized light [15] and nuclear magnetic resonance
[16-18], nuclear spin polarization by spin injection from iron to GaAs [19]. We report
the control of nuclear spin polarization by vertically polarized spin injection from

ferromagnetic metal in InAs heterostructure Hall bar structure.

5.4.1 Device structure

Hall-bar was fabricated on inverted InAs pseudomorphic HEMT structure grown on
InP (001) substrate and its schematics is shown in Fig. 5.4.1. The developed device
consisting 4.1 nm InAs channel layer in the middle of InGaAs sub-channel layer. The
structure consist of 300/800 nm of InP/ Ings2Alg4sAs buffer layer, 5.0x10*cm™ of Si
d-doping, 10 nm of Ings,Alp48As spacer layer, 5.6 nm of Ings3Gag 47As sub-channel, 5
nm of InAs main channel, 1.8 nm of Ing53Gag 47As sub-channel, 50 nm of Ings2Alg 48AS
barrier layer and InGaAs 10 nm cap-layer. The device characteristics indicate 17000
(28000) cm?V's™® of mobility and 0.6 (1.5) x10' cm™ of carrier density at room
(helium) temperature. (Figure 5.4.2)
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Figure 5.4.1 Schematic diagram of the InAs heterostructure.
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Figure 5.4.2. Quantum Hall effect and Shubnikov-de Haas oscillations in this samples
of (110) direction at 1.5 K.
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Mesa etching for the developed device isolation was established using conventional
electron-beam lithography and wet chemical etching (phosphoric acid based etchant).
As the source electrode, ferromagnetic metal was grown, which consisted with iron
around 15 nm and Au 3 nm cap layer. The Fe electrode extends across the source edge
of the mesa so that the contact from side edge is made possible, while drain electrode
was stacked from top of mesa with Au/Ge/Pd alloys (Figure 5.4.3). This ferromagnetic
electrode is designed in such a way that the injected spins are polarized perpendicular to
the substrate, whose spin states are transmitted to the nuclear spins near the source edge
though Overhauser effect, resulting in built-in magnetic field in out-of-plane direction..
When the current direction is opposite, i.e., electrons are injected from normal metal,
the buit-in magnetic field is expected to disappear. The present device structure is
designed to verify the nuclear spin control by electron spin injection from the

ferromagnetic electrode.

Figure 5.4.3 Optical microscopy image of the device. The drain electrode contacts the

edge of mesa by 10 pum for injection of perpendicular polarized electrons spin.
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Figure 5.4.4. Conventional Hall measurement result was obtained at room temperature

when the electron is injected from normal metal terminal.

5.4.2 Result and Discussions
Hall effect measurement is conducted by constant current from the normal metal
(electrons are injected from ferromagnetic metal) under external magnetic field. This
result is to be compared with the following measurement when steady spin current is
supplied from the ferromagnetic electrode with remnant magnetization without external
magnetic field. Fe electrode was magnetized in-plane, parallel to the current direction,
yielding out-of-plane magnetization at the edge of the mesa step as shown in Fig. 5.4.5.
Then, Hall measurement was carried out in zero external magnetic field in two current
directions. Substantial Hall voltage was observed as shown in Fig. 5.4.6 (solid circle) in
the case of electron injection from ferromagnet and much reduced negative Hall voltage
was observed open circle) in the case of opposite current direction. The Hall voltage
difference is too large to explain with the lithography pattern size variations between the
relative Hall terminals. Possible explanation is nuclear magnetization near the spin

injection edge (source) through spin exchange process between electron spin and the
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nuclear spin (mostly contribution from indium atoms).
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Figure 5.4.5 Schematic diagram of the Hall-device with Ferromagnetic electrode on

InAs inverted heterostructure. The magnetization of the vertical source edge portion is

intended to be magnetized with out-of-plane spin momentum.
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Figure 5.4.6 Hall voltage measurement in the absence of external magnetic field.

Anomalous Hall voltage was observed when spin polarized electrons were injected from
the ferromagnetic electrode (solid circle) when the Hall terminals at 3um from the
source edge. The Hall terminals at 8um from the source edge hardly showed Hall

voltage, suggesting local magnetic moment the channel.

The local nuclear magnetic field, when all nuclear spin aligned to same direction, is
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described to By=A<lz>/ (g ug) is 15.5 kG in InAs two dimensional quantum well,
where A is the hyperfine constant, <I;> is the quantum number of nuclear spin, g’ is the
electron g-factor and pg is the Bohr magneton. [20-22] As the measurement result
indicates approximately 3 mV of Hall voltage due to nuclear spin polarization by spin
injection with 10 pA, which corresponds to the local nuclear magnetic field 2 kG
inferred from the conventional Hall measurement result shown in Fig. 5.4.3. Additional
results in different sample (B) ,having small Fe/InAs contact length as one fifth of
sample (A), did not show such anomalous Hall voltage with 3000 Gauss but finally
similar abnormal Hall result after magnetization was observed with much higher
external field (5T). Sample (B) result gives support to the present estimation. There was
a sample (C) which did not show appreciable Hall voltage at room temperature with
3000 Gauss as sample (B), which was not subjected to magnetization with much higher
field in order to cause vertical magnetization component at the mesa edge where spin
injection takes place. Obviously successful perpendicular spin injection at the mesa
edge depends on Fe thickness, mesa etching depth, ferromagnetic electrode pattern
shape and magnetization field strength. The present anomalous Hall effect results

suggest the possible nuclear spin control by magnetic electrode/InAs hybrid structures.

5.4.3 Conclusions

We have reported anomalous Hall voltage in an InAs channel Hall-bar structure with
ferromagnetic spin injector in one of the current terminals. After magnetizing the Fe
electrode, we have observed Hall voltage proportional to injected current when
electrons are injected from the ferromagnetic terminal. This result suggests the
possibility that out-of-plane spin injection from the channel edge lead to perpendicular
nuclear magnetic field caused by nuclear spin polarization in InAs channel near the spin
source edge through Overhauser effect. The estimated internal magnetic field of 2000
Gauss was inferred from the experiment which agreed reasonably well with the

estimation with effectively 15 % of the nuclear spin magnetization in the channel.
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Chapter 6
Summary of dissertation

This dissertation was described an experimental study for Datta-Das spin-FET.
The initial work was about research for a thermally stable gate material on InAlAs
barrier layer as substitute for conventional gate structures of Ti/Au and Ti/Pt/Au. These
gate material diffusive to InAlAs Schottoky layer around 200 °C, resulted to the gate
characteristic deterioration. In addition, Ni and Fe as spin injector/detector are also easy
to react with InAs at over 120 °C. In the reason, thermally stable gate material on
InAlAs needed to be used for gate of spin FET. In Pd/InAlAs gate structure, there was
no deterioration after thermal treatment at 250°C from analyzing the current-voltage
characteristics and Hall-effect measurement.

The spin injection measurement was demonstrated in the lateral spin valves by
using a Fe/n-Si and NiFe/MgO/n-Si for confirming a MgO tunneling barrier
effectiveness. In nonlocal measurement, the NiFe/MgO/n-Si based lateral spin valves
showed a clear nonlocal spin accumulation signals, while the Fe/n-Si did not show it.
For further investigation of spin accumulation in the Fe/n-Si Schottky junction, the
three-terminal-Hanle effect measurement was conducted. The results indicated that two
kind of peaks cross over in single slope. It could be concluded that narrower Hanle peak
originated from spin relaxation in n-Si. Because the extracted value of spin life time and
the bias-dependent peak amplitude was similar to the results of nonlocal measurement.
Moreover, NiFe/MgO/InAs and NiFe/InAs based lateral spin valve was fabricated as

according to the NiFe/MgO/n-Si process. The nonlocal spin valve signal was clearly
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shown and the spin injection efficiency reached to 9 %. This is the first trial for spin
injection into InAs quantum well through MgO tunneling barrier. Finally, the nuclear
polarization by spin injection in InAs quantum well was challenged. The anomalous
Hall effect signals were detected when the spin is injected form ferromagnet injector.

The Hall signal probably indicated the nuclear spin polarization in InAs QW.
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