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ABSTRACT
FERROMAGNET/SEMICONDUCTOR BASED SPINTRONIC DEVICES

by
Dipankar Saha

Chair: Pallab Bhattacharya

Spintronics is an emerging field which is great interest for its potential to pro-
vide high-speed and low-power novel devices and eventually replace and/or comple-
ment conventional silicon-based metal-oxide-semiconductor (MOS) devices. Spin-
based optoelectronic devices provide improved laser performance and polarized light
sources for secure communication. Spintronics has therefore received a lot of in-
terest with the potential for conventional and novel applications. Spintronics has
been investigated both in all-metal and semiconductor based platforms. Spin-based
ferromagnet /semiconductor heterojunction devices are particularly attractive com-
pared to all-metal spintronic devices due to the versatility and the long electron spin
coherence time in semiconductors. Here we have investigated semiconductor based
spintronic devices for logic, memory and communication applications.

We have demonstrated electrical injection and detection of spin in a MnAs/GaAs
lateral spin valve. A peak magnetoresistance of 3.6% at 10 K and 1.1% at 125 K
have been measured in these devices. Spin polarization in semiconductors is usually

very small and difficult to detect. We have therefore theoretically designed and

XX



experimentally demonstrated a spin-current amplifier to alleviate this problem. A
spin polarization of 100% has been measured at 150 K in these devices. We have
emphasized the importance of finite sizes of ferromagnetic contact pads in terms
of two-dimensional spin-diffusion in lateral spintronic devices, which enhances spin-
polarization. We have discovered a new phenomenon observing electrically driven
spin-dynamics of paramagnetic impurities. We have demonstrated a spin-capacitor
using this novel phenomenon.

In this study we have also demonstrated a spin-polarized quantum dot spin-laser
which is a fundamental spin-based optoelectronic device. An output circular polar-
ization of 8% and threshold current reduction of 14% have been measured at 200 K.
We have also demonstrated electrical modulation of output circular polarization in
a spin-VCSEL. We have highlighted the importance of spin-transport in spin-lasers
by analytically solving carrier-photon coupled laser rate equations. We have finally
demonstrated Magneto-Opto-Electronic Integrated Circuit (MOEIC), which mono-
lithically integrates a spin-valve (magnetic), a LED (optoelectronic) and a cascaded
HEMT amplifier (electronic), acting as a magneto-electronic switch. The operation

of the MOEIC has been experimentally characterized.

xxi



CHAPTER I

Introduction

1.1 Beyond Moore’s Law

Moore’s law describes an important trend in the microelectronics semiconductor
industry. Since the invention of the first integrated circuit in 1958, the number of
transistors on a single die has grown exponentially, doubling approximately every
two years. The trend was first observed by Intel co-founder Gordon. E. Moore [1].
Moore’s law has been true for almost half a century and the progress is not expected
to stop in the near future. Fig. 1.1 shows a plot of the Moore’s law for memory chips
and microprocessors. The y-axis is plotted on a logarithmic-scale. A linear trend in
the plot indicates an exponential growth in the number of transistors per die. The
factor of two increase in every two-years (generation/node) comes mainly from the
shrinking of critical feature sizes of devices. The dimension of the devices is reduced
by a factor of v/2 in both the z and y in-plane directions. As the die size is kept fixed,
there is a factor of (v/2)? = 2 increase in the number of the transistors for the same
active area. A decrease in the feature sizes brings in additional benefits: high speed,
low power, more functionalities, lower cost per transistor etc. Almost every measure
of the capabilities of digital electronic devices is linked to Moore’s law: processing

speed, memory capacity, even the number and size of pixels in digital cameras. All
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Figure 1.1: Moore’s law for memory chips and microprocessors plotted on a semi-logarithmic scale,
which has the effect of making nonlinear exponential curves appear linear. The up-
permost purple curve is the Moore projection based on data up to 1975 [Source: Intel
Corporation)].

of these are improving at (roughly) exponential rates as well.

As Moore’s Law gained acceptance, it served more as a goal and driver for the
microelectronics industry than a simple observation. Semiconductor industries try
to keep up with the shrinking of the device feature sizes so that Moore’s law remains
valid as long as possible. The continuous shrinking has led to a lot of technological
problems, which are shown as red bricks in the International Technology Roadmap
for Semiconductors (ITRS) [2]. The reliable operation of the devices depend on
a large number of factors; and it has led to a lot of innovations in the area of
microelectronics fabrication technology to circumvent these problems. In spite of the
discoveries enhancing the technological capabilities, it is envisioned that conventional
MOS devices are soon going to reach the fundamental physical limit, where they will
seize to work if the feature sizes are further reduced. Several emerging research areas
have been identified in ITRS , that will allow improvement of the device performances
and Moore’s law will continue to be valid (Table 1.1) [2]. Spintronics is one of the

potential candidates in this area which has received a lot of attention recently. While
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an interesting subject on its own, it has immense potential to produce high packing

density, low power and high speed devices.

1.2 Spintronics

In a conventional charge based device, a potential difference is created between
a source and a sink. Electrons flow down the potential hill from the source and are
collected by the sink. The channel conductance is primarily modulated by changing

the number of carriers in the channel. In addition to charge, an electron has spin as




one of the degrees of freedom, which was discovered by Stern and Gerlach in 1922.
As a quantum mechanical system, the electron spin is usually represented by a two

component vector, called spinor,
% (1.1)
Sy
where the top and bottom components, both complex numbers, represent the am-
plitude probability to be in the spin-up and spin-down states, with reference to
a predefined direction in space [3]. Any spatial spin direction may be depicted
by appropriately choosing S; and S| and maintaining the normalization condition,

5157+ 51S] = 1. For instance, once the x and y axes are fixed, spins in the positive

x, y, and z direction are written in the basis of spin up/down in the z direction as,

+y — — : +z2 - — (1.2)

Spin-electronic (spintronic) devices exploit properties of electron spin for useful ap-
plications.

Spintronic devices can be broadly classified as two-terminal and three-terminal
devices. The two-terminal (source/polarizer and drain/analyzer) devices are mainly
the magnetoresistive devices, where the resistance between the two terminal changes
for various orientations of the magnetization directions of the two contacts. The
three-terminal (multi-terminal) devices has additional contact(s) in addition to the
source and drain terminals, which allow manipulation of spin-transport. Here, we

discuss some of the basic spintronic components from a historical perspective.

1.2.1 Magnetic Tunnel Junctions and Tunneling Magnetoresistance

The first study of spin polarized tunneling was done by Tedrow and Mersevey on

Al/Al,O3/Fe tunnel junctions [4]. Julliere later reported studies on Fe/Ge/Co junc-



tions [5], in which the magnetic orientation of the two ferromagnets in a two-terminal
geometry could be varied independently, owing to the different switching fields of the
two ferromagnets. The device conductance depends on the relative alignment of the
two ferromagnetic (Fe and Co) contacts. In the antiparallel orientation, majority
electrons of source are minority electrons in the drain, and do not have available
states to tunnel into. The conductance (G4p) is therefore low in this case. For a
similar reason, the conductance (Gp) is higher when source and drain are magnetized

in the same direction. The tunneling magnetoresistance (TMR) is defined as,

Gp — GAP - 2P5PD

TMR = =
Gap 1 - PsPp

(1.3)

where Ps and Pp are the polarizations of the source and the drain, respectively.
The polarization is a function of density of states of the ferromagnets and trans-
mission probabilities at the junctions. The typical magnetoresistance behavior of

a Co/AlyO3/NigoFeyyTMR device is shown in Fig. 1.2 [6]. The magnetoresistance
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Figure 1.2: The resistance of a magnetic tunnel junction.

decreases with increasing temperature due to spin-magnon scattering which reduces

Pg and Pp.



1.2.2 Giant Magnetoresistance

Giant magnetoresistance (GMR) refers to the resistance of two terminal devices
consisting of non-magnetic layers interleaved by ferromagnetic layers. The discovery
of giant magnetoresistance has led to research in the all-metal spintronic devices
for memory applications. The GMR devices are broadly classified in two categories:
current in plane (CIP) [7] and current perpendicular to plane (CPP) [8]. The classifi-
cation is based on the direction of current flow parallel (CIP) or perpendicular (CPP)
to the metal layers. The resistance change of GMR devices is much larger than that of
the TMR devices and the CPP geometry shows a larger change in magnetoresistance
than its CIP counterpart. The magnetoresistance characteristics of GMR devices
are similar to the TMR devices. In both the geometries, the resistance depends on
whether the ferromagnetic layers are aligned parallel or antiparallel with respect to
each other. The physical origin of magnetoresistance in GMR devices is due to the
spin dependent scattering of conduction electrons at the ferromagnet/non-magnet

interfaces and the bulk ferromagnets.

1.2.3 Current Driven Magnetization Reversal: Spin-Torque Effect

The spin of a free electron gives rise to a magnetic moment, opposite to the spin

direction, of magnitude,

m = %/LB (1.4)

where gq is the electron g-factor and pp is the Bohr magneton. The g-factor is,

go=2(1+ o= +..) ~ 20023 (1.5)
2T

The value of 2 comes from the Dirac equation. The remaining part comes from the

anomalous contribution proportional to the fine structure constant, o = e*/hcdme.



The electron g-factor in semiconductors can be very different from the free electron
case. In simple metals, the electron g-factor is very near to the free electron value,
however it can be very large (~ 50) or very small (~ 0.5) in semiconductors.

If a current Ig of spin polarized electrons is injected into a ferromagnet, it induces

a torque

T=mXxIg xm (1.6)

on the ferromagnet that can change the direction of magnetization. This spin-torque
effect was theoretically proposed by Berger [9] and Slonczewski [10]. The effect
was confirmed later by several experimental demonstrations [11,12] on pillar like

structures. Fig. 1.3 shows such a measurement taken with 1200 Oe applied in plane

M I T T |
a) H (kOe) I (mA) I (mA)
1.9 0.6 -7.9 -3.8 -
—_ 1.0 -1.4 -0.2
3 1.4 -1.0 8.2
— 18} 1.8 3.1 93
= [
= 1200 Oe
© 17k
~
1600 Oe
L6 IC I I T
-20 -10 0 10 20
I (mA)

Figure 1.3: The resistance change due to magnetization reversal of the Co layer from spin-torque
effect.

magnetic field [11]. The initial parallel alignment gives a smaller resistance value.
As the current increases the magnetization of the thin Co layer changes in the other
direction. The two ferromagnetic contacts gradually become magnetized in opposite

directions, which lead to an decrease in the conductance, and hence the resistance

dV/dI increases.



1.2.4 Spin Injection and Detection in Nonmagnetic Metals

The injection of spin polarized carriers into non-magnetic metals was first pro-
posed by Aronov [13] and it was experimentally demonstrated by Johnson and Sils-

bee [14]. Figure 1.4 shows the geometry used by them to detect spin accumulation in

injector detector

Figure 1.4: Non-local measurement of spin-accumulation in a multi-terminal all-metal spin-valve.

the non-magnetic metal. This geometry became very popular as non-local measure-
ment of spin-accumulation, which alleviates spurious effects in the measurements
due to ferromagnetic contacts. Jedema et al. provided further evidence for spin
injection and detection in metals through precession measurements [15], also called
Hanle effect: a magnetic field applied perpendicular to the spin, makes it precess
at a constant angular velocity w;, = gug|B|/h. Electrons traversing from injector
to detector acquire a precession angle proportional to the traversal time. At the
detector, the spin imbalance is expected to periodically reverse sign, as a function of

B, . A typical plot of such a measurement is shown in Fig. 1.5.

1.2.5 Spin Injection and Detection in Semiconductors

The spin transport length in semiconductors is much larger than that in metals.

This generated a lot of interest for semiconductor spintronics. The spin transport
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Figure 1.5: Modulation of the output signal V/I due to spin precession as a function of a perpen-
dicular magnetic field B} .

length for holes is usually very small. Therefore most of the semiconductor spin-
tronic work has focused on spin polarized electrons. Several techniques have been
developed to create an imbalance between spin-up and spin-down electrons in the

semiconductors:

e Optical injection of spin polarized carriers by shining a circularly polarized light
with wavelength tuned above the absorption edge of the semiconductors [16].
A population of spin polarized electron and holes are created in this process.
The spin polarization of holes decay very fast, leaving a spin polarized electrons
in the semiconductor. This method is particularly suitable for direct bandgap
semiconductors. Optical generation of spin polarized carriers has revealed a
wealth of information on spin transport. However, this method is unsuitable for

practical applications.

e Electrical spin injection from ferromagnets into semiconductors is a better tech-
nique to inject spin polarized electrons in semiconductors. However, the conduc-
tivity mismatch between ferromagnetic metals and semiconductors limit enor-

mously the injection and detection efficiencies [17]. One of the approach to



circumvent this problem is to inject electrons through a tunnel barrier [18].
Schottky tunnel barrier is a natural choice for semiconductors. Several devices
have been demonstrated using ferromagnet /semiconductor Schottky tunnel bar-

rier spin injectors and detectors [19-22].

An alternative way of avoiding the conductivity mismatch problem is to use di-
lute magnetic semiconductors (DMS) [23]. However, most of the DMS ((Ga,Mn)
As, (Be,Mn)Te etc.) work at low temperatures with Curie temperatures much
below 300 K. They are not suitable for high temperature operation. Also, many
DMS (like (Ga,Mn)As) inject spin polarized holes instead of electrons, which

also limit their usage.

Hot carrier injection is another way to circumvent the problem of conductivity
mismatch. Using this method, electrical spin injection and detection, in the
indirect bandgap semiconductor Si, have been demonstrated by Monsma et
al. [24] and Appelbaum et al. [25]. However the magnitude of spin-current in

this method is very small, which limits its usage.

1.3 Background

There are three common aspects to all semiconductor spintronic devices: spin in-

jection, spin transport and spin detection [26]. All the devices described in this thesis

involve electrical spin injection into the semiconductors. The spin detection is done

optically in spin-based optoelectronic devices e.g. spin-LEDs and spin-lasers, and

electrically in spin-based electronic devices e.g. spin-valves, spin-transistors, spin-

capacitors etc. In spin-based optoelectronic devices, spin polarized electrons com-

bine radiatively with unpolarized holes in an active gain medium emitting circularly

polarized light. Whereas in a spin-based electronic device, injected spin polarized

10



carriers from the polarizer /source traverse towards the drain/analyzer and are elec-
trically detected. The spin polarization of electrons decreases during its travel due
to spin-relaxation from various spin-scattering mechanisms. Semiconductors with
long spin-relaxation time are therefore desirable for useful applications. GaAs is the
most studied material for spintronic devices, which has a long spin transport length
(~20-50 pm) at low temperatures and ~1-2 pm near room temperature. Since cur-
rent nanofabrication technology allows feature sizes less than a micron with little or
no difficulty, GaAs is an appropriate host for spintronic devices. In addition, it is
a direct bandgap material (compared to Si which is an indirect bandgap semicon-
ductor), which makes it also suitable for optoelectronic devices. Another important
aspect of spintronics is spin-manipulation which is exercised during spin transport

to modify spin polarization to achieve desirable terminal (I-V') characteristics.

1.3.1 Spin Injection

In an equilibrium condition, the number of spin-up and spin-down electrons in
the conduction band of a semiconductor are equal. The method of creating a non-
equlibrium population between two states is termed as spin injection. The natural
choice for injecting spin is to use ferromagnets which have unequal number of spin-up
and spin-down electrons at the Fermi level, as schematically shown in Fig. 1.6(a) [27].
As the conductivities for the spin-up and spin-down electrons in a ferromagnetic
metal are unequal, the charge current (I + 1) in a ferromagnet is accompanied with
a spin-current (I, —I}) which transports magnetization. When the electrons carrying
the spin-current cross the ferromagnet /semiconductor interface the conductivities for
both type of electrons become equal (Fig. 1.6(b)). This causes an imbalance between
the number of spin-up and spin-down electrons in the semiconductor and their elec-

trochemical potentials (py and ) split up, as shown in Fig. 1.6(c). The difference

11
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Figure 1.6: (a) Schematic representation of the spin dependent density-of-states (DOS) and oc-
cupation of the d states in a ferromagnetic metal. (b) Unpolarized DOS of the free
electron like s states in a nonmagnetic metal. (c¢) Spin polarization in a nonmagnetic
semiconductor/metal: the induced magnetization. The non-equilibrium population of
the spin-up and spin-down states is caused by the injection of spin polarized current.

in electrochemical potentials, Ay = (uy — p) is also called spin-accumulation. The

non-equilibrium electron spin polarization in the semiconductor is defined as,

nT —Tll
Hinj =
ny+n|

(1.7)
where ny (n)) is the number of spin-up (spin-down) electrons. The conductivity of the
ferromagnetic metals is very large compared to the semiconductors. It can be shown
that the spin polarization (neglecting spin relaxation) in the semiconductor region

of a ferromagnet/semiconductor /ferromagnet sandwich structure is approximately

given by [17],

O—SC

My = K (1.8)

Ofm

where K is a constant determined from details of the type of the materials and
interfaces used, and o, (0y,) is the conductivity of the semiconductor (ferromagnet).
Hence, spin injection efficiency is directly proportional to the ratio of the conductivity
of semiconductor to that of ferromagnet, which is very small. This effect is commonly

known as “conductivity mismatch” problem.
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It is proposed that putting a high resistance tunnel barrier between the ferro-
magnet and the semiconductor will alleviate this problem [18]. The spin injector
is therefore designed to consist of ferromagnet/insulator/semiconductor heterostruc-
ture. The presence of tunnel barrier increases the efficiency of spin injection into the
semiconductors. The tunnel barrier provides high spin dependent resistances bridg-
ing the ferromagnet and the semiconductor, and reduces the probability of electrons
reflected back into the ferromagnet. In presence of a high resistance tunnel barrier,

it can be shown that the spin polarization in the semiconductor is given by [18],
TB _ pTB
s = s 7 )
T i
where RTTB (RfB ) is the spin dependent tunnel resistance for spin-up (spin-down)
electrons. The conductivity of the semiconductor is not important as long as the tun-
nel barrier resistance is much higher than that of the semiconductor. The physical
mechanism of the spin filtering effect of the tunnel barrier is related to the transmis-
sion probabilities for the spin-up and spin-down electrons. A tunnel barrier is also
used in magnetic tunnel junctions for TMR devices.

There have been several reports on spin injection into semiconductors using var-
ious ferromagnet, insulating tunnel barrier and semiconductor combinations. The
magnitude of spin polarization measured in the semiconductor also varies widely. Fe
and CoFe are the two most notable ferromagnetic metals which are reported to have
high injection efficiencies into GaAs when used with AlO, and MgO tunnel barriers.
Spin polarization as large as 50-70% have been reported from these materials [28,29].
While dielectric materials can be used as tunnel barriers, Schottky tunnel barrier is
a natural choice for semiconductors. Spin polarization injection using Fe/AlGaAs

and Fe/GaAs Schottky tunnel barriers have also widely been reported [30-32]. Here,

we have used ferromagnetic semimetal MnAs as the spin injector and MnAs/GaAs

13



Schottky tunnel barrier. We have determined a spin polarization of 31% in GaAs.

1.3.2 Spin Relaxation

Spin polarized carriers in a semiconductor do not retain the polarization for in-
definite amount of time. The spin polarization becomes zero due to various spin
relaxation mechanisms and the number of spin-up and spin-down electrons become
equal and attain the equilibrium condition. The spin relaxation times are defined
with the help of Bloch equations. To determine the spin relaxation times, a magnetic
field Byz and an oscillating field B;(t) are applied to an ensemble of electrons with

total spin S. The time evolution of the three spin components are given by,

oS S,

= B), — = 1.1
2, S,
852 . Sz - SOZ

where B = Byz2+B, is the total field and ~ is the gyromagnetic ratio, v = gug/h.
The time 77 is called the spin/longitudinal/spin-lattice relaxation time and T is
called the spin-dephasing/transverse/spin-spin relaxation time. The inverse of the
spin relaxation time (1/77) gives the rate at which the spin along the static magnetic
field decays to the equilibrium value. The spin system exchanges energy when a non-
zero magnetic field is present and the initial and final state energies are different. T5
determines the dephasing of the spin component transverse to the static field.
There are four spin relaxation mechanism of conduction electrons in semicon-
ductors: Elliott-Yafet (EY), D’yakonov-Perel’ (DP), Bir-Aronov-Pikus (BAP), and
relaxation through hyperfine coupling with nuclear spins. The relative strength of
different mechanisms depend on the particular material (e.g. semiconductor type,

doping, defects, strain) and the operating conditions (e.g. temperature, magnetic

14



field, electric field, confinement). The spin scattering mechanisms are schematically

shown in Fig. 1.7 [33].

Figure 1.7: Four important mechanisms of spin relaxation in semiconductors. (a) The Elliott-
Yafet mechanism, in which the electrons scattering off impurities or phonons has a tiny
chance to flip its spin at each scattering; (b) the D’yakonov-Perel’ mechanism in which
electron spins precess along a magnetic field which depends on the momentum. At each
scattering the direction and the frequency of the precession changes randomly; (c) the
Bir-Aronov-Pikus mechanism, in which electrons exchange spins with holes (circles),
which then lose spins very fast due to the Elliott-Yafet mechanism; (d) if electrons
wave functions (dashed circles) are confined over a certain region with many nuclear
spins, the hyperfine coupling causes spin relaxation and dephasing.

In the EY mechanism, the spin relaxes by momentum scattering off impurities or
phonons. Electron states are mixtures of spin-up and spin-down states, due to spin-
orbit coupling. The coupling is weak, and the states can still be called as spin-up
and spin-down with respect to the quantization axis. Each momentum scattering

gives a probability to flip the spin from up to down state, leading to spin relaxation.



The spin relaxes during the scattering and increased momentum scattering gives
rise to increased spin scattering. The EY mechanism operates in semiconductors
with and without a center inversion symmetry, although it is most prominent in the

EY

centrosymmetric ones (e.g. Si). The EY spin relaxation rate (7,°") for electrons

. . . . 71
with energy F' is proportional to the electron momentum scattering rate (7, ), and

is given by [34],

poa() (s g e

where A is dimensionless constant, A is the spin-orbit splitting of the valence band,
and E, is the bandgap of the semiconductor. The above equation indicates that EY
mechanism is prevalent in small bandgap and large spin-orbit coupling semiconduc-
tors.

The DP mechanism is dominant in semiconductors without a center of symmetry,
such as zinc-blende (e.g. GaAs) structures. In such semiconductors, the spin-orbit
interaction manifests itself as an effective, momentum dependent magnetic field. An
electron moving with one velocity feels one effective magnetic field along which the
electron’s spin precesses. As the electron is scattered by an impurity or a phonon, the
electron changes its velocity and it feels a different (in both magnitude and direction)
spin-orbit magnetic field. The precession axis and frequency changes randomly. The
spin takes a random walk and spin-flip occurs if the spin manages to walk as far as
the opposite direction. Unlike the EY mechanism, the spin relaxes in between the
scattering events. The more the scattering events, the less is the spin relaxation.
The DP relaxation rate is given by [35],

1 , B
P(E) 9 R,

(E) (1.14)
The DP process dominates in middle bandgap semiconductors and at high temper-
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atures for systems with sufficiently low hole densities.

The BAP mechanism dominates in p-doped semiconductors. Exchange interaction
between electrons does not lead to spin relaxation as it preserves the total spin.
However, in a p-doped semiconductor there will be exchange coupling with holes.
A spin-up electron will exchange its spin with a spin-down hole. The total spin is
preserved in the process. However, holes lose their spins very fast, since the valence
bands are strongly spin mixed due to spin-orbit coupling. The EY mechanism then
leads to very fast spin relaxation of holes. Holes then act as a reservoir for spin.
Spin polarized carriers will dump their spin into this reservoir, in which the spin
polarization quickly becomes zero [36]. The BAP relaxation rate increases with the
degree of electron and hole spatial overlap, which increases at lower temperatures
and for larger confining potentials, as in the case of QWs and QDs.

In the presence of nuclear spins, hyperfine interaction is capable of spin-flips. This
interaction will be motionally narrowed for itinerant electrons. Electrons will move
past through nuclei with random spins and the resultant effect will be negligible.
However for quantum confined electrons (e.g. electrons in QDs), the electron wave
function will spread over a region containing many nuclear spins. The hyperfine
interaction can therefore flip electron spin causing spin dephasing.

Optical orientation time-resolved Faraday rotation spectroscopy have both been
used to measure the spin relaxation time in bulk n-type GaAs [16,37]. A summary

of the studies is given in Fig. 1.8.

1.3.3 Spin Detection

Spin polarization in a semiconductor can be detected optically or electrically. The
optical detection technique is used in spin-LEDs and spin-lasers, while the spin-based

electronic devices use electrical detection.
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Figure 1.8: Spin relaxation time in n-type GaAs as a function of (a) donor density at low temper-
atures (<5 K) and (b) temperature.

Optical Detection — In optical detection, spin polarized electrons radiatively recom-
bine with unpolarized holes emitting circularly polarized light. The spin polarization
is directly related to the optical polarization of the emission through quantum selec-
tion rules governing recombination. The right- and left- circularly polarized photons
have an angular momentum of +1 and -1, respectively, in the direction of the wave
vector. Since the total angular momentum must be conserved, electron-hole recom-
bination, which leads to a angular momentum change of -1 (+1), emits right(left)
circularly polarized photon. Figure 1.9 shows the possible interband transitions
and corresponding optical polarization for the cases of bulk material and quantum
well [38]. Quantum mechanically it can be shown that transitions involving heavy
hole states are three times more probable than those involving light hole states. In a
bulk direct bandgap semiconductor, the heavy hole and light hole valence bands are
degenerate at the I'-point. When taken together with the relative transition proba-

bilities, the spin polarization (II;,;) of electrons and the output circular polarization
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Figure 1.9: Electric dipole allowed radiative interband transitions and corresponding optical polar-
ization for the cases of (a) bulk material with degenerate heavy- and light-hole bands
and (b) a quantum well in which epitaxial strain and quantum confinement have lifted
the heavy- and light-hole band degeneracy.

(Ilgp) are related as,

_ M) —1(07) _ GBnp4+n) = @Bni+n)  nyp—ny Iy
Uep = Iot)—1(c7)  (3ny +np)+ Bny+ny)  2(ng+ny) 5 (1.15)

where I(o™) and I(0~) are the intensities of right circularly (o%) and left circularly
(07) polarized light, respectively. In a strained quantum well (QW) system the
degeneracy between the heavy hole and light hole bands is lifted. For compressively
strained system, the heavy hole band is higher energetically than the light hole band.
The radiative recombination involving heavy hole transitions are predominant in this
case. Hence, the relation between output circular polarization and spin-polarization
is given by,

I(U+)—[(U_) . 3711—37”” _np—ny
I(ct)—1I(c™)  3n,+3n; ny+np

Hep = —IL;; (1.16)

Hence the output circular polarization is a direct measure of the electron spin polar-
ization in this case.

Electrical Detection in Nonlocal Geometry — Electrical detection of spin polariza-
tion is very similar to the electrical spin injection. The only difference is that the

direction of current is reversed now. For the similar reason as in the case of spin
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injection, a ferromagnet/insulator/semiconductor tunnel barrier is used for spin de-
tection. A schematic of the nonlocal geometry used for spin detection is shown

in Fig. 1.10 [19,20,39]. A current bias is sent between two ferromagnetic contacts

Z
y AN
b W) QO
B | =100 pA
Cr/Au vV 11 / / I
Fe / 11

A|203 y | SR
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—»
150 pm 1um

Figure 1.10: A four terminal nonlocal geometry for spin accumulation measurement.

(source and drain) which create a charge current and spin current in the semiconduc-
tor. The charge current is confined between the source (I) and drain (II) terminals,
however the spin current diffuses further beneath the third (IIT) ferromagnetic con-
tact. The spin polarization beneath the third contact is therefore nonzero. The
fourth (IV) contact is placed far away from the other contacts. The spin polariza-
tion is zero at this contact due to spin relaxation. Hence, the fourth contact serves
as the ground potential. A voltage is generated between the third terminal and the
ground potential, which measures the nonlocal voltage due to spin accumulation.
The nonlocal voltage measured by the third contact with respect to the ground po-
tential can be determined by considering the resistor model for the spin selective
tunnel junction, shown in Fig. 1.11 [27]. By considering the fact that zero charge

current flows through the nonlocal terminal, the measured voltage is given by,

Pl — +
= (1 =) (g £ )

2 2

(1.17)

where P is the spin polarization at the nonlocal terminal. The second term in
Eqn. 1.17 is the voltage measured by the fourth contact. Usually (uy+p;) = 0 as the

fourth contact is connected to the ground. The ferromagnet /insulator /semiconductor
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Figure 1.11: Resistor model of ferromagnet/insulator/semiconductor tunnel junction. The ferro-
magnetic voltage probe is weakly coupled to the spin-up and spin-down electron pop-
ulation in the semiconductor region. The short-circuiting resistance 2Ry represent
the spin relaxation due to the nonmagnetic voltage probe strongly coupled to the
semiconductor.

is an ideal spin detector as long as the spin current flowing from ferromagnetic voltage
probe via the tunnel barrier into the semiconductor is negligible.

Electrical Detection through Spin Precession — A magnetic field B, exerts a torque
on a spin given by,

T =—upB,sind (1.18)

where 6 is the angle between the electron spin and the magnetic field directions.
Usually the magnetic field is applied in the perpendicular direction (6 = 90°) to avoid
spurious effects from in plane magnetic field contribution. The torque 7" makes the
electron spin precess, a phenomenon known as Larmor precession. The precession

(Larmor) frequency is given by,

_Q,UBBL
h

Wy, =

(1.19)

An electron injected from the source will acquire an angle of ¢ = wyt before it reaches
the drain, where t is the time of travel. The spin detector detects the spin projection
onto its own magnetization direction. The spin accumulation signal will therefore
be modulated by cos¢. A typical geometry for spin precession measurement and

the modulated spin signal is shown in Fig. 1.12 [27]. The spin valve signal will
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Figure 1.12: Measurement geometry for spin precession measurement and the oscillatory modula-
tion of spin signal.

be oscillatory with fixed amplitude if the transport is ballistic and there is no spin
relaxation during precession. However, the time of travel in a diffusive conductor

has broad distribution due to the statistical nature of the process, which is given by,

o) = \/ﬁexp (-1)

where D is the spin diffusion constant and L is the average distance traveled by the

(1.20)

electrons. The output voltage, in this case, for a fixed current bias I becomes,

% /O " () cos(wit) exp (—Tif) dt (1.21)

where N(Ep) is the density of states at the Fermi energy level (Er), 75y is the spin

V(By) = +I

relaxation time and S is the cross sectional area of the detector. The (+) and ()
sign correspond to the parallel and antiparallel magnetization of source (F1) and

drain (F2), respectively. The polarization P can be very accurately determined from

Eqn. 1.21.
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1.4 Thesis Organization

The central theme in this thesis is to demonstrate some of the most fundamental
semiconductor spintronic devices which can serve as a benchmark for future devices.
The thesis also studies spin injection, transport and detection is various ferromag-

net /semiconductor heterostructures. The thesis organization is as follows:

e We have demonstrated, for the first time, electrical spin injection and detec-
tion in a ferromagnet/semiconductor based lateral spin-valve. We have used a
MnAs/GaAs Schottky tunnel barrier for spin injection and detection. Chap-

ter II describes the detailed characterization of these devices.

e We have conceived and demonstrated a spin-current amplifier to alleviate the
problem of low spin-polarization in semiconductors. Chapter III describes the

results from this unique device and its unique characteristics.

e Spin transport is a very important aspect in semiconductor spintronic devices.
Chapter IV discusses the study on generalized two dimensional spin-transport
in a multi-terminal lateral geometry.

e We have observed a new phenomenon involving electrically driven spin dynamics
of paramagnetic impurities. The phenomenon has led us to the realization

of a spin capacitor. Chapter V describes the design, growth, fabrication and

characterization of spin capacitors.

e We have demonstrated a quantum dot (QD) spin-VCSEL operating at 200 K.
Chapter VI depicts the polarization and threshold current characteristics of this

device.

e Electrical modulation of circular polarization of light sources is a very desir-

able feature for communication applications. It helps to double communication
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bandwidth. Chapter VII describes results from the theoretical and experimental

study of the polarization modulation of spin-VCSELs.

e One of the major advantages of spintronic devices is that they have the potential
to be integrated with other conventional devices. We have demonstrated a
monolithically integrated magneto-opto-electronic integrated circuit (MOEIC)
which acts as a magnetoelectronic switch. Chapter IX describes the design,

fabrication and characterization of MOEIC.

Finally, the conclusions of this present research are outlined in Chap. IX, along with

some suggestions for future work.
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CHAPTER II

Epitaxially Grown MnAs/GaAs Lateral Spin-Valves

2.1 Introduction

Efficient electrical injection of spin-polarized carriers into semiconductors from a
ferromagnetic contact is a very challenging research field [26,40]. Spin injection in a
lateral geometry is favored over more ubiquitous vertical structures used in tunneling
magnetoresistance devices [41,42] since lateral structures offer a larger degree of free-
dom in their fabrication and the possibility of integration with other conventional lat-
eral semiconductor devices for the realization of MOEIC. All-metal lateral spin valves
fabricated by electron-beam lithography have already been demonstrated [43, 44];
however, semiconductor-based lateral spin valves with ferromagnetic contacts serv-
ing as the injector and collector have remained elusive [45,46]. Here, we provide
evidence of spin injection and collection in a hybrid ferromagnet-semiconductor het-
erostructure with a lateral device geometry. A peak magnetoresistance of 3.6% at 10
K and 1.1% at 125 K is measured for a 0.5 pgm channel length lateral spin-valve. The
variation of magnetoresistance with channel length, bias, and temperature has been
studied in detail. A maximum spin polarization of 31.5% is observed at the source
end in these devices. The results are explained in the framework of spin injection,

transport, and collection along with micromagnetic simulations.
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2.2 Origin of Magnetoresistance

A lateral spin-valve consists of a ferromagnetic polarizer contact, a non-magnetic
GaAs channel region, and a ferromagnetic analyzer contact. The polarizer and an-
alyzer have different coercivities so that it is possible to have parallel (P) and anti-
parallel (AP) magnetization configurations between them by applying an appropriate
external magnetic field. When a voltage bias is applied spin-polarized carriers are in-
jected from polarizer into the GaAs channel through a Schottky tunnel barrier. The
carriers traverse through the non-magnetic channel region and reach the analyzer
contact. If the spin-scattering in the channel region is small, the carriers from po-
larizer contact will reach the analyzer with non-zero spin-polarization. The carriers
will be efficiently (inefficiently) collected by the analyzer if it has the same (oppo-
site) direction of magnetization as the polarizer and the current will be large (small).
This gives rise to the spin-valve effect (magnetoresistance) in a ferromagnet/non-
magnet /ferromagnet lateral device. The effective resistance of such a device is small
when they are magnetized in the same direction, and large when magnetized in
opposite directions.

The operation of a spin-valve can be described by a two-channel model shown in

Fig. 2.1. The spin-up and spin-down currents form two independent channels for

RTF_ Rmw — 2R, — Ry =R

— Rg= Rm — A Rm — R —

Figure 2.1: A schematic of the two-channel model for a conventional lateral spin-valve.

current conduction, assuming negligible spin-flip in the channel region. The resis-
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tances of the ferromagnet, spin selective Schottky tunnel barrier and semiconductor
channel are denoted by Rp, Rrp and R, respectively. The spin-up and spin-down
channels are indicated by T and |, respectively, in the suffix. It can be shown that

the magnetoresistance (M R) of a small channel length spin-valve is given by,

_ Rap—Rp (B—-1)°
MR = TP (2.1)

where § = R|rp/Rirp is the spin selectivity of the tunnel barrier (Appendix A).
Hence, magnetoresistance of an ideal spin-valve primarily depends on the spin se-
lectivity of the tunnel barrier. Equation 2.1 provides a method to determine the
spin selectivity of a tunnel barrier from channel length dependent magnetoresistance
measurement.

In summary, the spin-valve devices operate on the principle that the polarizer,
maintained at a negative bias with respect to the analyzer, injects electron spins pre-
dominantly of one spin orientation, which are subsequently detected by the analyzer.
The polarizer and analyzer efficiencies change to a different extent with changing
magnetic field (H) by virtue of their different coercivities, which is manifested as a

change in resistance.

2.3 Growth and Fabrication of Spin-Valves

The spin-valve heterostructures are grown by molecular-beam epitaxy on semi-
insulating GaAs(001) substrates (Fig. 2.2). A 150 nm Si-doped n-GaAs channel layer
is grown at 600 °C, followed by a 30 nm graded doping n™-GaAs contact layer grown
at the same temperature, after which the substrate temperature is ramped down
for ferromagnetic MnAs deposition. The doping concentration (Np) profile along
the vertical cross section as estimated from growth conditions is shown in Fig. 2.2.

The narrow heavily doped region beneath MnAs creates a triangular tunnel contact,
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Figure 2.2: A schematic cross section of a MnAs/GaAs lateral spin valve. Analyzer and polarizer
are formed by pattering them on MnAs. The vertical n-doping profile in the channel is
also shown.

increasing the spin-injection efficiency and alleviates the problem of conductivity
mismatch [18,47]. The channel doping (Np = 1 x10'7 ecm™3) is optimized to ensure
a large spin-relaxation time at low temperatures [37]. It is well known that two
orientations of MnAs may be realized on GaAs(001) substrates depending on the
growth conditions during nucleation [48]. For the present work, we select an As-rich
template for growth of a 90 nm type-A MnAs film, which yields the following epitaxial
relationship: [1120]MnAs || [110]GaAs and [0001]MnAs || [110]GaAs. A very low
growth rate (10 nm/h) and substrate temperature (200 °C) are used during growth
of the first few monolayers of MnAs. After the nucleation phase, the growth rate
and substrate temperature are both increased to 40 nm/h and 250 °C, respectively.
An in situ anneal under an As, flux is performed at 350 °C to improve the structural
and magnetic properties of the MnAs film. The thickness of the MnAs film (90
nm) is chosen appropriately so as to maximize the saturation magnetization and
suppress the formation of cracks which complicate device fabrication. Measurements

using superconducting quantum interference device (SQUID) magnetometry yield
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coercivities of 210 Oe along the easy magnetization axis [110] and 2.8 T along the
hard axis [110] of an as-grown unpatterned sample, which are comparable to those
reported by others [49,50].

Lateral spin valves of channel lengths L.,., = 0.5, 0.7, 1.0, and 1.5 pm with
polarizer (P) and analyzer (A) contact length-to-width aspect ratios (L/W) of 10

and 2, respectively, are fabricated. The devices are fabricated in the following steps:

I. Mesa — The MnAs layer, n*-GaAs heavily doped region, n-GaAs channel region
and 100 nm of the GaAs buffer layer are etched away by using H3PO,4/Hy04/H50

(1:1:10) solution for 120 s.

II. Source and drain — The MnAs layer and n*-GaAs heavily doped region are
etched away from mesa by using H3PO,/H204/H>0 (1:1:100) solution for 45 s

to form source and drain regions.

ITI. Vias — A 300 nm SiOs layer is deposited by low-temperature plasma enhanced
chemical vapor deposition (PECVD) for passivation. Vias are etched on source

and drain contacts by reactive ion etching (RIE) of SiOs.

IV. Interconnect and metallization — Thin films of Ti/Au (20/300 nm) are deposited

by physical vapor deposition (PVD) for interconnect and metallization.

A scanning electron microscope (SEM) image of a 0.5 ym channel length spin-valve
is shown in Fig. 2.3

SQUID magnetometry measurements as well as finite difference micromagnetic
simulations [51] using parameters optimized for our growth conditions confirm that
a coercive field difference is readily obtained by varying the MnAs contact aspect
ratio. The following three control devices are also fabricated to conclusively con-
firm spin-valve behavior in devices with different contact aspect ratios: (1) sym-

metric devices with L., = 0.5 pm and identical aspect ratios for both contacts
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Figure 2.3: An SEM image of a 0.5 pm channel length lateral spin-valve.

[(L/W)a=(L/W)p = 2], (2) ferromagnetic MnAs/non-magnetic GaAs/nonmagnetic
GaAs (FM/NM/NM) lateral devices with Lepen, = 0.5 pum, and (3) nonlocal [43]
spin valves with L.pe, = 1 pm. Devices identical to the lateral spin valves without
the nonmagnetic GaAs channel are also fabricated to estimate the contribution from

anisotropic magnetoresistance (AMR) to the overall magnetoresistance.

2.4 MnAs/GaAs Tunnel Barrier Characteristics

Electrical injection efficiency of spin polarized carriers into semiconductor is very
poor due to large conductivity mismatch between ferromagnet and semiconductor,
as described in Sec. 1.3.1. This problem is solved by using tunnel injection of spin
polarized carriers. The GaAs beneath the MnAs contact pads is very heavily doped,
creating Schottky tunnel barriers for efficient spin injection. In an FM/NM/FM
lateral device, the reverse biased FM/NM junction injects a spin polarized current,
however the collector junction (FM/NM) is forward biased leading to relatively in-
efficient detection. The magnetoresistance of the devices is mainly limited by the
detection efficiency. To ensure that tunneling is the dominant mechanism for electron
transport at the junctions, the following modified Rowell criteria [52] are satisfied

— (1) the zero-bias tunnel resistance has very weak temperature dependence; and
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(2) the conductance has parabolic voltage dependence. The zero-bias resistance as

a function of temperature for MnAs/GaAs junction is shown in Fig. 2.4. It can be
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Figure 2.4: Zero-bias normalized resistance as a function of temperature for the MnAs/GaAs
(FM/NM) tunnel junction. The measured conductance as a function of bias and the
corresponding parabolic fit are shown in the inset.

seen that the resistance has very weak dependence on temperature. The measured
conductance as a function of bias is shown in the inset of Fig. 2.4. A parabolic fit
to the experimental data is shown alongside, which matches well with the experi-
mental data. These characteristics confirm tunneling mechanism at the MnAs/GaAs
junctions. The average tunnel barrier height (¢) and tunneling distance (d), as cal-
culated from the conductance measurement and using the Brinkman-Dynes-Rowell

model [53], are found to be 0.9 eV and 2 nm, respectively.

2.5 Magnetoresistance of Spin-Valves

The magnetoresistance, defined as M R(H) = [Rap(Hsat) — Rp(H)]/Rp(Hgar), of
the spin valves and control devices are measured for various Lpq,, temperatures (77),
and bias conditions (/) using a standard four-probe alternating current (ac) lock-
in technique. Figure 2.5 shows magnetoresistance for spin valves having different

(asymmetric) and identical (symmetric) aspect ratios of the ferromagnetic contact
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Figure 2.5: Magnetoresistance and resistance changes at 10 K as a function of applied magnetic
field for a 0.5 um channel length conventional spin valve biased at 5.5 mA. The spin
valve is shown schematically in the inset. The legend indicates the length-to-width
aspect ratio for the polarizer/analyzer. Open and closed symbols represent the cases of
descending and ascending magnetic fields, respectively.

pads with Lepe, = 0.5 um at T'= 10 K and Ig = 5.5 mA. The magnetoresistance
for the asymmetric device peaks at 3.6% for |H| ~ 700 Oe in both directions of the
magnetic field sweep. The magnetoresistance peaks correspond to antiparallel mag-
netization of the MnAs pads arising from their coercive field difference. The change
of magnetoresistance with magnetic field is gradual, and the change is very large even
before there is any substantial change in net contact magnetization. Micromagnetic
simulations of our device and the orientation of magnetic domains at the edge of
the ferromagnetic contacts, which are the domains responsible for spin injection, at
different points of the corresponding hysteresis are shown in Fig. 2.6. It is found that
the domains at the very near edge of the channel start responding to H much earlier
(even before H = 0) [54], but owing to their small contribution to the overall mag-
netization it is not observable in the hysteresis data. This explains the discrepancy
between the magnetoresistance plot and SQUID magnetization data. Furthermore,

the gradual rotation of domains explains the gradual change in magnetoresistance
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Figure 2.6: Polarizer and analyzer magnetization characteristics. (a) Hysteresis loop of the contact
pads and (b) simulated magnetic domain patterns for a MnAs/GaAs spin valve at
different positions along the hysteresis. A zoomed view of the domain patterns near
the channel is shown for each case. The inset to (a) shows a schematic depiction of the
simulated spin valve with a 10x5 pum? analyzer (A) and 50x5 pum? polarizer (P).

with H. There is no noticeable magnetoresistance (peak M R ~ 0.04% and ARcq; &
3.5 m2 at H = 0) for the symmetric device which demonstrates the spin-valve effect

in our devices.

2.6 Characteristics of Control Devices

Magnetoresistance measurements are done on control devices to ensure spin de-
pendency of the observed effect. Magnetoresistance of the FM/NM/NM lateral de-

vices are found to be negligible (~ 0.02%) confirming that the magnetoresistance
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in FM/NM/FM devices is due to the spin-valve effect only. The measured magne-
toresistance of the nonlocal spin valve as a function of magnetic field is shown in

Fig. 2.7. The nonlocal spin valve removes the AMR contribution and the Hall effects
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Figure 2.7: Resistance change as a function of applied magnetic field for a 1 pm channel length
nonlocal spin valve. Top- and side-view schematics of the nonlocal spin valve are shown
in the inset. Open and closed symbols represent the cases of descending and ascending
magnetic fields, respectively.

of the ferromagnetic electrodes [43]. The magnetoresistance for the nonlocal spin
valves show a similar change with varying magnetic field as the conventional spin
valve. A ARpcqr = 66 2 is measured for a Lepq, = 1 pm nonlocal spin valve under
the same operating conditions as for the conventional spin valve. This value is 2.3
times smaller, compared to the theoretically predicted factor of 2 for a transparent
barrier [43], than the value measured for a similar conventional spin valve. We have
not observed any difference between the shapes of the AR curves in the two cases,
which indicates that any stray AMR contribution that might be present is too small
to appear considering the magnitude of the magnetoresistance measured in the above
cases. To precisely estimate the anomalous AMR contribution, magnetoresistance
measurements are done on a strip of MnAs contact (L/W = 12) fabricated identi-

cally to the conventional spin valve but without a GaAs channel. Figure 2.8 shows
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Figure 2.8: Magnetoresistance and resistance changes due to stray effects of a single MnAs strip
contact, which is shown schematically in the inset.

the M R for such a device under identical bias conditions as for the conventional spin
valve. The measured AR, ~ 3 m2 at zero magnetic field is five orders of magni-
tude smaller than the value measured for the spin valve. This explains the similarity
of the shape of the curves observed in conventional and nonlocal spin valves. The
near-zero response (Fig. 2.5) measured for the symmetric spin valves indicates that

the magnetoresistance in these devices result from stray effects.

2.7 Characteristics of Magnetoresistance

Figure 2.9(a) shows that the peak magnetoresistance for the conventional spin
valve varies exponentially with L.,,,, which indicates that spin transport is diffusive
in the channel [17,55]. AS Lepan is decreased, the number of spin-polarized electrons
that reach the analyzer before spin relaxation increases, yielding a larger peak magne-
toresistance. Figure 2.9(b) shows the temperature dependence of the peak M R under
different bias voltages. Five spin valves across various grown and processed samples
with Lepen, = 1.0 pm are measured under identical experimental conditions, and the

results are highly reproducible. The peak magnetoresistance increases with decreas-
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Figure 2.9: Magnetoresistance characteristics. (a) Peak magnetoresistance vs channel length mea-
sured at 10 K, (b) peak magnetoresistance vs temperature for a 1 ym spin-valve with
applied biases of I = 1.5, 3.5, and 5.5 mA. The lines represent a linear least squares
fit to the data.

ing temperature for a fixed bias voltage due to increase in average spin-relaxation
time and hence spin-flip length. The increase in magnetoresistance with bias, con-
trary to theoretical predictions [56], can be explained by considering the effect of
spin injection through a tunnel barrier at higher bias values. The effective tunneling
distance for the electrons to tunnel through decreases with increasing bias, leading
to efficient spin injection from the polarizer. In contrast the analyzer efficiency does
not change much with bias. This leads to the overall increase in magnetoresistance
at high bias. However, magnetoresistance values higher than those shown in Fig. 2.9
could not be attained since most of our devices suffered breakdown for an applied
current bias greater than 5.5 mA.

Expected spin injection and magnetoresistance values at 7' = 10 K and Ig =

5.5 mA for a 0.5 pum channel length spin valve, calculated using the simple diffusive
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injection model in Ref. [17] with experimentally determined values for the model pa-
rameters and appropriate value for bulk spin polarization from Ref. [50], are found
to be 0.04% and < 0.01%. The value of magnetoresistance (~ 3.6%) measured in
this study is much larger, which indicates efficient spin-polarized carrier injection by
tunneling through the Schottky barrier in our devices. Large spin-injection efficien-
cies of 32% have also been reported for similar Fe/AlGaAs Schottky tunnel barrier
contacts as determined from the electroluminescence polarization of spin-polarized
light-emitting diodes [21].

2.8 Spin-Selectivity of Tunnel Barrier and Channel Spin Po-
larization

The spin-selectivity of the tunnel barrier (3) and the spin-polarization in the
channel region are determined by using the two-channel model described earlier. The
magnetoresistance is extrapolated for L.u., — 0 in Fig. 2.9. magnetoresistance for
Lehan = 0 is estimated to be 11%. Equation 2.1 is then used to determine 3 = 1.92.
It can be shown by using the two-channel model that the spin-polarization (II,) just

beneath the source contact is given by (Appendix A),

-1

which is determined to be 31.5% for MnAs/GaAs spin-valve. The spin-polarization
of MnAs is ITyuas ~ 0.5 [50]. Hence, the efficiency of the Schottky tunnel barrier is,

Hs/HMnAs ~ 0.6.
2.9 Conclusion

In summary, we have conclusively demonstrated the spin-valve effect in a lateral

MnAs/GaAs device for the first time and have investigated the temperature, bias,
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and channel length dependence of the observed magnetoresistance. A peak magne-
toresistance of 3.6% is observed at 10 K in a 0.5 pum channel length spin valve, and
a finite magnetoresistance can be seen for temperatures up to 125 K. These results
provide experimental verification of spin injection and collection in a lateral structure

and can serve as a benchmark for future spin-based devices.
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CHAPTER III

Amplification of Spin-Current Polarization

3.1 Introduction

Electrical injection and control of large spin polarization in semiconductors are
indispensable for the realization of useful spintronic devices [26, 40]. Electrical
spin injection has been demonstrated in all-metal devices [14, 57, 58], ferromag-
net /semiconductor based lateral spin-valves [19,20,45], and also electrically injected
spin-polarized lasers [59]. Despite these advances, achievement of current spin polar-
izations of 100%, or more, and electrical control of such polarizations have remained
elusive. An electrically controlled spin-current amplifier is a desirable solution to
this problem. Theoretical proposals for such devices have been made [60-66], but
experimental demonstration is lacking. Here we propose and demonstrate a novel
electrically controlled three terminal spin-polarization amplifier using a dual-drain
lateral spin-valve configuration, which can provide large current spin polarization for
both majority and minority spins, independent of the injected (source) polarization.
The device amplifies the small injected polarization in a semiconductor channel to a
large value, which can be extracted at the second drain contact. The sign and mag-
nitude of the amplifier gain can be controlled both at the input and output terminals

to achieve a desired polarization. The device also generates a pure spin-current with
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zero charge current. This aspect can be used to envisage a new class of spintronic

devices.

3.2 Design of a Spin-Current Amplifier

When a current flows in a ferromagnet/semiconductor /ferromagnet lateral spin-
valve, the electrochemical potentials of spin-up (4) and spin-down (p;) electrons
split in the semiconductor channel. The splitting (Ap = pp — 1)) depends on the rel-
ative directions of magnetization of the two ferromagnetic contacts. It is large when
the two contacts (we call them source and drainl) are magnetized in opposite direc-
tions, and small (with a crossover in the center) when the contacts are magnetized
in the same direction. If a point contact (drain2) is then placed at the center of the
semiconductor channel (Lgpq,) of the spin-valve with anti-parallel magnetization of
source and drainl contacts, its potential can be varied between p; and ), enabling
a controlled collection of spin-up and spin-down electrons. It is important to note
that the two spin-currents flow in opposite directions and the current polarization
can be controlled by varying the drain2 bias. It is necessary to ensure that the drain2
contact acts as a high-impedance probe, so as to minimize any perturbation of the
channel potentials.

A simple two-channel model for the spin-current amplifier is shown in Fig. 3.1
The source and drainl ferromagnetic contacts are magnetized in opposite directions.
The spin-up (spin-down) conductivities of the ferromagnet and the tunnel barrier
are shown as Ryp (R ) and Rirp (R rp), respectively. The resistance of the semi-
conductor channel is R,,. The ideal drain2 point contact is at the center of the semi-
conductor channel. The electrochemical potentials for spin-up (1) and spin-down

(pe)) electrons are split at © = 0. The drain2 voltage Vpy can be varied between pi
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and p enabling a controlled collection of spin-up and spin-down electrons. The two
spin-currents Ipg and Ipg can flow in opposite directions depending upon the value

of Vpa, yielding spin polarization gain greater than unity.

iz
1
"021-{11!921
e g
T ' o
Rie= Rms =R, ‘}T R, — Rm - I.F}
— R = Rp _Rn_m-Rn_ Rim — Rie

Figure 3.1: The two-channel model for the spin polarization amplifier, which is a dual-drain lateral
spin-valve. The polarizer and analyzer are magnetized in opposite directions.

A schematic of the typical dual-drain lateral spin-valve is shown in Fig. 3.2.
The ferromagnetic source contact (S) injects a spin-polarized current into the non-
magnetic channel through a Schottky tunnel barrier [17,18], which is collected at

one of two ferromagnetic drain contacts (D1 and D2). The contact D2 is, however,

+

PZum: 15m :2um 0S5mE 4um
P —— P — P ———
E. . . Lchan=7”'m 5 >§ n_GaAs

Figure 3.2: Schematic diagram of a spin polarization amplifier (not to scale). All three contacts
S, D1 and D2 have magnetic easy axes along the § direction (GaAs [011] direction).
The center of contact pad D2 is also the center of the effective channel L.pq,. A fixed
current bias Ip;qs establishes the spin-up and spin-down electrochemical potentials in
the channel. The drain2 voltage Vps controls the spin-current in contact pad D2.
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distributive in nature (compared to the ideal point contact) and exactly centered
within the effective channel between S and D1. The D2 terminal is operated near
zero-bias with respect to the channel potential and the contact pad area is made
much smaller than that of S and D1. Such operating conditions and pad dimensions
ensure that the current collected at D2 is very small, compared to that collected
at D1, and the potential in the channel is primarily determined by the current bias
(Ipias) between S and D1. The geometric aspect ratios for S, D1 and D2 are chosen
appropriately such that the coercivity is the largest for S and the smallest for D2.
This particular choice allows various magnetization alignment conditions between S,
D1 and D2 to be realized by sweeping the magnetic field B.

Figure 3.3 schematically shows the relative orientation of magnetization in S, D1
and D2 as B is swept from a large negative (positive) to a large positive (negative)
value. The distinct states of magnetizations (M1-M4) and the corresponding D2
current (Ipy) are also shown for the —B to +B sweep. When the magnetic field
is largely negative, S, D1 and D2 are all aligned in the same direction as B (state
M1). The contacts D2 (state M2) , D1 (state M3) and S (state M4) then flip, in that
sequence, as the magnetic field sweeps through zero in the positive direction because
of the relative magnitude of the coercivities. If a bias current (Iy,s) is applied
between S and D1 having parallel magnetizations, it can be shown by solving the
coupled spin drift-diffusion equations [55,67] that the electrochemical potentials for
spin-up (p) and spin-down (g) electrons in the channel are split. Higher doping
in the channel [37] and low current bias [55] (hence, low electric field) operation in
our devices ensure that drift is negligible. In absence of drift, it can be shown that
the electrochemical potential splitting is antisymmetric with respect to the center,

& = Lepan/2 ,which is also the center of contact pad D2. Hence, a bias voltage equal
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Figure 3.3: The magnetization directions of the three ferromagnetic contact pads S, D1 and D2 as
the magnetic field B is swept in both directions. Each group of three arrows (left to
right) represents the magnetization directions of S, D2 and D1 contact pads, respec-
tively. The distinct states of magnetizations M1-M4 and the corresponding Ips values
for each state are shown for —B to +B sweep. A non-zero drain2 current Ips flows in
state M3.

to the cross-over potential for spin-up and spin-down electrons in the channel can
be applied at D2 (Vpy = V) to make current Ip, = 0 for states M1, M2 and M4
in Fig. 3.3. Under this condition, spin up (/pg;) and spin-down (I pg) currents are
both equal to zero. However, Ips will be non-zero under the same bias condition for
state M3 where S and D1 are anti-parallel, for which the electrochemical potentials
iy and gy are split at x = 0. The current spin polarization is conventionally defined
as [17,18,55], apa = Ip2 spin/Ip2,charge=(I D21 - Ip2))/(Ip21+Ipe2;). Thus the current
spin polarization at the D2 terminal can be much larger than that of the channel,
resulting in a spin-current gain in the system. For a fixed I, in state M3, Vps can
be varied to control the spin polarization gain (amplification). The gain can also be
controlled with Vpy = V. and variable I;,s. It may be noted that the design of

the device facilitates lateral diffusion to compensate for any decrease in Ay in the
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channel due to carrier extraction at D2.

3.3 Device Growth and Fabrication

In our experiment, we fabricate dual-drain lateral spin-valves from a ferromag-
netic manganese arsenide (MnAs) (90 nm thick), n* - doped (~ 10'-10" cm™3)
gallium arsenide (GaAs) transition layer and n-doped GaAs (Np = 10" cm™3) het-
erostructure [19,21], which is grown by MBE on a semi-insulating (SI) (001) GaAs
substrate. The n-doping profile in the GaAs channel region and the GaAs/MnAs

transition layer is shown in Fig. 3.4. The S, D1 and D2 contacts are made ferro-
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Figure 3.4: Doping profile in the GaAs channel and GaAs/MnAs transition layer. The zero of the
x-axis is the top surface of the semi-insulating GaAs (001) substrate. This confirms the
graded doping and the heavily doped GaAs region beneath MnAs, necessary for the
Schottky tunnel contact.

magnetic by patterning them on MnAs. The source contact injects spin-polarized
electrons through the heavily doped spin-selective Schottky tunnel barrier into the
n - doped GaAs channel, which are subsequently collected at D1 or D2 through an
identical tunnel barrier. The presence of a tunnel barrier is confirmed from tempera-

ture dependent conductivity measurement [19]. Eight devices with different channel
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lengths (Lchan) and aspect ratios for the contacts pads were fabricated. The D2
pad is centered within the channel in all the devices. It is observed that the de-
vices with smaller channel lengths give a larger spin-current amplification. Devices
with aspect ratios different from those reported here exhibit exactly the same be-
havior, except the response is observed at a different magnetic field due to their
different contact coercivities. The device shown in Fig. 3.2 is fabricated as follows.
In the first step, the channel is defined on n - doped GaAs by etching away MnAs
and n* - doped GaAs layers leaving only the S (L x W = 50 pm X 2 pm), D1
(LxW =50 um x 4 pm) and D2 pads (L x W =1 pm x 2 ym). Next, silicon diox-
ide (SiO,) is deposited as a passivation layer and via holes are created by dry etching.
Finally, Ti/Au metal is evaporated by PVD and contacts are formed in a lift-off pro-

cess. An SEM image of the device is shown in Fig. 3.5. The spin-selectivity of the

Figure 3.5: An SEM image of the spin-current amplifier after delineating source, drainl and drain2
contacts by wet etching.

MnAs/GaAs tunnel barrier conductance, § = G/G| is determined to be 1.9 from
channel length dependent magnetoresistance measurements on MnAs/GaAs/MnAs
lateral spin-valves [19]. The conductivity of the n - doped GaAs channel (o,) is

four orders of magnitude lower than that of MnAs (o) in the temperature range of
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operation of our devices. Identical control devices with non-magnetic D2 were also

fabricated and characterized.

3.4 Spin-Valve Characteristics

The device operation is based on a spin-valve with source and drainl magnetized
in opposite directions. The magnetoresistance measurement is done to ensure basic

spin-valve behavior in these devices. Figure 3.6 shows the measured magnetoresis-
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Figure 3.6: The magnetoresistance of a MnAs/GaAs lateral non-local spin-valve (circles) and drain2
current Ips of a spin polarization amplifier (squares) as a function of applied magnetic
field B at 10 K. The filled (open) symbols correspond to —B to +B (+B to —B) sweep.
The polarizer and analyzer dimensions of the MnAs/GaAs lateral spin-valve are same
as that of S and D1 contact pads of the spin polarization amplifier, respectively. The
peak values are normalized to unity. The overlap confirms that the peak Ips coincides
with the peak anti-parallel alignment between S and D1.

tance as a function of magnetic field at 10 K (circles). The drain2 current of a
spin-current amplifier is also shown alongside (squares). The peak values are nor-
malized to unity. The resistance is low when source and drainl are magnetized in
the same direction at high magnetic fields. The magnetoresistance is high when they
are magnetized in opposite directions (H = 1.5kOe). This confirms the basic spin-
valve characteristics in these devices. The anti-parallel configuration for spin-current

amplifiers can therefore be achieved at H = 1.5 kOe. The complete overlap between
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the magnetoresistance and the drain2 current confirms that the peak Ips coincides
with the peak anti-parallel alignment between S and D1. Control experiments were

also done to ensure spin-dependency of the observed effects [19].

3.5 Spin-Current Amplifier Characteristics

The spin-current amplifier characteristics are measured by mounting the samples
in a cryostat placed between the poles of an electromagnet. Figures 3.7(a) and
(b) show current Ip, measured as a function of in-plane magnetic field B (directed
along the y axis) for different temperatures T' (Ips = 100 pA) and Iy,.s (T = 10
K), respectively. The voltage Vpo is set to the corresponding null voltages (V,u,
which depends on T and Iy;,s) in each case. A typical value for V,,; at 10 K and
Ipias = 100 pA is ~21 mV. The peak of Ips coincides with the peak anti-parallel
alignment between S and D1 at B = 1.5 kOe, which corresponds to state M3 in
Fig. 3.3. The sign of current Ip, changes when the roles of S and D1 are reversed
for the same value of B. This indicates that Ay (= g — p;) and spin dependency
of the effect change sign. The current decreases with increasing 7' and decreasing
Iyias- Magnetoresistance measurements with conventional and non-local spin-valves
show a peak at the same value of B, which also confirms that [ps is sensitive to the
spin-degree of freedom only. No response is observed for the control devices, with a

non-magnetic D2 contact pad.

3.6 Modeling of Spin-Current Amplifiers

The experimental observations are explained by invoking the spin-diffusion model.

The electrochemical potential in the channel region is described by the spin-diffusion
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Figure 3.7: (a) Current Ipo as a function of magnetic field B for different I;,s with Vpo set to their
corresponding null values (V,,,;;) at 10 K; (b) current Ips as a function of magnetic field
B for different temperatures T with Ip;qs =100 pA and Vpg = Vi The filled (open)
symbols corresponds to —B to +B (+B to —B) sweep.

equation as [67],

0 (g — —
(b1 —m) =y (3.1)

2 A2

sf
where Ay is the spin-diffusion length in the channel region. The small contribution
from spin-drift is neglected because of the high doping in the channel region. The

above equation is solved with the boundary conditions that the spin-currents are

continuous at x = 0 and & = L,y (assuming there is no spin-flip scattering at the
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interface) as given by,

§1(07) = Gy [ (07) — g (07)] (3.2)
31(07) = Gy [ (07) = py (07)] (3.3)
71(07) = 4,(07) = 5 (07) — 5,(07) (3.4)

where the current in each spin-channel is calculated as,

. a1(1) O ()
iy = 9z (3.5)

e

The above equations are also written for * = Lgye,. The solution of the spin-
diffusion equation for the spin-up and spin-down electrons in S and D1 lateral
MnAs/GaAs/MnAs spin-valves yields the electrochemical potentials in the channel

as,

Hry = ks + (—)g [veXp (— )\x ) +exp (m_—LCh‘m)] (3.6)

O-’I’L Un Sf )\Sf
where j is the current density in the channel, e is the electron charge, and v is +1
(-1) when magnetizations of S and D1 are anti-parallel (parallel). The constant K

is determined from the boundary conditions as:

jeon 1+Q’f 1 — Qg Lchan
K= - _ .
S [ G G v + exp N (3.7)

where ay(~ 0.5) is the spin polarization of MnAs [50]. The current Ip, is then

obtained as:

Ips = /:2 [GT <VD2 - ﬂ) + G| (VDQ - ﬂ)} Wpadz (3.8)

e e
where L1 are L2 are the bounding x coordinates of contact pad D2. The detailed
derivation is described in Appendix B.

Figure 3.8(a) shows the measured peak Ips as a function of I, in state M5

of the device. Theoretically calculated values of peak Ips, using Eqn. 3.8 and a
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value of Asy = 7 pm, are also shown alongside the measured data. Figure 3.8(b)

shows the estimated spin-diffusion length as a function of temperature. The good
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Figure 3.8: (a) The peak drain2 current Ips as a function of Ijs in state M3. The solid circles
represent measured data at 10 K and the solid line represents the theoretically calculated
values based on Eqn. 3.8. The spin diffusion length A, is found to be 7 pm at 10 K.
The spin-up and spin-down currents flow in opposite directions in contact pad D2,
yielding spin polarization gain greater than unity; (b) estimated spin diffusion length
as a function of temperature.

agreement provides further evidence for the spin-dependent effects in these devices.
The electrochemical potential difference between spin-up and spin-down electrons is

plotted as a function of position along the channel in Fig. 3.9. p4 and p) remain anti-
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Figure 3.9: The anti-symmetric (symmetric) electrochemical potential difference (Ap) between
spin-up and spin-down electrons in the channel when S and D1 contact magnetizations
are parallel (anti-parallel) for two different temperatures 7" and Ip;.s. Ap decreases in
the channel at higher temperature due to enhanced spin relaxation. It increases at the
source/channel interface (z = 0) for higher I;,s due to enhanced spin-splitting.

symmetric in the channel, making Ipy zero for all T and I;,s with Vps = V., when
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magnetizations of S and D1 are parallel. On the other hand, when the magnetizations
of S and D1 are antiparallel, the difference Ay decreases with decreasing I;,s and

increasing 7', which results in reduced Ips in spite of increased tunnel conductance

at higher T

3.7 Amplifier Gain Characteristics

We calculate the current spin polarization aps as a function of I, and Vpy from
measured values of Ipy. Figure 3.10(a) shows the current spin polarization gain
(apa/ay) as a function of Vo for different Ip;,s. The voltage Vi is varied in steps
of 5 pV for the measurement of Ips in this case. The gain curve shifts along the
Figure 3.10(b)

Vpe axis with increasing [y, due to the increasing value of V..

shows the gain curves as a function [, for different values of Vps. The current
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Figure 3.10: Dual control of the spin polarization gain. The open (closed) symbols represent nega-
tive (positive) gain. (a) Spin polarization gain as a function of Vps for varying Ip;qs at
10 K. The gain increases with increasing Ip;qs; (b) spin polarization gain as a function
of Iy;qs for varying Vpo at 10 K. A constant offset voltage, Vy = 19.565 mV is sub-
tracted from each of the Vpy values. The gain curves exhibit singularities along the
Vp2 and I, axes when a pure spin-current flows through contact pad D2 (Ips = 0).

Ipiqs is varied in steps of 0.5 pA during this measurement. The plots show that the

magnitude and sign of the polarization gain can be varied by changing the value
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of Iy.s. The gain curves exhibit several singularities along the Vp, and [y, axes.
These occur when the charge current at D2, Ipy = 0 (I p2y =- Ipg)) and a pure spin
current, I g, (= Ip2y - Ipa)) flows through this contact [65,68]. The peak gain that
can be measured is limited by the smallest possible increment of Vps and I, around
these singularities. Hence, a combination of Vpy and I;,s can be used to electrically
control the spin polarization gain. The gain can be made negative or positive by

external bias, independent of the polarization of S and D1.

3.8 Conclusion

It is evident that the device just described provides current spin-polarization gain,
which can be controlled from a very large negative value to a large positive value. It
is possible to generate 100% spin-polarization for both majority and minority spins.
Last, and not the least, the device generates pure spin current with zero charge
current. These aspects might be useful for a new class of spintronic devices. Since a
large spin polarization is not required at the input (source) terminal, the device may
also facilitate the study of spin-based phenomena in materials wherein spin injection
is difficult, such as silicon. It can further be used to make a novel memory device by
placing several D2 contacts in the channel and tunning the geometric aspect ratios

to maintain different states, which can be read electrically.
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CHAPTER IV

Two Dimensional Spin Diffusion in Multi-Terminal Lateral
Spin-Valves

4.1 Introduction

Spintronics has gained interest in recent years for the possibility of improved device
performance and enhanced functionality of conventional devices [33]. Spintronic
devices rely on efficient electrical spin injection and detection in semiconductors
and metals [14, 19, 20, 25, 39, 43, 45]. Electrical spin injection and detection have
recently been demonstrated in silicon [25,39]. Most of the devices make use of the
effects of one dimensional spin transport only. The effects of finite dimensions of
magnetic contacts on spin-transport and the resulting spin-current distribution in
lateral spin-valves have been explored theoretically [69,70]. Spin extraction using
a third terminal has recently been investigated for unique applications [71]. An
additional contact terminal on the semiconductor channel of a conventional lateral
spin-valve introduces another degree of freedom to the system, and its bias can be
independently varied for controlled collection of spin and charge currents. We have
investigated the advantages of two dimensional spin transport in spin extraction from
semiconductors, using a third terminal, both experimentally and theoretically. We
observe that transverse spin-diffusion increases the efficiency of spin extraction by

a ferromagnetic contact, which can be very beneficial for three- or multi-terminal
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spintronic devices. The observations are also useful for all-metal spintronic devices

based on tunnel injection of spin polarized carriers.

4.2 Origin of Two Dimensional Spin Diffusion

When a current flows between polarizer and analyzer of a two terminal lateral
spin-valve, the electrochemical potentials of spin-up (y;) and spin-down () elec-
trons split in the semiconductor channel. The splitting Ay (=g — py) is large when
the two contacts are magnetized in opposite directions. and small when the contacts
are magnetized in the same direction. If a third contact is formed on the semicon-
ductor channel of the spin-valve with anti-parallel magnetization of source and drain
contacts, its potential can be varied enabling a controlled collection of spin-up and
spin-down electrons [71]. Extracting carriers from the channel perturbs the equi-
librium condition. The splitting decreases in the vicinity of the third contact and
both the current- and spin-polarization decrease. However, if the size of this contact
is significantly smaller than the other two contacts, the carriers can diffuse in the
transverse direction. The diffusion occurs for both spin-up and spin-down electrons
in such a manner it tends to increase the electrochemical potential levels to the un-
perturbed values. The amount of increase depends on the operating bias conditions

and the geometric sizes of the contact pads.

4.3 Growth and Fabrication of Multi-Terminal Spin-Valves

A schematic of a typical device is shown in Fig. 4.1. The devices are fabricated
from a ferromagnetic manganese arsenide (MnAs) (60 nm thick), n* - doped (~10"
cm~3) GaAs transition region and n-doped GaAs (n =107"cm™2) heterostructure

grown by molecular beam epitaxy, using conventional photolithography, dry etch-
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Figure 4.1: Schematic cross section of a typical three terminal device with W = 2 um. The central

terminal selectively collects electron with a particular spin through the voltage source
V..

ing, metal deposition and lift-off techniques [19]. The dimensions of the source and
drain are 5 x 50 pum? and 30 x 50 pm?, respectively. The width of the central fer-
romagnetic contact (C) is varied as W = 2, 4, 8 16 pum with the length fixed at
L = 2 pm. Identical control devices with non-magnetic C terminal were also fabri-
cated and characterized. The heavily doped region forms a Schottky tunnel contact
for efficient spin injection into semiconductors [18]. The source (S) and drain (D)
contacts form polarizer and analyzer of a conventional lateral spin-valve. The hys-
teresis characteristics of S and D contact pads, as determined from low temperature

Magneto-Optic-Kerr-Effect (MOKE) measurements, are shown in Fig. 4.2.

4.4 Characterization of Multi-Terminal Spin-Valves

A voltage bias is applied between S and D terminals. Spin-polarized electrons are

injected from S into the channel and the electrochemical potentials for spin-up (1)
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Figure 4.2: Hysteresis characteristics of source and drain contact pads as determined from low
temperature MOKE measurements.

and spin-down (1)) electrons split-up due to spin dependent reflections from D. The
C contact extracts spin carriers from channel through voltage source V.. Figure 4.3
shows the current extracted through terminal C, I. as a function of applied magnetic

field H for a W = 2 um device. I, is initially adjusted to zero by varying V. (= V)

T(K)/Type of C contact

| —=———10/FM

12 F —A——~—10/NM (control data)
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Figure 4.3: Measured collector terminal current I vs applied magnetic field H for a W = 2 um
device biased at V¢ = V1. Data are shown for both ferromagnetic and non-magnetic
central contact C.

at large magnetic field (|H| = 1.25 kG), when all the three contacts are magnetized

in the same direction. The current shows a plateau for 100 G < |H| < 300 G, which
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is followed by a peak at |H| ~ 500 G. The plateau occurs when magnetization for
contact C changes direction earlier than S and D due to its smaller coercivity, and
the peak occurs when S and D become anti-parallel at higher magnetic fields (300 G
S |H] S 750 G, Fig. 4.2). The transitions in the current levels are gradual, which is
due to the gradual reversal of the contact pad magnetizations as shown in Fig. 4.2.
Devices with other values for W are identically characterized. They show similar
responses except the plateau occurs at different H values due to different coercivities.
This effect could be utilized to realize a multi-terminal spin-based memory device

(shown in the inset to Fig. 4.4). The control devices with non-magnetic C contact
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Figure 4.4: Measured I as a function of collector terminal voltage V& at 10 K for the same device.
The line shows the theoretically estimated values for I under the same experimental

conditions. A schematic of a potential multi-terminal spin-based memory device is
shown in the inset.

do not show the plateau in I., however they show a peak for 300 G < |H| < 750 G
as before, the origin of which is due to magnetization switching of the ferromagnetic
drain contact. Figure 4.4 depicts the measured current I, (peak value) as a function
of V, for the W = 2 pym device at 10 K and H ~ 500 G (peak anti-parallel alignment
between S and D). The almost linear behavior ensures that the device is operated in

the linear response regime under the experimental conditions discussed here.
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4.5 Modeling of Two Dimensional Spin Diffusion

We have used the coupled spin diffusion equation to determine the electrochemical

potentials py and p; and the spin-polarization in the channel [55]:

V2,um) _ MT(;)2_ Hi) (4.1)
TLAT)

where V? is the Laplacian and A1 ()\]) is the average electron spin-flip length from
spin-up (spin-down) to spin-down (spin-up) state. The small contribution from drift
is neglected. The high doping in the channel, high tunnel contact resistance and
low bias operation ensure that the peak electric field in the channel E,.; < E.
[= (1/eX)(n/eD)™' = 1.4 kV/m], where e is the electronic charge, A is the aver-
age spin-diffusion length, u is the effective electron mobility and D is the effective
electron diffusion constant [55]. The depth of the channel in our devices is very
small (h = 0.5 pum) compared to the other dimensions. The variation along the z-
direction (see Fig. 4.1) is negligible, and the electrochemical potentials are assumed
to be invariant along this direction and are approximated with an average constant
value [69]. Equation 4.1 is solved for our devices with the boundary conditions that
(1) the spin-up and spin-down current-flow normal to the hard boundaries (edges
of the GaAs channel in z- and y- directions) are individually zero, and (2) spin-up
and spin-down currents are continuous at the ferromagnetic contacts. The effects
of spin-dependent Fermi wave vectors, transmission coefficients and density of states
are taken into account by considering spin-dependent resistance for electrons (G4,G )
at the ferromagnet/semiconductor contact region at low temperatures [69,72]. The
effect of a heavily doped region on spin extraction is discussed in Ref. [73]. The

MnAs/GaAs tunnel conductance and spin-selectivity of the tunnel barrier are exper-

imentally determined to be Gy + G| &~ 2.9 x 10" Q7'm~2 and 8 = G;/G| ~ 1.9 at
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10 K, respectively. The electron mobility is determined from Hall measurements as
p ~ 3000 cm?/V.s at 10 K.

Theoretically estimated values for I, under the experimental bias conditions at
10 K are shown alongside the experimental data (squares) in Fig. 4.4. The spin
diffusion length, A = \;;/v/2 = A1/v/2 is found to be equal to 7 yum at 10 K, which
is close to the value reported earlier [71]. The small deviation between experiment
and theory at higher current values is due to higher tunnel conductance at higher
bias and asymmetric MnAs/GaAs tunnel barrier characteristics. Good agreement
between experiment and theory supports the assumption that the device operates
in a linear response regime under the stated experimental conditions. The predicted
values for I, for all our devices match well with the experiments within the limits of
experimental error. We define an enhancement factor, £, as the ratio of the integrated
divergence of spin-current in the y direction to the integrated divergence of the total
spin-current under the contact C, to determine the contribution of transverse (along

y direction) diffusion to current spin-polarization. Thus

€= fé [ya(ﬁym} dr / i Kﬁ%waﬁy) (Au)] dr (4.2)

where the contour C consists of the closed boundary of contact C. £ is determined

under the operating conditions by using Eqn. 4.2 and experimentally determined

device and bias parameters.

4.6 Enhancement of Spin Polarization

Figure 4.5 shows the current spin-polarization and ¢ as a function of I.. The
current spin-polarization decreases for large values of 1. (hence for large value of V)
as (py/e — V,) and (/e — V) become comparable and the polarization is primarily

determined from the spin selectivity of the tunnel barrier. However, the magnitude
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Figure 4.5: Estimated current spin polarization (left y axis) and enhancement factor (right y axis)
vs measured I at 10 K.

of ¢ increases, which indicates an increase in transverse spin-diffusion to compensate
for the perturbation in the channel potential. The rate of increase in & decreases
with increasing bias due to finite spin-polarization beyond the contact pad C. An
exponential characteristics indicates a very strong dependence of £ on spin extraction.
It should be noted that £ increases in a direction to compensate for the reduction in
spin-polarization.

Figure 4.6(a) shows ¢ versus normalized carrier extraction (I./W) for different
contact widths. £ increases with increasing carrier extraction. However, it saturates
earlier and to a lower value for larger width devices, which indicates that the current
spin-polarization is smaller for larger width devices. Hence, spin polarized carrier
extraction is more efficient in the presence of transverse diffusion. Figure 4.6(b)
shows ¢ decreases exponentially with increasing W for fixed values of I./W. The
transverse diffusion is, therefore, more efficient for contact pads having smaller aspect
ratio W /L because of geometric size effect. The exponential dependence of £ on W
emphasizes the importance of transverse diffusion in these cases.

To determine the extent of perturbation in the electrochemical potentials from
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Figure 4.6: (a) Enhancement factor ¢ vs normalized collector current Io/W for various width de-

vices at 10 K; (b) £ vs device widths W for various levels of normalized carrier extraction
Ic/W at 10 K.

equilibrium condition due to spin extraction, the electrochemical potential difference
(Ap — Apy) is plotted for W = 2 um (Fig. 4.7(a)) and W = 16 pm (Fig. 4.7(b))
devices biased at V, — V,,,u = 1 mV. It can be seen that the perturbation is very small
and localized beneath the contact for W = 2 um device. The maximum decrease
is ~5 pV compared to the ~23 uV determined for W = 16 pm device. Also, the
reduction extends over a larger area below the drain contact for W = 16 pum device.
This confirms our earlier observation that transverse spin diffusion is more efficient
for smaller width devices. It is also observed that the spin-current absorption due to
an intervening magnetic contact is negligible for both the devices with I, = 0. Such

behavior is reported earlier in all-metal spin-valves [74].

4.7 Conclusion

The effects of two dimensional spin diffusion on spin extraction in lateral semi-
conductor spin-valves have been investigated experimentally and theoretically. A

ferromagnetic collector terminal of variable size is placed between the ferromagnetic
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electron spin injector and detector of a conventional lateral spin valve for spin ex-

traction. It is observed that transverse spin diffusion beneath the collector terminal
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Figure 4.7: Deviation from equilibrium electrochemical potential difference between spin-up and
spin-down electrons are plotted for (a) W = 2 pym and (b) W = 16 pm devices at 10 K.

plays an important role along with the conventional longitudinal spin diffusion in de-
scribing the overall transport of spin carriers. Two dimensional spin diffusion reduces
the perturbation of the channel electrochemical potentials and improves spin extrac-

tion. The small size of the contact pad facilitates transverse spin-diffusion leading
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to increased spin polarization and reduced perturbation from the equilibrium condi-
tions. This study suggests that the width is also an important design parameter for

spintronic devices.
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CHAPTER V

Electrically Driven Spin-Dynamics of Paramagnetic
Impurities: A Spin Capacitor

5.1 Introduction

Electrical spin injection, manipulation and detection in non-magnetic materi-
als have gained interest in recent years for the possibility of realizing spintronic
devices [33,75]. The successful operation of spin-valve and spin-torque devices
[11, 14,20, 57,71, 76] is dependent on minimizing spin-scattering during transport
through non-magnetic metals, semiconductors and hetero-interfaces [59]. In con-
trast, in this paper we report experiments on a lateral MnAs/GaAs/MnAs spin-valve
structure (Fig. 5.1) [19,77] with paramagnetic Mn impurities that are deliberately in-
troduced into the channel region. These Mn impurities cause spin-flip scattering and,
since they do not have any significant alternative means of relaxation [78], get po-
larized in the process resulting in a decrease in the spin-flip current and hence the
terminal current. This transient response in the terminal current due to an elec-
trically driven impurity polarization is the subject of the present study. The study
demonstrates electrical detection and manipulation of the spin-magnetic moment of
bound magnetic impurities in semiconductors, which may be useful in envisioning
new devices [79]. The observed phenomenon should be scalable to very few magnetic

impurities, which will be useful for the realization of quantum information processing
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Figure 5.1: Schematic cross-section (not to scale) of a typical Mn-doped spin-valve. The channel
region is n-type and it is lightly co-doped with Mn impurities. The arrows indicate the
initial unpolarized Mn impurities.

devices [80]. The study also provides an easy method to determine the spin-spin scat-
tering time constant between various magnetic impurities and delocalized conduction
electrons.

We demonstrate experimentally, for the first time to our knowledge, that (1) the
impurities can be polarized when the spin-valve is operated in the anti-parallel con-
figuration but not in the parallel configuration, and, (2) this polarization leads to a
transient response in the terminal current. Both these features appear to be in good
agreement with the model proposed in refs. [81] and [79] where it is shown that the
spin-polarization of the channel electrons is negligible in the parallel configuration
but is much larger in the anti-parallel configuration and the resulting spin-flip current
polarizes the Mn impurities. This is similar in principle to the well-known Overhauser
effect (or dynamic nuclear polarization (DNP)) [82] but it is driven by the exchange
interaction between the conduction band electrons in GaAs and localized Mn impu-

rity spins rather than the hyperfine nuclear interaction. To our knowledge, neither
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(1) the dynamic impurity polarization nor (2) the use of anti-parallel spin-valves to

drive it electrically (with no external magnetic field) have been demonstrated before.

5.2 Growth and Fabrication

The heterostructure samples in the experiments are grown by molecular beam epi-
taxy on semi-insulating GaAs (001) substrate and consist of a ferromagnetic type-A
manganese arsenide (MnAs) (60 nm) layer, n™-doped (= 10! cm ™) GaAs transition
region (30 nm), and n-doped (Np ~ 10'7 cm™3) GaAs channel region (h = 500 nm),
which is lightly co-doped with Mn impurities (N, ~ 1.4 x 10%c¢m™2). The growth
procedure is as follows. A 500 nm GaAs:(Si,Mn) channel layer is grown at 580 °C
on a (2x4)-reconstructed surface using a growth rate and V/III beam equivalent
pressure ratio of 0.72 pm/hr and 25, respectively. A 30 nm graded-doping n™-GaAs
contact layer is then grown with the Mn flux shuttered to form a triangular tunnel
barrier. The substrate temperature is ramped down to 400 °C under an As, over-
pressure, and the surface reconstruction transitions to a c¢(4x4) pattern as indicated
by reflection high-energy electron diffraction (RHEED). The As, flux is shuttered,
and the substrate temperature is ramped down to 200 °C. Once the temperature has
stabilized, the surface is soaked with an As, flux of 5x107% Torr for 90 s to form
a template suitable for growth of type-A MnAs [83]. A 60 nm MnAs film is grown
using a low growth rate (10 nm/hr) and substrate temperature (200 °C) during de-
position of the first few monolayers of MnAs. After the nucleation phase completes,
the growth rate and substrate temperature are both increased to 40 nm/hr and 250
°C, respectively. Analysis of the RHEED pattern indicates growth of a type-A MnAs
film with the following epitaxial relationship: [1120]MnAs//[110]GaAs.

The devices are fabricated by using conventional photolithography, dry etching,
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metal deposition and lift-off techniques [19]. The Mn concentration in the channel
is sufficiently low such that significant donor compensation or formation of MnAs
precipitates can not occur [84]. The effective donor density in the channel region
is, no = Np — Narn = 8.6 x 10'® cm™3. The Mn doping density is verified by sec-
ondary ion mass spectroscopy (SIMS), shown in Fig. 5.2. SQUID measurements
on the (Si,Mn)-doped channel region does not show any hysteresis (shown in the

inset to Fig. 5.2). This confirms the absence of ferromagnetism in the Mn-doped
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Figure 5.2: The doping densities of silicon (n-doping) and Mn versus channel depth are shown.
Mn atoms behave as acceptors and partially compensate the n-doping. Inset shows
the SQUID measurement on (Si,Mn) doped channel region grown on semi-insulating
GaAs(001) substrate. The absence of remanent magnetization indicates lack of ferro-
magnetism in the channel region.

channel region. The lightly doped Mn atoms in GaAs behave as paramagnetic im-
purities [78,85]. Identical control devices without Mn impurities in the channel
region were also fabricated and characterized. The heavily Si- doped (n") region
beneath the MnAs contact pads forms a Schottky tunnel contact for efficient spin in-
jection into semiconductors [18]. The basic MnAs/GaAs/MnAs spin-valve behavior
of both Mn-doped spin-valves and control devices is confirmed through conventional

and control measurements using a four probe ac lock-in technique [19]. Figure 5.3
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shows the measured magnetoresistance as a function of applied magnetic field H for
a Mn-doped spin-valve. The two peaks correspond to the anti-parallel alignment of
analyzer (A) and polarizer (P) at H = 500 G, which is confirmed by low temperature

MOKE measurements, also shown in Fig. 5.3. A peak magnetoresistance of ~1.3%
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Figure 5.3: MOKE measurements (left y axis) on analyzer and polarizer contact pads, and mag-
netoresistance measurements on the Mn-doped spin-valves (right y axis) versus applied
magnetic field at 10 K. The magnetoresistance data show two peaks which correspond
to the antiparallel magnetization alignment of analyzer and polarizer contact pads. The
M R loop closely follows the hysteresis of the analyzer contact pad. The arrows indicate
the magnetic field sweep directions for the hysteresis plots. Contact pad magnetization
data are shown for sweep (1)-(6). The MR loop is shown for sweep (1),(2),(4)-(6).

is measured at 10 K, which is close to the value reported earlier [19].

5.3 Transient Characterization of Devices

Transient current measurements are performed by mounting the samples in a
cryostat, placed between the poles of an electromagnet. An in-plane variable mag-
netic field (along the magnetic easy axis of MnAs, GaAs [110] direction) is swept
quasi-statically from -5 kG to 500 G, which sets the polarizer and analyzer magne-

tization in opposite directions (Fig. 5.3). The magnetic field is then swept back to
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zero. The polarizer and analyzer retain the anti-parallel magnetization configuration
due to the remanence of ferromagnetic MnAs contact pads. A voltage bias is applied
and the current through the device is measured as a function of time. Figure 5.4(a)
shows the measured data for 7' = 10, 15 and 20 K. The current is initially large at
99.94 pA, before it saturates to a lower value of 98.86 A at T = 10 K. The mea-
surements are repeated for 7' = 15 and 20 K. It is observed that the relative change
[AI = I(t = 0) — I(t = o0)] decreases from 1.08 pA to 0.55 pA as the tempera-
ture increases from 10 K to 15 K. The effect disappears for T > 20 K. No transient
change in current was observed for control devices at all temperatures. The external
magnetic field is zero during the transient measurements, which prevents spurious
polarization of Mn impurities from external magnetic fields.

Similar measurements were carried out with polarizer and analyzer magnetized
in the same direction. In this case, an in-plane -5 kG (larger than the coercivity
of both the contact pads) magnetic field is applied to magnetize both contacts in
the same direction. The magnetic field is then quasi-statically made zero. A pulse
bias is applied as before and the transient current through the device is measured.
Figure 5.4(b) shows the measured current as a function of time at 7" = 10, 15 and
20 K. No noticeable change in the current level is observed under these conditions.
Figure 5.4(c) shows the magnetoresistance, MR = (Ip — I4p)/Iap as determined

from Figs. 5.4(a) and (b).
5.4 Origin of Transient Current

Almost all the experimental features can be explained in terms of the circuit
diagrams in Fig. 5.5 (adapted from Figs. 3(a) and (b) of ref. [81]), where the el-

ements in the “shunt arm” g¢,,, g, and I, represent spin-flip processes that try to
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Figure 5.4: The measured transient current through the device as a function of time with (a) anti-
parallel and (b) parallel magnetization of analyzer and polarizer contacts. The current
is initially large before it saturates to a lower value for the anti-parallel configuration.
No significant change is observed for the parallel configuration; (c) magnetoresistance,
MR = (Ip-Iap)/Iap as a function of time. The solid-lines show M R(t) as determined
from the model using appropriate model parameters. An external trigger is generated
at t = 0. There is a delay of ~150 ns for the voltage source and the electrometer to
respond to this trigger, which leads to the the shift in the origin for the time axis by
the same amount.

restore the imbalance in the electrochemical potentials 11y and f) in the spin-up and
spin-down channels. First, the transient terminal current is observed only for the
anti-parallel configuration and not for the parallel configuration (Fig. 5.4). This can
be understood by noting that the contact conductances, in the parallel configura-
tion, form a balanced “Wheatstone Bridge” (Fig. 5.5(a)), which results in negligible
potential difference p; — g1 between spin-up and spin-down channel electrons. By

contrast, the anti-parallel configuration results in a significant imbalance potential
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Figure 5.5: Equivalent circuit diagram of the SCT structure: g, gso, G1(}),rs G1(1),4> 9as 95,
T,1(]), and, Isy are spin-flip conductance due to Mn impurity, spin-flip conductance
independent of Mn impurity, polarizer conductance for up(down)-spin, analyzer con-
ductance for spin-up(down) electrons, majority-spin tunnel conductance, minority-spin
tunnel conductance, polarizer to analyzer area ratio, average chemical potential for
spin-up(down) channel electrons, and, total spin-flip current respectively. The current
source I, o< [dE{f;(1 — f)+ fi(1 — f1)}(F} — F|), where, f;()) and Fy(|) are the
average energy (E) distribution of spin-up(down) electrons having chemical potential
1y and fraction of impurities having up(down)-spin respectively.

f1 — fuy, which gives rise to spin-flip processes that polarize the impurities leading
to transient behavior in the terminal current. Second, the terminal current in the
anti-parallel configuration decays with time with a time-constant ~(kgT)™1: This is
understood by noting that as the Mn impurities get polarized (F}; — F| increases)
the spin-flip current (through g, and I,) and hence the terminal current decreases.
So the transient behavior in the terminal current is, in essence, the signature of
the dynamics of polarization (F; — F|) of the Mn impurity spins. Assuming that
the Mn impurities have negligible spin-lattice-relaxation [78] the time constant (7)
for impurity polarization through exchange interaction with conduction band elec-
trons has been shown, according to NEGF treatment, to be inversely proportional to

JAdE{fi(1—f)+fi(1—f1)} = kgT for uy — p; < kgT (Eqn. 5.6 and the associated
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discussion in [81]). Our model thus suggests that 7 ~ (kgT)~! is in agreement with
experiment (120 ns at 10 K, 80 ns at 15 K). As the temperature increases we ex-
pect the effect to get smaller because gs, increases (increased spin-orbit relaxation)
while g, decreases (fewer Mn impurities are present within a spin-diffusion length
which gets shorter with temperature). While this is in qualitative agreement with
experimental observations we do not have a full quantitative explanation for the dis-
appearance of the effect at 20 K. One of the possible reasons may be that the phonon
assisted spin-lattice relaxation of Mn impurities in GaAs becomes dominant at the
higher temperatures. Interestingly our model predicts that as t — oo the Mn impu-
rities get polarized and do not contribute to spin-flip scattering any more, suggesting
that a spin-valve with and without Mn impurities should show approximately the
same temperature dependent magnetoresistance determined by the spin-orbit term

(gso). This seems to be in agreement with experimental observations [19].

5.5 Modeling of Spin Dynamics

For a quantitative model, we have adopted two approaches: one based on the
Non-equilibrium Green’s Function (NEGF) method [81] and one based on the drift-
diffusion method [55,69]. Both can be approximately mapped onto the circuit model
of Fig. 5.5 and lead to similar quantitative results. Here we present results from the

second model, which is based on the spin-diffusion equation,

Daznm) Oy L MW~ M)
ox? a ot T
TL(T)

1
+ =5 G [ —ev] (5-1)

where D is the effective diffusion coeflicient, nyy(x,t) is the spin-up (spin-down)
electron density, G4()(x) is the spin-up (spin-down) tunnel conductance, V(z) is
the applied voltage, and pi())(z,t) is the electrochemical potential for spin-up (spin-

down) electrons. Also, the relation, ny(z,t) + n;(x,t) = ny holds. The time depen-
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dence of the spin-flip current, I,y = I; 4 - Iy p with spin-dynamics is determined by
integrating Eqn. 5.1 as:

1 ON; N;—N,
—La(t) — Lip(t)] = 2
D) = Ie()] = G+ = (52)

where Ny(j) are the total number of spin-up (spin-down) electrons in the channel.
Equation 5.2 helps to decouple the spin-scattering due to Mn impurities and the scat-
tering due to Mn-independent processes. We define a parameter 3 which correlates
ny() with py()) through Fermi-Dirac distribution and density-of-states functions, and

which is approximated by a linear function obtained from Taylor series expansion as,

— 2 0
5= MW no/2 _ [ n() (5.3)

f1(1) — Ho 3/%)} I
where 11 is the electrochemical potential for the unpolarized electrons, ny = n; =
no/2. The detail model is described in Appendix C. The high doping in the channel,
large contact resistance and low bias operation lead to negligible drift in these devices
[55]. The model parameters, determined at 10 K, are as follows: (1) from Hall
measurements, 1 = 3000 cm?/V.s; (2) from the Fermi integral, De/ukgT = 8.3 [55];
(3) tunnel conductance and spin-selectivity of the tunnel barrier are determined
by analyzing the experimentally measured magnetoresistance data (assuming 7y =
711 = 13 ns [37]) with the spin-diffusion model. Thus Gt + G| = 2.5 x 107 Q7!
m~2 [19]; (4) from Fermi-Dirac distribution and density-of-states functions, § =

0.2-(no/2ksT).
5.6 Determination of Spin Relaxation Time Constant

Figure 5.6(a) shows the estimated time dependence of the spin-flip current in the
antiparallel configuration as determined by using Eqns. 5.1 and 5.2 on the experi-

mental data shown in Fig. 5.4. Note that the change in spin-flip current Aly; at

73



(&)}

§;3 (@) T (K)

< 341 —=—10

T 32} —=—15
30}

I=EIATT) T =120 ns
X

S 2L T=80ns

O=-NWhA

0 200 400 600 800 1000
Time, t (ns)

[N, ()-N,

Figure 5.6: (a) Estimated spin-flip current as a function of time, for 7= 10 and 15 K. The spin-
capacitive effect is reduced at higher temperatures due to enhanced spin-relaxation from
native GaAs lattice atoms; (b) charging of Mn paramagnetic spin as a function of time.

different temperatures is larger than the change in the terminal current A, as we
would expect from the circuit diagram of Fig. 5.5 which gives Al s /Al = (1/P.){1+
(r — 12(1 = P2)/(4r)}, where, P, = (9o — 95)/(ga + 95) = (G — G)/(Gy + G).
Using experimental values (P. = 0.39 and r = 1/6) we find Al;/AI to be 4.8,
which is reasonably close to the value of 3.6 obtained from the detailed numerical
calculation (see Figs. 5.4 and 5.6). Time constants (7) associated with the charging
of the spin-capacitor (Fig. 5.6(b)) as determined by using Fig. 5.6(a) and Eqn. 5.2
are found to be 120 ns and 80 ns at 10 K and 15 K, respectively. The estimated
value for 7 (120 ns) is close to the value of the spin-spin relaxation time-constant
(100 ns) reported earlier for an interaction between conduction electron spin and a

paramagnetic defect in a silicon field-effect-transistor [86].
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5.7 Conclusion

In summary, the spin-dynamics of dilute paramagnetic impurities embedded in
a semiconductor GaAs channel of a conventional lateral spin-valve has been inves-
tigated. It is observed that the electron spin of paramagnetic Mn atoms can be
polarized electrically when driven by a spin-valve in the anti-parallel configuration.
The spin-polarization of the paramagnetic impurities retain their state as long as the
applied bias is present. The transient current through the MnAs/GaAs/MnAs spin-
valve bears the signature of the underlying spin-dynamics driven by the exchange
interaction between the conduction band electrons in GaAs and the localized Mn
electron spins. The time constant for this interaction is observed to be dependent

on temperature and is estimated to be 80 ns at 15 K.

(6]



CHAPTER VI

Electrically Injected InAs/GaAs Quantum Dot Spin Laser

6.1 Introduction

The ability to control and/or modulate the output polarization of lasers [87,88]
to electrically switch between orthogonal polarization states [89-91] would be useful
for a host of applications including coherent detection systems, optical communi-
cations with enhanced bandwidth, secure communication and cryptography, and
optical switching. The output polarization of semiconductor lasers is determined by
the polarization properties of the active (gain) region and optical cavity. Vertical
cavity surface emitting lasers (VCSELSs) exhibit very poor polarization selectivity,
stability and control. The in-plane fundamental transverse mode of these devices is
randomly oriented [92,93], and polarization stability is usually obtained by intro-
ducing anisotropy in the gain curve of different competing polarization modes (gain
anisotropy) or by various schemes of mirror or cavity asymmetry [94].

Polarization control in lasers may be obtained with injection and recombination
of spin polarized carriers and the output polarization is related to the spin polar-
ization of carriers in accordance with the relevant selection rules for the conserva-
tion of angular momentum in the gain medium [95,96]. Recombination of spin-up

and spin-down electrons yields two coherently-coupled lasing modes, producing left-
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and right-circularly polarized light, respectively. In a non-magnetic laser, these two
modes are pumped equally, producing two equal and in-phase circularly polarized
modes which combine to form linearly polarized light. For 100% spin polarization of
the injection current, a pure circularly polarized output is theoretically estimated,
while for spin injection less then 100%, the circularly polarized light is superimposed
on the linearly polarized emission to yield an elliptically polarized output. Addi-
tionally, the threshold current is reduced with injection of spin-polarized carriers,
and for 100% spin polarized injection, the threshold is ideally reduced by a factor
of 2. The first demonstration of an optically pumped spin-polarized vertical-cavity
surface-emitting-laser (spin-VCSEL) was made by Rudolph et al. [97].The laser ac-
tive region consisted of pseudomorphic InGaAs/GaAs quantum wells. The devices
were operated at 6 K and both polarized light output and threshold reduction were
demonstrated. The same group have subsequently demonstrated a room temperature
spin-VCSEL with GaAs/AlGaAs quantum wells [98]. The first electrically injected
spin-VCSEL, with InGaAs/GaAs quantum well gain medium, was demonstrated re-
cently by Holub et al. [59].The lasers were operated at 50 K and a maximum threshold
current reduction of 11% and output degree of circular polarization of 23% were ob-
served. Spin injection of electrons were accomplished with a Fe/AlGaAs Schottky
tunnel diode.

For application of spin-polarized lasers, it is imperative that they are operated at
high temperatures. At these temperatures, the electron spin relaxation time 7 is
determined by the D’Yakonov-Perel’ (DP) spin scattering process [75]. In InGaAs
quantum wells, 74 = 6 ps at room temperature [99], which is much lower than
the radiative lifetime of 100 ps. On the other hand, the discrete density of states

and the spatial localization of carriers in quantum dots (QDs) inhibit both the DP
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and phonon scattering processes, which reduce the spin relaxation time and a weak
temperature dependence of 7 is expected [100]. The characteristics of an InAs/GaAs
self-organized QD VCSEL is described here. The VCSEL is operated at 200 K. A
maximum threshold current reduction of 14% and output optical polarization of 8%

are measured in these devices.

6.2 Growth and Fabrication

Circular post spin-VCSELSs, schematically shown in Fig. 6.1, were grown by MBE

(@)

15 nm n” Aly 1Gag sAs

3 Pairs { P+ Al sGag .As (b)

_{‘ TilAu ’

n Alo.sGao 2As }X 3 Pairs
AlpGan s } X 26.5 Pair DBR

10 Layers|

Figure 6.1: Schematic cross section of an InAs QD spin-VCSEL heterostructure with (a) magnetic
and (b) nonmagnetic n-contact grown by MBE.

and fabricated using standard optical lithography, wet chemical etching, polymide
planarization and passivation, contact and interconnect metallization, and dielectric
electron beam evaporation techniques [59]. The InAs QDs density in the active region
is 3x101% cm™2. The device mesa diameters varied from 15 ym to 30 ym. To form
the spin polarized electron injector contact, MnAs/n*-Aly;GaggAs Schottky barrier
heterostructure was selectively regrown by MBE after a mesa definition. The mesa

top surface and side walls were protected during re-growth by a ~2 pm thick SiO,
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layer which was formed by PECVD and subsequently patterned to reveal the annular
nT-GaAs contact layer. After a high temperature annealing for oxide removal from
the GaAs surface, 15 nm n™-Alg;GaggAs (Np = 10" cm™3) and 25 nm MnAs were
epitaxially grown at 630 and 250 °C, respectively. Non-magnetic control VCSELSs
were also fabricated with the same mesa dimensions, but with a Ti/Au bilayer serving
as the n-contact. The top DBR mirror was formed with 5 pairs of ZnSe/MgFs
deposited by electron beam evaporation.

6.3 Threshold Current Reduction and Output Circular Po-
larization

The quantum dot spin-VCSELs were mounted in a magneto-optical cryostat
equipped with a 7 T superconducting magnet. The devices were characterized at
T = 200 K under continuous wave (CW) bias operation and in the Faraday geome-
try. Hence the MnAs spin injector was magnetized along the hard axis. The chosen
operating temperature of 200 K is low enough such that enough spin-polarized elec-
trons would reach the QD active region and create a gain anisotropy. The lasing
wavelength and the linewidth of the lasers were 983 nm and 0.28 nm, respectively.
These values are consistent with the interband transition energy as determined from
the low temperature photoluminescence measurements. The degree of circular po-
larization of the output, II. was analyzed using a photoelastic modulator (PEM)
operating at 50 kHz and a Glan-Thompson linear polarizer, and the signal was de-
tected and recorded with a silicon avalanche photodiode, low-noise preamplifier and
by using lock-in techniques. The measured values of Il. as a function of magnetic
field, for a device with mesa diameter 15 ym and biased at 1.05x Iy, o (the threshold

current for this device at zero magnetic field, 14,0, is 13.8 mA), are shown in Fig. 6.2.
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The value of II, saturates at 8% at a magnetic field of ~2 T. On the other hand, II.

(o)

T =200K

H

® MnAs Spin VCSEL
m Control VCSEL

Deg. of Circ Polarization (%)
o

3 2 A1 0 1 2 3
Magnetic Field (T)

Figure 6.2: Measured degree of output circular polarization vs magnetic field for a 15 pym mesa
diameter MnAs spin-VCSEL (circle) and control VCSEL (square) measured at 200 K
are shown. The spin-VCSEL polarization closely follows the out-of-plane magnetization
curve for MnAs.

for the control VCSEL, shown in the Fig. 6.2, is < 0.5%. Also shown in the figure
is the room temperature out-of-plane magnetization of MnAs film epitaxially grown
on GaAs. It is evident that II. closely tracks the magnetization of the MnAs layer
and provides evidence of electron spin injection at the MnAs Schottky tunnel diode
as the source of the observed output polarization.

In order to eliminate the possibility of the observed output polarization being at-
tributed to stray field effects directly from the MnAs contact layer and Zeeman effect,
we had previously characterized an identically designed VCSEL with an Fe contact
layer formed on top of a ~0.45 um non-magnetic ohmic contact metallization [59].
The measured I1. was < 1.5%. We also performed magneto-photoluminescence mea-
surements on the same device with linearly polarized laser excitation and observed
a negligible value of II., which indicates that a parasitic contribution from magnetic
circular dichorism is absent in these devices.

To measure the reduction in threshold current Aly,, due to injection of spin
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polarized carriers, magnetic field dependent optical power measurements were per-
formed at 200 K in the Faraday geometry using a silicon photodiode and current
pre-amplifier, with the devices under the CW operation. The measured light current
characteristics and the reduction in I, as a function of applied magnetic field are

shown in Fig. 6.3. Again, the reduction saturates at ~2 T corresponding to the

T =200 K
I, ,=13.8 mA

Current (mA)
A 2 A A 2 A A A A

5-4-3-2-101 23 5
Magnetic Field, H (T)

Figure 6.3: Threshold current reduction vs magnetic field for a 15 ym mesa diameter MnAs spin-
VCSEL measured at 200 K. Inset shows the measured light-current characteristics.

magnetization saturation of the MnAs contacts. No reduction in threshold current
is observed for the non-magnetic quantum dot spin-VCSELs.

The reduction in the threshold current in the presence of a magnetic field is ac-
companied by an enhancement in light emission, AL = np Aly,, where AL is the
differential quantum efficiency and 7p is the slope efficiency. The measured emission
enhancement as a function of injection current, for different values of magnetic field,
are shown in Fig. 6.4(a). A peak emission enhancement of 37% is recorded at 3.1 T.
When biased near threshold, a small difference in spin polarization of the injected
carriers can result in a large difference in the intensities of the two circular polariza-
tions due to gain anisotropy, provided the spin relaxation time is greater than the

carrier lifetime. The gain anisotropy and the resulting polarization anisotropy will
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decrease with increasing injection and eventually disappear with the onset of gain

saturation. This explains the observed peaking of the emission enhancement at I /Iy,

= 1 in Fig. 6.4(a) and an identical trend of the threshold current reduction shown
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Figure 6.4: (a) Emission intensity enhancement vs normalized current (I/I;,) measured for different
magnetic fields; (b) variation in threshold current reduction (Al,/I;,) vs normalized
current (I/I;,) measured at a magnetic field of 3.1 T.

in Fig. 6.4(b).

Due to gain anisotropy, the threshold current of the favored mode

is reduced at the expense of the mode with opposite polarization whose threshold

increases.
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6.4 Modeling of QD spin-VCSEL

The dynamic properties of the QD spin-VCSEL were analyzed with the spin po-
larized carrier-photon coupled rate equations including non-linear gain compression
effects [97,101]. The device and material parameters used, for operation at 200 K,

are given in Table 6.1. The transparency current density in the cavity is varied to

Table 6.1: Quantum dot parameters at 200 K used to analyze spin laser performance characteristics

Parameter Symbol Value Reference
Differential gain dg/on 4.5 x 10714 cm? [102]
Gain compression factor € 4.5 x 10717 em =3 [59]
Rad. recombination coeff By 9.4 x 10710 cm3s~! [59]
Auger recombination coeff C 1.5 x 10727 cm%s~1! [103]
Carrier capture time T cap 45 ps [104]
Spin-flip time in barrier Ts)b 50 ps [99]
Spin-flip time in QD Tsf 75 ps [100]
Photon group velocity Vg 8.7 x 10° cm s! [59]
Optical confinement factor r 0.024 [59]
Spontaneous emission factor Ié; 6 x 1074 [105]
Photon lifetime Tph 1.25 ps [59]

fit the measured threshold currents. The calculated variation of threshold current
reduction with injection current spin polarization is shown in Fig. 6.5(a). Thus for
the measured I/, = 14% the required Py, = 15%, corresponding to which the
spin polarization in the QD active region and barriers at I = I, are calculated to
be 5.8% and 8.5%, respectively. This is the point of maximum gain anisotropy and
it may be noted that the output polarization of 8% is larger than the QD spin po-
larization of 5.8%. As the spin injection current is increased, the density of both
spin polarizations approaches ng,, the gain anisotropy is reduced, and the QD spin
polarization approaches zero and the measured output polarization of the laser is de-

termined by the barrier polarization of 8.5% (Fig. 6.5(b)). It is to be noted that the
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Figure 6.5: (a) Calculated threshold current reduction vs pump-current spin polarization for spin
relaxation time 7,4 = 75 ps; (b) calculated variation of the spin polarization values in
the barrier and in the QDs vs normalized current.

dominant depolarization for the spin-polarized carriers occur during the transport
process, when the spin polarization decreases from 31% at the spin injector to 5.8%

at the QDs.

6.5 Conclusion

We demonstrate a QD spin-VCSEL operating at 200 K. To operate the device at
room temperature, the mesa diameter of the devices need to be reduced to 2-3 pm in
order to decrease the effects of spin relaxation due to transport from the contacts to
active region, which is perfectly feasible. It would also be desirable to increase Py, .
The latter is primarily determined by the spin polarization in the ferromagnetic spin
injector. For MnAs the spin polarization is ~31% [19] and for Fe, the value is 45%
. With these values it would be difficult to attain the theoretical maximum current

reduction of 50%.
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CHAPTER VII

Optical Polarization Modulation and Gain Anisotropy in an
Electrically Injected Spin Laser

7.1 Introduction

The output polarization characteristics of semiconductor lasers are determined by
the polarization properties of the gain medium and optical cavity and are therefore
difficult to predict, stabilize, or control [90,93,106]. The ability to dynamically
switch between orthogonal polarization states, preferably with the bias current, offers
a novel and elegant technique for secure communication in a lightwave network.
Other envisaged applications include reconfigurable optical interconnects, study of
vitamins and asymmetric photochemical synthesis [107]. Spin-polarized lasers also
promise reduced threshold current [59,98], enhanced emission intensity and optical
communication with enhanced bandwidth [38].

In electrically pumped spin polarized light sources, a non-equilibrium spin popula-
tion is injected from a magnetic contact to the forward biased active region of a diode
consisting of non-magnetic semiconductors [108]. The active region can be a bulk
semiconductor, or quantum structures such as quantum wells, wires, or dots [109].
The selection rules for the conservation of angular momentum directly relate the
spin orientation of the carriers transported to the active region to the polarization of

photons emitted upon their radiative recombination [110]. While these relations hold

85



for spontaneous emission, such as in a spin light-emitting diode (LED), they do not
reflect the output polarization in a spin laser [98] due to the non-linear dynamics and
the spin polarization in the gain medium (active region), which gives rise to a large
gain anisotropy at biases near threshold. As a result, the output polarization can
be much larger than the spin polarization of the injected carriers. This is intuitively
understood and has also been observed by us in quantum well spin lasers [59], but
the exact magnitude of the output polarization and the parameters and dynamics
upon which it depends have been hitherto unknown. In the present study we have
derived the analytical form of the output polarization Il , threshold current I, (H),
and the threshold current reduction Aly, /I, as determined by gain anisotropy.
In particular, we have highlighted the role of the diffusive transport of spin-polarized
electrons from the ferromagnetic contact to the active region. The calculated values
of these parameters are in excellent agreement with values obtained from the first
measurement of electrical modulation of a InAs/GaAs QD spin-VCSEL with MnAs
ferromagnetic contacts, schematically shown in Fig. 7.1. The QD active region al-

5-pair ZnSe/MgF, DBR

p*-Al, ;Ga, ,As/GaAs DBR nonmagnetic
GaAs \cavity Ti/lAu-based metallization

InAs ODs
25 nm MnAs

15 nm n*-Al, ,Ga, oAs (1x10'° cm?)
n-GaAs (7x10"7 cm®)

3-pair n*-Al, ;Ga, ,As/GaAs DBR

26 5-pairi-Al;sGa; ;AsIGaAs'DBR

semi-insulating GaAs(001) substrate

Figure 7.1: Heterostructure of GaAs-based spin-VCSEL grown by molecular beam epitaxy. The
active (gain) region consists of 10 periods of self-organized InAs/GaAs quantum dots
placed in a GaAs -cavity. The top DBR mirror consists of 5 pairs of ZnSe/MgF5
deposited by PVD. The ferromagnetic MnAs/Alg 1Gag gAs tunnel injector contact is
regrown selectively on GaAs after a mesa-etch stop, as shown in the figure.
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lows high temperature operation since the spin relaxation time in the dots, limited
by the DP spin scattering process [35], is enhanced due to carrier confinement. The
present study provides a comprehensive insight to the operation and characteristics
of an electrically injected spin-polarized semiconductor laser.

7.2 Analytical Determination of Laser Ouput Parameters
and Gain Anisotropy

An important aspect which has to be taken into account in any spin laser, edge-
or surface-emitting, is the diffusive spin transport from the ferromagnetic contact to
the active region. Spin polarization at a distance x from the ferromagnetic contact

at x = 0 (see Fig. 7.2) is governed by [111],

X, - Barrier

5 X, - QD active region
=
@ Increasing pump current
=
S |p
O iR D
N B
E | FPeinz.... Ms:
T T - :
0 X1 X2

Distance from FM contact, x

Figure 7.2: Schematic representation of the variation of carriers spin polarization with distance from
ferromagnetic contact (MnAs) in VCSEL in accordance with the spin diffusion equation.
The barrier (cavity) is at distance z1 and the quantum dot region is at distance xo. The
spin polarization decreases with increasing pump current. In the barrier and quantum
dots the polarization decreases from Pspin,1 to Pspin,2 and 1lg; to Ilgo, respectively.

R(Nt —N) N+ — N-
B R -

where Ay is the spin diffusion length in the transport medium and N*(z) and N~ (z)

are the spin-up and spin-down carrier densities at any point z. Drift of spin-polarized
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carriers is neglected since the doping densities in the transport region is relatively
high (5x10'" ¢cm™2) [111] . These functions are valid from the contact up to the
barrier (cavity) region i.e. © = zy. For x > x; the polarization is governed by the
laser parameters. Also, we know that the ferromagnetic contact polarization is given

by,

N~ (z=0)
N=(z=0)

N*(z = 0) —

Pcontact - H(:E - O) == 0)

(7.2)

+

The value of P.y,i00¢ is known from a measurement of the out-of-plane magnetization
of the MnAs contact as a function of H [112], the spin dependent density of states of
MnAs [50] and the spin injection efficiency at the MnAs/GaAs tunnel barrier [19].
The dynamics of carrier and photon densities in semiconductor lasers are governed
by the coupled rate equations, which can be easily expanded to include the spin

polarization of the carriers and the circular polarization of the photons as [98],

oni: _ nif N 1+ Popin Lpumyp - ny —ny (73)
ot Teap 2 QVE) Ts,b ‘

on* Vi ni P S 4

W = @Tcap — Ugg(n , S )S F T—s Bspn (n +n )

—CnF(nt +n")? (7.4)

S+ S*

—— = Tw,g(n™, S*)ST +TBB,,nT(n" +n") — — (7.5)
ot Tph

where ngt are the spin-up and the spin-down carrier densities in the barrier, n* are

the spin-up and spin-down carrier densities in the active (gain) region, S*are the
densities of the right- and left-circularly polarized photons, 7., is the carrier capture
time into the active (gain) material, P, is the degree of spin polarization of the
pump current (I,um,) at the edge of the barrier region (point x; in Fig. 7.2), 7,(75)
is the spin-flip time in the barrier (QD), V4, (Vgp) is the volume of the barrier (QD),

By, is the radiative recombination coefficient, C' is the Auger recombination, v, is
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the group velocity of light, I' is the optical confinement factor,  is the spontaneous
emission factor, and 7, is the photon cavity lifetime. The non-linear gain in the

active region is expressed in terms of gain compression factor € as,

g(n,S) = Z—i(n—ntr)/(1+65) (7.6)

where dg/dn is the differential gain and ny, is the transparency carrier density. Since
the laser is operated very close to threshold where the gain anisotropy is a maximum,
eS < 1, hence g(n, S) = g(n).

The laser rate equations and the spin diffusion equation are solved with the objec-
tive of obtaining analytical forms of the threshold current (and hence the threshold
current reduction) and output polarization as a function of applied magnetic field.
In solving these equations, we define a set of intermediate parameters. These are the
spin polarization at any point (0 < x < ), II(x), the quantum dot spin polariza-
tion, Ilg, and the average barrier polarization, Il,;. It should be noted that P, =
II(x;) is not an independent parameter, but is related to Il;; via the rate equations
as Pyspin = U p(Teap/T), where 1/7 = 1/7qp +2/75p. On the other hand the degree of
circular polarization of the output, IlIc = (ST —S57)/(ST™+.57), and the light output
L =St + 5" are measurable quantities. From the derivation (Appendix D) we get,

1 Sin B, (1 — B) Cnig,

In(H) = qVop |o
wlH) = dVon |72 T e T L

(7.7)

where Sy, is the photon density at threshold. Hence, knowing I, o, the percentage
threshold current reduction, ALy, (H) /i is given by,

Afth(H) o~ HS(HS -+ 2)
Tin0 (14 1ILg)?

Similarly, the output polarization is given by,

1+ T, hd—fbnﬂ
Hc(Hv Ipump) = _Hs dg I Pd dg (79)
14 F'Ungh%ntT - F’Ungh%nth(l — HS)
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The gain anisotropy parameter for the laser is defined as,

gn™) L 1+

H, I,m =
T R e

(7.10)
A detail derivation of the model equations are given in Appendix D.

7.3 Role of Spin Diffusion on Output Polarization

The output circular ppolarization, threshold current reduction and gain anisotropy
are calculated using the model equations are the following device and material pa-
rameters [75,102,105,113]: 7. = 45 ps, Tsp = 300 ps, 7, = 150 ps, dg/dn = 3.4 x
10~ *em?, ny = 4 x 107 em ™3, ny, = 4.66 x 1018 cm ™3, e = 4.5 x 10717 em ™3, By,
=94 x 107 em®s™!, € = 1.5 x 10727 em®% ™!, v, = 8.7 x 10? em s, T’ = 0.024,
B =6 x107% 7, = 0.1 ps, Peontact = 0.31, and Ay = 0.6 x 107* cm. The gain

anisotropy as described by Eqn. 7.10 is plotted in Fig. 7.3. The threshold current of

Gain Anisotropy (g )

0.9 1.0 11 1.2
Normalized Current (//1, )

Figure 7.3: Calculated variation of gain anisotropy parameter with normalized pump current.

a spin laser is lower than that of an identical laser with non-magnetic contacts. As
the pump current reaches threshold, the carrier concentration of the polarized lasing
mode with higher gain (say S*) becomes clamped at ny,. Further increase in pump

current will increase the carrier concentration of the mode with lower gain (S7), till
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nyp, is reached for this mode also and the mode will lase. It is easily seen that the spin
polarization in the QD active region will steadily decrease as the injection increases
beyond the point where the first threshold (for ST) is reached. This is also the
overall threshold for the laser. Intuitively, it is expected that in the injection regime
between the thresholds for ST and S, the output polarization will steadily increase
and then decrease after the threshold for S~ is crossed. However, considering the
transport of injected spin-polarized carriers from the ferromagnetic contact to the
active region by spin diffusion, the pump spin F;,;, also decreases, as illustrated in
Fig. 7.2. This leads to a decrease in output circular polarization as soon as the pump

current increases beyond the threshold (for S*) (Fig. 7.4). Thus the intuitive picture
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Figure 7.4: Calculated and measured modulation of output circular polarization of InAs/GaAs QD
spin-VCSEL as a function of normalized pump current at different magnetic fields.

of the variation of output polarization would be valid only if diffusive transport of
injected carriers is neglected and Pk, is held constant (inset to Fig. 7.4). It is of
interest to note that the threshold current reduction, given by Eqn. 7.8 and plotted
in inset to Fig. 7.5, is determined exclusively by IIg. Therefore, parameters such as
gain and differential gain of the active material, or the quality factor of the laser

cavity will not play a role in threshold current reduction.
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Figure 7.5: Calculated and measured reduction of threshold current with magnetic field applied
perpendicular (hard axis) to the plane of the MnAs contact. The inset shows the
calculated and measured percentage reduction of threshold current with field.

7.4 Device Growth and Fabrication

Measurements have been carried out on spin-polarized quantum dot VCSELs.
In particular we have measured the reduction in the threshold current due to spin
injection of electrons and the electrical modulation of the output polarization. We
also choose an operating temperature of 200 K, which is low enough to allow enough
spin polarized electrons to reach the QD active region from the MnAs Schottky tun-
nel contact. The laser hetrostructure shown in Fig. 7.1 is grown by MBE. The
InAs quantum dot density in each of the 10 layers is approximately 3 x 10 cm~2,
as measured by scanning tunneling microscopy. The dot layers are incorporated
in a GaAs A-cavity and the bottom and top mirrors are formed by 29.5 pairs of
GaAs/AlysGag2As and 5 pairs of ZnSe/MgF5 deposited by electron beam evapora-
tion, respectively. Circular post devices with mesa diameters from 15-30 um diameter
were fabricated by standard optical lithography, wet chemical etching, polymide pla-
narization and passivation, contact and interconnect metallization, and dielectric

electron beam evaporation techniques. As illustrated in Fig. 7.1, a MnAs (25 nm)
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/nT-Aly1GaggAs (15 nm) Schottky barrier hetrostructure is selectively regrown af-
ter a mesa definition, to form the spin polarized electron injector contact [30]. The
regrowth is done on an annular n*t-GaAs surface which is delineated by patterning
an SiOy layer. The latter also serves to protect the mesa top and sidewalls during
regrowth. The regrowth of the tunnel junction is critical in the context of electron
spin injection [18]. Before regrowth, a high temperature annealing of the exposed
GaAs surface is done at 630 °C for 2 mins. and subsequently the Aly1GaggAs (Np
=1 x 10" ecm™3) and MnAs layers are grown at 625 and 250 °C, respectively. We
have earlier measured the injected spin polarization at identical MnAs tunnel injec-
tors to be 31% [19]. Identical control VCSELs were also fabricated with a Ti/Au

non-magnetic contact replacing the MnAs injector.

7.5 Polarization Modulation and Threshold Current Reduc-
tion

The lasers were mounted in a magneto-optical cryostat for measurements, which
were done in the Faraday geometry. Hence the MnAs layer was magnetized along
the hard axis. All measurements reported here were carried out on 15 pm diame-
ter VCSELs at 200 K and current biasing to the lasers was in the continuous wave
mode. The lasing output wavelength is 983 nm, which corresponds to the ground
state electron-hole transition in the quantum dots at 200 K. The change (reduc-
tion) in threshold current due to spin injection of electrons was accurately derived
from the measured change in the total light intensity (output power) for a fixed
current bias, upon application of a magnetic field, and the measured slope of the
light-current characteristics at zero field. The measured reduction of the threshold

current is also plotted in Fig. 7.5 and there is good agreement with the calculated
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values. A maximum threshold current reduction (Aly,/ILin) of ~8% is measured
at H = 2.1 T, at which field the saturation of the out-of-plane magnetization of
MnAs contact also occurs. No threshold reduction is observed for the non-magnetic
VCSEL. The output polarization, Ils, is analyzed using a PEM operating at 50
kHz and a Glan-Thompson linear polarizer. The signal is detected and recorded
with a silicon avalanche photodiode and low-noise preamplifier and by using lock-in
techniques. For a fixed bias current, the measured value of Il as a function of the
applied magnetic field follows the measured out-of-plane magnetization of the MnAs
contact very closely. In comparison the observed polarization of the non-magnetic
VCSEL is negligible. The modulation of the output polarization Il with bias cur-
rent was measured at different saturation magnetic fields and the data are shown in
Fig. 7.4. Again, the agreement with calculated results is very good. This is the first
demonstration of electrical modulation of the output polarization of a semiconductor
laser. We define a modulation index as Alle/A(I/Iy,) and this parameter is plotted

in Fig. 7.6 as a function of normalized current. The index goes through a maximum
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Figure 7.6: Measured modulation index versus pump current. The calculated values are shown for
currents at and above threshold.

value of 0.6 at I/l = 1.
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7.6 Conclusion

In conclusion, we have studied the effects of spin-induced gain anisotropy in spin
polarized lasers. Analytic expressions have been derived for threshold current re-
duction, output polarization and the gain anisotropy parameter, taking into account
the diffusion of spin polarized carriers from the ferromagnetic contact to the active
region and the spin-coupled laser rate equations. The validity of the derivations is
endorsed by excellent agreement of calculated values of Il and ALy, (H) /I, o with
those obtained from measurements made with spin VCSELs having InAs/GaAs self-
organized quantum dots as the gain media. The device measurements clearly indicate
that room-temperature operation can be demonstrated with smaller diameter VC-
SELs, such that the transport length of spin injected carriers is reduced. This will
also enhance P, and the output polarization. The calculated data in the inset
to Fig. 7.4 indicates that if the transport length is very small, as with very small
diameter VCSELs or edge-emitting lasers, and if the injected spin polarization is
large, then the gain anisotropy will assist in the realization of output polarizations

of ~50% or higher at room temperature.
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CHAPTER VIII

A Monolithically Integrated Magneto-Opto-Electronic
Circuit

8.1 Introduction

Semiconductor spintronics is aimed at improving the operation and functional-
ity of conventional devices in terms of speed, power and packing density [40, 75].
Significant advances in this area have been made, such as the demonstration of dis-
crete devices like spin-valves [19,20,25,39], spin-current amplifiers [71], spin capaci-
tors [114], spin LEDs [31], and spin lasers [59,112] using ferromagnet /semiconductor
heterostructures. New physical phenomena involving spin with the potential for de-
vice applications have also been unravelled [26]. Most of these devices have been
demonstrated with GaAs-based platforms, on which matured microelectronic and
optoelectronic technologies also exist. For future applications with new paradigms
and functionalities, it is of interest and importance to monolithically integrate spin-
tronic devices with microelectronic and optoelectronic devices, to form a MOEIC.
To cite a couple of applications, the spintronic devices will make the MOEICs inher-
ently reprogrammable and will enable them to be included in the important class of
reconfigurable integrated circuit (IC). The MOEIC will also allow spin information
to be transmitted over distances much longer than the spin-diffusion length. In anal-

ogy with micro-electro-mechanical systems (MEMS), the integration of spintronic
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devices with other conventional devices can have multiple benefits. We demonstrate
here, for the first time, the characteristics of a MOEIC on GaAs, which is realized
by the monolithic integration of a spin valve, an amplifier circuit containing high
electron mobility transistors (HEMTSs) and passive elements, and a LED. Variation

of magnetic information is amplified and read out by photons emitted by the LED.

8.2 A Magneto-Electronic Switch Based on MOEIC

Spintronics has been included as a part of the ITRS as an emerging field with
the potential to sustain the scaling of device feature sizes for performance improve-
ment [2]. It presents a couple of additional advantages compared to other emerging
areas: (1) it contributes equally to electronic and optoelectronic devices; and (2) it
has the potential to be integrated with other semiconductor devices for varying func-
tionalities [115]. The integration of magnetic, optoelectronic and electronic devices is
facilitated by the fact that the fabrication steps for semiconductor spintronic devices
are analogous to the conventional micro-fabrication techniques. We present here an
MOEIC wherein a lateral semiconductor spin-valve, a cascaded HEMT amplifier and
an LED are monolithically integrated to demonstrate a magneto-electronic switch.
A spin-valve has two ferromagnetic contacts acting as polarizer and analyzer [19].
The resistance of the spin-valve is low if both polarizer and analyzer are magnetized
in the same direction and high if they are magnetized in opposite directions. The
magnetoresistance resulting from parallel to anti-parallel magnetization configura-
tions is usually small and at times difficult to detect. The cascaded HEMT amplifier
in the integrated circuit amplifies the magnetoresistance [116]. A change in the gate-
to-source voltage of the HEMT changes the drain-to-source current and hence the

device acts as a transconductance amplifier. A cascaded configuration is used to
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increase the amplifier gain. The large change in the current of the second HEMT is
used to drive the LED. The light intensity of the LED changes in proportion to the
change in the drain-to-source current [117] of the second HEMT. Hence, the circuit
operation can be described in the following sequential steps: (1) a magnetic field
(H) changes the resistance of the spin-valve; (2) the magnetoresistance is amplified
by the cascaded HEMT amplifier to a large change in current; and (3) the LED
light intensity is modulated by the changing current. The MOEIC therefore converts
the spin-polarization in the channel region of the lateral spin-valve to an equivalent
change in light intensity of the LED. The circuit operates as a magneto-electronic

switch which modulates the light intensity of the LED.

8.3 Principle of Operation

The circuit diagram of the MOEIC is shown in Fig. 8.1. The spin-valve [re-
sistance R(H)] and resistor R; are connected in series between gate and source
terminals of the first HEMT (HEMT;). A current bias Ip is applied, which creates
a gate-to-source bias voltage, Vg1 = Ig(R + Ry). A small change in resistance AR
(magnetoresistance, M R = AR/R ) changes Vizs1 by v451, which in turn changes the
drain-to-source current, Ipg; by igs1. These quantities are related by the transcon-
ductance (g1 = 0Ips1/0Ves) of HEMT as, igs1 = ¢mi1vgs1 = Ip(gm1AR), where
Im1AR is the gain of the first stage of the cascaded amplifier. The output of HEMT,
is connected to the gate terminal of HEMT;. The change in the gate-to-source volt-
age of HEMTj is given by, vgso = —i4s1/%2, where Ry is the bias resistor in the
HEMT; drain terminal. The negative sign is due to the fact that an increase in 744
decreases vg4s2. The gain of the second stage amplifier is g2 R2, where g2 is the

transconductance of HEMT,. The change in the drain-to-source current of HEMT,
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Figure 8.1: A schematic of the magneto-opto-electronic integrated circuit. A magnetic field changes
the resistance of the spin-valve. The magnetoresistance is amplified by the cascaded
transconductance HEMT amplifier to a large change in drain-to-source current which
modulates the light intensity of the LED. The resistors R; and Ry are used to correctly
bias the cascaded HEMT amplifier in the linear region.

is therefore given by i40 = —I5(gm1 AR)(gmaR2), which is also the change in the cur-
rent flowing through the LED. If the slope of the light-output versus input-current
(L-I) characteristics of the LED is n (= 0L/0I), the resultant change in the light

output is given by,
AL = —Ip[gmAR][gmaR2]n (8.1)

Hence, the change in the light intensity is directly proportional to the change in
resistance in the linear region of operation of the amplifier. If the quiescent (Q)
drain-to-source current of HEMTj is Ipgs g, the fractional change in light intensity

is given by,

AL/Ly = —IggmAR][gmeR2]n/L(Ips2,q) (8.2)
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where Ly = L(Ipsag) is the light-output at the quiescent drain-to-source current
Ipsa,g. When the amplifier operates in the linear region, HEMT, operates in the
saturation region. Ipgs ¢ is therefore independent of R and the fractional change
in light intensity (Eqn. 8.2) is also independent of R. Hence, the magnetoresis-
tance amplification is primarily dependent on the external circuit parameters and

independent of the absolute value of M R.

8.4 Growth and Fabrication

A schematic of the MOEIC heterostructure grown by molecular beam epitaxy
(MBE) is shown in Fig. 8.2. The heterostructure consists of epitaxially grown layers
for the MnAs/GaAs lateral spin-valve [19], the GaAs/Aly2GaggAs multi-quantum-
well LED [117], and the AlysGaggAs/ Ing2GaggAs pseudomorphic HEMT [116],
all separated by undoped GaAs buffer layers. The spin-valve is grown as the last
(uppermost) device which has ferromagnetic MnAs as the top layer. This avoids
the necessity for epitaxial growth on MnAs, which is very difficult. The LED het-
erostructure is grown beneath the spin-valve to minimize out-diffusion of Be from the
p-doped layer during subsequent thermal cycling. The heterostructure for the HEMT
is grown first and is therefore at the bottom. The fabrication of the MOEIC circuit
is done in the following sequence: spin-valve, resistance R;, LED, HEMT, resistance
R, interconnect and contact metallization. The nominal value for R; and R, are
designed to be 175 Q and 1 k€, respectively. Figures 8.3(a) and (b) show a three-
dimensional (3D) schematic and a micro-photograph (before the final interconnect
and metallization steps) of the MOEIC, respectively. The fabrication procedure is
described in Appendix E. The circuit layout ensures good surface morphology. Cir-

cuits with additional contact terminals for individual access to the circuit elements
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Figure 8.2: A schematic of the MOEIC heterostructure grown by MBE. The heterostructure
consists of epitaxially grown layers for the MnAs/GaAs lateral spin-valve, the
GaAs/Alg 2Gag g As multi-quantum-well LED and the Aly 2Gag gAs/Ing 2Gag sAs pseu-
domorphic HEMT separated by undoped GaAs buffer layers.

are also fabricated to trace signal flow as it moves from input to output. Control

devices were also fabricated to confirm spin dependency of the observed effects.

8.5 Characteristics of Circuit Elements

Measurements are done by mounting the MOEIC samples in a cryostat, placed
between the poles of an electromagnet. Figure 8.4 (a) shows the spin-valve charac-
teristics as the magnetic field is varied from -2 kG to 2 kG. It can be seen that the

resistance is low when polarizer and analyzer are magnetized in the same direction
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Figure 8.3: (a) A schematic and (b) a micro-photograph of the fabricated MOEIC (before the final
interconnection and metallization step). The resistors Ry and Ry are delineated on
undoped GaAs buffer layers by physical vapor deposition and lift-off technique.

for large magnetic fields and high when they are magnetized in opposite directions
(|H] = 1.2 kG). A peak magnetoresistance of 0.33% is measured at 20 K. The Hanle
effect (spin precession in a perpendicular magnetic field) measurement were also
done to ensure spin dependency of the observed effect (Fig. 8.4(b)). The measured
magnetoresistance is smaller than reported earlier [19] and is due to the fact that
annealing of HEMT source and drain contacts introduces undesirable MnAs/GaAs

interface mixing, which reduces spin injection and detection efficiencies. Control
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Figure 8.4: (a) The spin-valve shows two magnetoresistance peaks corresponding to the case when
the polarizer and the analyzer are magnetized in opposite directions. The magnetore-
sistance decreases with increasing temperature due to decreasing spin-relaxation time;
(b) non-local voltage as a function of perpendicular magnetic field in a spin-valve. The
spin precesses due to Hanle effect which leads to the change in spin accumulation. The
asymmetry is due to a small misalignment of the sample and presence of a small axial
magnetic field.

measurements were also done to ensure spin dependency of the effect [19,71,114].
Figures 8.5(a) and (b) show the measured characteristics of an isolated HEMT which
has undergone all the processing steps as the MOEIC. Figure 8.5(a) shows g, as a
function Vgg for Vpg = 2 V . The threshold voltage Vg is determined to be -1.9 V.
Figure 8.5(b) depicts g,,, as a function of temperature for Vps = 2 V. These char-
acteristics confirm that the HEMTSs function as a voltage controlled current source.
Figure 8.6(a) shows the measured L-I and -V characteristics of an LED. Figure
8.6(b) shows the L—I characteristics as a function of temperature. The quantum
efficiency and hence 7 increases with decreasing temperature. The individual circuit
elements, therefore, exhibit the desired characteristics. It is also observed that the

HEMT and LED characteristics do not change for magnetic fields |H| < 3 kG.
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Figure 8.5: (a) Transconductance g,, of the HEMT as a function of gate-to-source voltage. It
reaches peak at Vgg = -0.9 V; (c) transconductance of the HEMT as a function tem-
perature. It increases with decreasing temperature due to increasing mobility.

8.6 Circuit Operation of MOEIC

The MOEIC circuit operation is then measured by biasing it with voltage and
current sources, as shown in Fig. 8.1. Both the HEMTSs are biased with, Vgg1.0 =
Vase,o = —1.5 V and Vpgsi,9 = Vpse,g = 2 V at 40 K. Transconductances g¢,,; and
gma2 are then both equal to 175 mS/mm under this bias condition. Consequently,
the quiescent currents through the HEMTs and LED are equal and are given by
Ipsig = Ips2.0 = Irep = 5 mA. The measured R ~ 2.17 k{2, and hence a current
bias Ip = Vigsi,o/(R+ R1) = -640 pA is applied to the input terminal. The drain
bias voltage Vp is determined as, Vp = Ipg1,9fR2 + Vpsi,o = 7 V. The source voltage
for HEMT, is then determined as, Vs = Vpgi.9 — Vasag = 3.5 V. The voltage
across the LED is given by, Vigp = Vp — Vpsag — Vs = 1.5 V. It is to be noted
from the -V characteristics in Fig. 8.6(e) that I pp(Vigp = 1.5 V) &~ 5 mA
= Ipsag. Hence, the circuit is correctly biased at a stable operating point. A

magnetic field is then swept and the LED light intensity is measured as a function
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Figure 8.6: (a) LED light output and terminal voltage as a function of bias current; (b) light output
versus bias current of the LED as a function of temperature. The quantum efficiency
increases with decreasing temperature, hence, the slope increases.

of H at various temperatures with a silicon photodetector (Fig. 8.7). The light
intensity modulation shows exactly the same magnetic field dependence as the spin-
valve characteristics, as predicted by Eqn. 8.2. This confirms the spin-dependency of
the observed change. The overall MOEIC gain, (R/L).(0L/OR) is determined to be
~20 in the temperature range of operation. As expected, the MOEIC amplifies the
magnetoresistance of the spin-valve and acts as a magneto-electronic switch which
modulates the LED light intensity in response to a varying magnetic field. The
modulated light intensity, which can be transmitted over a long distance, bears the

signature of spin-polarization in the spin-valve channel region.

8.7 Conclusion

In conclusion, we have demonstrated a magneto-opto-electronic integrated circuit
which monolithically integrates a magnetic device, an optoelectronic device and an

electronic device. We have shown that the circuit operates as a magneto-electronic
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Figure 8.7: MOEIC characteristics. Modulation of LED light intensity as a function of magnetic
field. The light intensity modulation shows exactly the same magnetic field dependence
as the spin-valve characteristics. The magnetoresistance amplification is determined to
be ~20 in the region of operation. The MOEIC acts as a magneto-electronic switch
which varies LED light intensity in response to an external magnetic field.

switch which controls the light intensity of an LED. The circuit can also be used to
transfer spin information over a long distance on a chip or from chip to chip. The
integration scheme will facilitate realization of ICs with new functionalities. The
MOEIC demonstrated here is very versatile and all-metal magnetic devices (such as
giant magnetoresistance (GMR)) and TMR devices can replace the semiconductor

spintronic device for broader applications.

106



CHAPTER IX

Conclusion

9.1 Summary of Present Work

This thesis has designed and demonstrated several fundamental spintronic devices.
The elemental nature of these devices make them very versatile and they are suitable

for wide range of applications. Key results and conclusions from this research are

highlighted below.

9.1.1 Epitaxially Grown MnAs/GaAs Lateral Spin-Valves

We have demonstrated for the first time electrical spin injection and detection
in semiconductors using a MnAs/GaAs lateral spin-valve. We have measured a
magnetoresistance of 3.6% at 10 K and 1.1% at 125 K. We have determined the spin-
selectivity of the MnAs/GaAs tunnel barriers as 1.9 and a spin-polarization of 31%
has been estimated beneath the source contact using the two-channel model. The
channel length and bias dependent magnetoresistance measurements have indicated
diffusive spin-transport of the spin-polarized carriers in the GaAs channel. The
spin dependency of the observed effects have been confirmed from the results of
well designed control experiments which eliminate spurious contributions from the
ferromagnetic contact pads and the external magnetic fields. The results have been

explained in the framework of spin injection, transport, and collection along with
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micromagnetic simulations.

9.1.2 Amplification of Spin-Current Polarization

It is difficult to achieve large spin polarization into semiconductors and electrical
control of such polarizations have remained elusive. We have designed and demon-
strated an electrically controlled spin-current amplifier to circumvent this problem.
An amplified spin-polarization of ~100% has been experimentally measured in these
devices. Large spin-polarizations have been achieved independent of temperatures.
We have also introduced the concept of using a third terminal to provide an addi-
tion control input for output polarization. We have highlighted the importance of
minimizing spin-drift to avoid non-linearity in the amplifier gain. The device can be

extended to build logic and non-volatile memory devices.

9.1.3 Two Dimensional Spin Diffusion in Multi-Terminal Lateral Spin-
Valves

Spin-based lateral multi-terminal devices are being explored for new functionali-
ties and to discover new phenomena. However, most of these devices take into ac-
count only one dimensional spin-transport to ascertain the device response. We have
discovered the importance of two dimensional spin transport to enhance the spin-
polarization in a semiconductor. We have demonstrated that the spin-polarization
in a three terminal geometry has exponential dependence on the geometric contact
sizes. The spin-polarization has been greatly enhanced by decreasing the contact
size and increasing the transverse spin-diffusion. An enhancement factor as large
as 0.35 has been experimentally observed. The enhancement factor has been found
to be larger when more charge current is drawn using the third terminal. We have
also demonstrated that two dimensional spin-diffusion helps to minimize the effects

of perturbation due to carrier extraction and restore the channel potential to its
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equlibrium value.

9.1.4 Electrically Driven Spin-Dynamics of Paramagnetic Impurities: A
Spin Capacitor

We have presented a new phenomenon where we have observed that paramagnetic
impurities embedded in a semiconductor channel of an anti-parallel lateral spin-valve
are driven electrically and they are spin-polarized in the process. We have used Mn
doped MnAs/GaAs lateral spin-valves to demonstrate the effect. The Mn impuri-
ties cause spin-flip scattering and, since they do not have any significant alternative
means of relaxation, get polarized in the process resulting in a decrease in the spin-
flip current and hence the terminal current. The transient current through the device
therefore bears the signature of the charging of the paramagnetic spins of the Mn
atoms. The phenomenon also provide an easy method to determine the spin-spin
scattering time constant between various magnetic impurities and conduction elec-
trons. The time constant has been experimentally determined to be 120 ns at 10 K

and 80 ns at 15 K for Mn impurities in the GaAs channel.

9.1.5 Electrically Injected InAs/GaAs Quantum Dot Spin Laser

We have demonstrated a quantum dot spin-VCSEL operating at 200 K. An output
circular polarization of 8% and a threshold current reduction of 14% have been
measured in these devices. The observed effects have been explained using the carrier-
photon coupled laser rate equations. The spin dependency of the observed effects
have been confirmed from the results of carefully designed controlled experiments
which unambiguously demonstrate that the measured output circular polarization
and threshold current reduction come solely from the spin-polarized carriers. The
spurious contribution from external out-of-plane magnetic field has been found to

be negligible. The devices can be operated near room temperature by reducing the
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mesa diameter to ~2-3 um, which will reduce the transport length of spin-polarized

carriers and therefore reducing the spin depolarization.

9.1.6 Optical Polarization Modulation and Gain Anisotropy in an Elec-
trically Injected Spin Laser

We have studied the effects of spin-induced gain anisotropy in spin polarized
lasers. We have demonstrated that the output polarization of the spin-laser can
be modulated by varying the bias current near threshold. We have experimentally
measured a peak modulation index of 0.6 at 200 K in these devices near threshold.
Analytic expressions have been derived for threshold current reduction, output po-
larization and the gain anisotropy parameter, taking into account the diffusion of
spin polarized carriers from the ferromagnetic contact to the active region and the
spin-coupled laser rate equations. We have highlighted the importance of spin trans-
port from ferromagnetic contact to the laser active region and the gain anisotropy

on the operation of the spin lasers.

9.1.7 A Monolithically Integrated Magneto-Opto-Electronic Circuit

We have demonstrated a magneto-opto-electronic integrated circuit which mono-
lithically integrates a magnetic device, an optoelectronic device and an electronic
device. We have integrated a ferromagnet/semiconductor lateral spin-valve, a cas-
caded HEMT amplifier and a LED to operate as a magneto-electronic switch. An
external magnetic field changes the resistance of the spin-valve; the small change in
magnetoresistance is amplified by the cascaded HEMT amplifier which finally drives
the LED. The LED light intensity is thus modulated in proportion to the change in
the magnetoresistance. The circuit can also be used to transfer spin information over
a long distance on a chip or from chip to chip. The integration scheme will facili-

tate realization of ICs with new functionalities. The MOEIC, we have demonstrated
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here, is very versatile and GMR/TMR devices can replace the spin-valve for broader

applications.

9.2 Suggestions for Future Work

9.2.1 Spin Based Read/Write Memory

Memory is a fundamental building block for microprocessors. High speed, low
power and high density memories are essential so that information can be stored and
retrieved by the arithmetic logic unit (ALU) of a micro-processor with minimum
delay and low power consumption. Here, we propose a memory device with all
the required characteristics, which can also be integrated with the proposed spin-
transistor in Ref. [60].

A schematic of the proposed device is shown Fig. 9.1. The device is based on

Semi-insulating GaAs (001) Substrate

Figure 9.1: A schematic of the proposed spin-based memory device. The two large ferromagnetic
contact pads act as source and drain, which create an electrochemical potential splitting
in the anti-parallel configuration. The central ferromagnetic contact pads on the channel
region act as memory bits.

a spin-current amplifier. It consists of two large ferromagnetic contact pads acting

as source and drain. The source will be fabricated from FeGaB having a very low
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coercivity (~5 Oe) [118] and the drain contact is fabricated from MnAs having a
larger coercivity (~100 Oe). The device is operated with source and drain magnetized
in opposite directions. There are several small FeGaB contact pads on top of the
channel region, which act as memory bits. The coercivity is so chosen that the
central contacts pads have the smallest coercivity compared to the source and drain
contact pads. The channel region beneath the contact pads are heavily doped to
create Schottky tunnel barrier for efficient spin injection and detection. [18]

Read Operation: The read operation is performed through spin-accumulation mea-
surement with source and drain magnetized in opposite directions. The small mem-
ory bits are placed with its center coinciding with the center of the effective channel.
It is shown earlier that the electrochemical potential difference is anti-symmetric
(symmetric) with respect to the center of the channel when source and drain are
magnetized in the same (opposite) direction (Chapter III). A read voltage Vs which
is equal to the electrochemical potential at the crossover point is applied to the
memory bits. Hence, there is no current flow in the parallel configuration as spin-up
and spin-down electron currents are individually zero. The memory is operated with
source and drain in the anti-parallel configuration. There is a finite electrochemical
potential splitting at the center of the channel in this configuration. As shown ear-
lier, the current flowing through the bits in the anti-parallel configuration is given

by Eqn. 3.8 which is repeated here,

o () e ()

Hence, a non-zero current flows through the central contacts. The central contact
pads have two specific sizes (different coercivities) acting as bits ‘1’ and ‘0’. The
magnitude and sign of the current flowing through the two contact pads depend on

the orientation of the memory bits, which allow the read operation.

112



Write Operation: The write operation is performed through spin-torque phe-
nomenon [10]. FeGaB has the unique property of very low coercivity which can be
tuned by varying B concentration. Since the memory bits are fabricated from FeGaB,
the magnetization directions can be easily changed by sending a large spin-polarized
current through them. For write operation, the device is operated at higher bias
between source and drain, which creates an even larger electrochemical potential
splitting in the channel region as given by Eqn. 3.6. A large spin-polarized current
flows through the memory bits, which enables write operation. The sign of the elec-
trochemical potential splitting depends on the direction of bias current Ip;,;. Hence,
the memory bits can be written in either direction (‘1” or ‘0’) by changing the direc-
tion of I;s. It is to be noted that the memory is non-volatile in nature and therefore
has zero off-state current, hence low power dissipation.

Figure 9.2 shows the hysteresis characteristics of FeGaB. It can be seen that

0.04 v ; ; : .

0.03 } f i

0.02 |- i -

0.01 | B

0.00

-0.01 + 4

Magnetization (emu)

0,02 - II 4

-0.03 b _] .

0,04 a i " . i .
=200 =100 0 100 200
Field (Oe)

Figure 9.2: A typical hysteresis of a sputtered thin FeGaB film on GaAs. The coercivity is very
small ~1-2 Oe

the soft ferromagnetic property of FeGaB makes the hysteresis characteristics very
narrow. The typical coercivities are found to be within ~1-10 Oe, which makes it

very suitable for electrical writing of magnetization directions. The read operation
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of a 4 bit memory device is shown in Fig. 9.3. The currents flowing through the

| T=10K Ipjgg = 150 pA Vjy=-1.24V

Current (nA)

15 10 05 00 05 10 15
Magnetic Field, H (kG)

Figure 9.3: Read operation of the memory bits. The current flowing through through ‘0’ (I3 and
I,) and ‘1’ (I; and I3) have different signs.

two memory bits have different sign, which also gives a large noise margin for these
devices. Since only a small finite electrochemical potential splitting is required for its
operation, these devices is expected to operate at high temperatures. The concept is
already verified in spin-current amplifiers which operate up to a temperature of 150
K. The devices need to be scaled down one order of magnitude to further increase the
operating temperature to 300 K. It is to be noted that the device does not require
any external magnetic field during operation. The device is permanently operated

with source and drain magnetized in opposite directions, where the bit currents have

opposite sign.
9.2.2 Spin Based Memory Array

We have recently demonstrated a monolithically integrated magneto-opto-electronic
circuit where a spin-valve, a HEMT amplifier, and a LED are integrated to achieve a

new functionality [119]. Here we propose a spin-based memory array by integrating

spin-based memory and HEMT devices, which can be used to store large amount of
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information. It will be possible to read and write blocks of information as required
by any micro-processor.

A schematic of the memory array is shown in Fig. 9.4. Each block represents an 8

Row
Addressing

Data

HEMT Based HEMT Based

8 bit Memory block Decoder Write Amplifier Read Amplifier
Spin-Based Memory Devices
Write Read
Column Signal Signal

addressing

Figure 9.4: A schematic of the proposed spin-based memory array. The memory is arranged in a
4x4 array with monolithically integrated address and read/write circuits.

bit memory device shown in Fig. 9.1. The blocks are arranged in rows and columns.
Since there are two rows and two columns, there are two 2x4 bit row and column
address decoder to address a particular block (possible addresses 00, 01, 10 and 11).
The read and write signals are generated by a HEMT based transmission gate which
either enables the read path or the write path. The write signal strength (Ips)
is higher than the read signal as it will involve changing magnetization direction
through spin-torque effect. All the memory blocks are connected to a common 8 bit
data bus to take the information in and out of the memory array. Hence the memory

operations can be depicted as follows:
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e Addressing - A particular memory block in the array is selected by a two bit

row address and a two bit column address.
e Data bus enabling - Data bus is enabled for reading/writing.
e R/W operation - Appropriate read/write signals are generated externally.

It is to be noted that data bus is enabled before the actual read/write signals are
generated. This is done in order to ensure that information to be written is made
available before enabling the write signal avoiding time synchronization problem and
inadvertently writing wrong data into the memory block.

The proposed memory architecture has several advantages over traditional ar-
chitectures: (1) off-state power requirement is zero, hence, there is no static power
consumption; (2) power required for read cycle is very small (1-50 nW), which makes
it very energy efficient; and (3) packing density is at least one order of magnitude

higher as several memory bits can be laid out with single source and drain.

9.2.3 Light Sources with Large Polarization Injection

Spin-polarized light sources with large output polarization are very useful for
secure communication and enhancing communication bandwidth. However, long spin
transport length in spin-LEDs and spin-lasers reduces the actual injected polarization
into the active region, which in turn reduces the output polarization. Here, we
propose a device with a nearly 100% spin-polarized carrier injection into the active
region. The light output from the device is also theoretically estimated to be 100%
circularly polarized.

The device is based on a spin-current polarization amplifier [71] in which a large
spin-current can be extracted using a third terminal placed on top of the semiconduc-

tor channel region. Here, we feed the extracted large spin-polarized current into the
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active region of a microcavity spin-LED or a super-luminescent LED. A schematic

of the device is shown in Fig. 9.5. This is a three terminal device like the spin-

p-metal
p+ GaAs

AlGaAs

AlGaAs/InGaAs MQW MnAs
AlGaAs Drain

n+ GaAs n+ GaAs
GsAs 10'7cm-3

Figure 9.5: A schematic of the light source with large polarization injection

current amplifier, however the central contact is non-magnetic and consists of the
heterostructure of an LED. The source and drain contacts are ferromagnetic. The
central contact is delineated at the center of the source edge to drain edge chan-
nel distance. It is shown that the electrochemical potential in the channel region
is described by Eqn. 5.1, and the electrochemical potential is related to the spin-
carrier density by Eqn. 5.3. These two equations are solved self-consistently along
with ny(x,t) +n(z,t) = np to determine the spin-current polarization in the active
region. Using the typical values for MnAs/GaAs tunnel barrier, it is estimated that
the devices will emit 100% spin-polarized light at room temperature for 1 m channel
length between anti-parallel source and drain.

The light intensity and the output polarization can be controlled by varying both
the bias current and the central terminal collector voltage. The dual electrical control
of the output imparts an unique characteristic to the device. The light intensity can
be varied keeping the output polarization constant and vice versa.

Some of the preliminary results for this device is shown in Fig. 9.6. The device is
fabricated with non-magnetic Ti/Au central contact (without the LED heterostruc-

ture) with 6 um channel length. It can be seen that there is a current flowing through
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Figure 9.6: current through the Ti/Au non-magnetic central contact. The current is large when
source and drain are magnetized in opposite directions.

the central contact for the case when source and drain are magnetized in opposite
directions. The magnitude and sign of the current match well with that predicted by
the theory. Since the spin-polarization is maximum with anti-parallel ferromagnetic
source and drain, they can be permanently magnetized in this configuration, which

will alleviate the need for any external magnetic field.

9.2.4 Room Temperature Edge Emitting Spin Laser

We have demonstrated spin-VCSELs using both quantum well and quantum-
dot active regions [59, 112]. Tt is experimentally observed that the quantum-dot
spin-VCSELs operate up to a temperature as high as 200 K. Theoretical model
indicates that large spin-transport length in these devices prevents the operation at
room temperature. Also, VCSELSs require a very high out-of-plane magnetic field to
magnetize the ferromagnetic contacts along hard axis.

Here we propose a spin-based edge-emitting laser which circumvents the problem
of depolarization of electron spin during transport by reducing the spin-transport

length to less than 0.5 um. Also, edge-emitting lasers do not require an external
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magnetic field. The ferromagnetic contacts inject spin-polarized carriers from rema-
nent magnetization with in-plane quantization axis. The active region of the laser is
a wide quantum well, which ensures in-plane orientation of heavy hole angular mo-
mentum. The circularly polarized light is collected from the edge. This configuration
ensures that the quantum selection rule is satisfied for edge emitting lasers.

A schematic of the device is shown in Fig. 9.7. The device is designed with an

Ti/Au
— MnAs

Figure 9.7: A schematic of the proposed edge emitting laser with an InP based lattice matched
system. The top n-contact injects spin-polarized carriers into the InGaAs active region.

InP based lattice matched system, which has a much larger differential gain than
GaAs. The top n-contact is ferromagnetic in nature, which injects spin-polarized
electrons into the InGaAs active region. Using typical values for laser parameters
and using Eqns. 7.8 and 7.9, an output circular polarization of ~10% and a threshold
current reduction of ~15% are estimated at room temperature. Hence, a spin-based
edge-emitting laser has the potential to overcome the limitations of a spin-VCSEL.
The output circular polarization can be controlled by changing the bias.

Electrically changing the sign of the output polarization (along with the mag-
nitude) is another desirable feature for the spin-laser. The above edge-emitting
spin-laser can be fabricated with the modified n-contact as shown in Fig. 9.8(a) to
achieve this functionality.

The n-contact, in this case, consists of two distinct size pads having distinctly dif-
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"""" Magnetization loop for small pad
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Figure 9.8: (a) A schematic of the edge-emitting laser for electrical switching of output polarization;
(b) hysteresis characteristics of the n-contact pads.

ferent coercivities. The total magnetization of the n-contact is shown in Fig. 9.8(b).
There are certain regions in the hysteresis where the two pads are magnetized in
opposite directions. The device is operated in this anti-parallel configuration. A
HEMT transmission gate can used to selectively inject currents through either of
these two pads. The sign of P.,.:qe¢ Will change, which changes the sign of II.. The
device will be able to do a high-speed polarization modulation in absence of magnetic

field.
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APPENDIX A

Two-Channel Model for a Spin-Valve

The resistance Ry (R)) of the spin-up (spin-down) channel in Fig. 2.1 is given by,

Ry

Rip + Ryrg + 2R, + Ryrp + Ryp

2/
W(l"i‘@f)

2\,

chan

RfD + RTTB + 2 W R, o+ RTTB +

Rip+ Ryrp + 2R, + Rirp + R|F

2\
W(l —Oéf)

2\,

chan

w

R+ Rirp+2 R,o+ Ryrp +

W(1+Oéf)

W(l —Oéf)

R (A1)

R (A2)

where ;s is the electron spin-flip length in MnAs, W is the channel width, oy is the

MnAs spin polarization, R is the MnAs thin film resistance per square, R, is the

channel resistance per square, I?; |7p is the tunnel barrier resistance, and Lpq, is the

channel length of the spin-valve. Similar equations can be written for the case when

source and drain are magnetized in opposite directions. Hence, magnetoresistance

_ ROD=A(D)
ME = =5

can be obtained in terms of known parameters. The tunnel bar-

rier resistances are usually much larger than the ferromagnetic contact resistances

(Ry. 1B > Ry s). Equations A.1 and A.2 simplify to,

Lchan
R, 2R
W O+ 24, 1B

Ry = 2

)
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Equation A.3 indicates that the tunnel barrier resistance dominates the spin de-
pendent resistance for small channel length devices. The equivalent resistance of a
small channel length spin-valve with analyzer and polarizer magnetized in the same

direction is given by,

RiR,
RT + Rl
20R

= 05 (A.4)

where R = Ryrp, and 3 = R|rp/Ryrp is the tunnel barrier spin selectivity. A similar

analysis with analyzer and polarizer magnetized in opposite directions results in,

R(1+p)

R = =2 (A.5)

Hence the magnetoresistance of a small channel length spin-valve is given by,

wn — BOD=RAD _(B-17 "

RO 46

Hence, magnetoresistance of an ideal spin-valve primarily depends on the spin selec-

tivity of the tunnel barrier.
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APPENDIX B

Modeling of a Spin-Current Amplifier

The spin-current amplifier (Chap. III) is divided into three regions — (I) the source
region (z < 0), (II) the channel region (0 < = < Lepan), and (III) the drain region
(x > Lepan)- Solving the coupled spin-diffusion equations for region (I) we get the

electrochemical potentials as,

jxe
i = A+ (B.1)

where A is a constant to be determined from boundary conditions, j is the current
density, e is the charge of an electron, and o is the conductivity of the ferromagnet.
It is assumed that the spin-diffusion length in the ferromagnet is very small. Hence,

the currents through spin-up (j;) and spin-down (j,) channels are given by,

. aTam »UT

— iz s B.2
g1 Pl (B.2)
: 0,0p, _ .0

— A9 _ 01 B.3
Ji - 2 p— (B.3)

where o (o)) is the conductivity of the spin-up (spin-down) electrons in the ferro-

magnet. The electrochemical potentials in region (II) are given by,

] 2E 2F _Lc an

py = B—l—‘ﬁ—k—exp(—m)%——exp(x—h) (B.4)
ON ON )\sf ON /\sf
] 2F 2F — Lehan

py = B—i—‘ﬁ—i——exp(—m)%——exp(x—h) (B.5)
ON ON )\sf ON /\sf
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where B, E' and F' are constants to be determined from boundary conditions, oy is
the conductivity of the semiconductor channel, and A,s is the spin-diffusion length
in the semiconductor. Similar to the region (I), currents through the two-channels in

the region (IIT), with source and drainl magnetized in the same direction, are given

by,

jr =751 +ar) (B.6)

O . NS,

J==1-ap) (B.7)

where a is the spin-polarization of the ferromagnet. For the case when source and

drainl are magnetized in opposite directions, the currents are given by,

(1 —ar) (B.8)

Jr =

N |,

Jji==0+ap) (B.9)

N>

Using the boundary conditions that the spin-currents are continuous at r = 0 we

get,
‘ : G. [2E  2F 2 — Lohan
]ﬁ = l(l—l—ap):—T o exp (e ) g (B.10)
op 2 e |oy on Asf
] G 2F 2F - Lc an
jﬂ = Z(]_—O{F) . —— — —exp L7 Hehan — A (B.11)
op 2 e oN  ON Asy

Combining the above two equations we get,

L jeon (1+ap 1—ap
EF+ F — = — B.12
e < )‘sf) 8 ( Gy G, ) (B.12)

Using the boundary condition that spin-currents are continuous at x = L., for the

case when source and drainl are magnetized in the same direction we get,

L j€0N 1+ ap 1— ap
F = — B.13
)‘sf) i 8 ( Gy Gy ) (B13)

FEexp (—
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Using the Eqns. B.12 and B.13 we get,

1)
i =1 B.14
7= (B.14)

A similar derivation for the case when source and drainl are parallel yields,

E
 — =1 B.15
! ( )

Combining Eqns. B.12-B.15 we get the Eqns. 3.6 and 3.7.
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APPENDIX C

Spin-Dynamics in a Spin-Capacitor

C.1 Relation between Spin-Flip current and Spin-Carrier
Density

The continuity equation for spin-up electrons is given by,

1 émT nT — nl
—|V.Jy| = 1
S Vil 5 T o (C.1)

where e is the electronic charge, J; is the spin-up electron current density, n; is the
spin-up electron density, n| is the spin-down electron density, and 77 is the spin-
relaxation time from spin-up to spin-down channel. Equation C.1 is integrated over

the active volume of the channel region as,

0 (A d A — d
¢Jv ot 1)
1 _ ONy Ny — N,
— e/V[VJT] dv = 9 + - (C.2)

where A is the cross section of the channel. It is assumed that the variation of n; and
n, in y direction is negligible (Fig. 5.1). The dimension along this direction is very
small compared to the other parameters and the change is very small. Equation C.2

is simplified using the divergence theorem as,

1 AN, N, —N,
- fé R
1 0N, N - N,
= G[IT,A(t) Lip(t) = 5 T - (C.3)
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Equation C.3 correlates the terminal spin-flip current with the spin-carrier density

in the channel.

C.2 Time Dependent Spin Diffusion Equation

We again start with Eqn. C.1 as,

1 0 B ony  ny—ny
5[<vt+y3_y) ’JT] T o 1 (©4)

Integrating with respect to y, we get,

h

e

on ny —
T+T

1 ) _0) = &l
VT4 Ul =) = (=01 = a5+ 0] (o)

Since there is no current injection/extraction at y = h, we have,

sven] = |G =) (©6)

We assume that the spin-current is continuous at y = 0 for low temperatures. Hence

we have,

Gy
Tl =0) = ZL(u —ev) (eky
where G4 is the spin-up tunnel conductance, fi; is the electrochemical potential for

the spin-up electrons, and V' is the applied voltage. Hence, Eqn. C.6 simplifies to,

é[Vt.JT] = [a”T + = ”l} LG (g —€V) (C.8)

ot T e2h
We know that the current density for spin-up electrons is given by,
']T = O’TE + eDVnT

L o1 (VLE) + (Vi) E] + DV (C.9)

e

1

where p is the effective mobility and D is the effective diffusion coefficient. Hence

Eqgn. C.8 simplifies to,

on ne —n G
T+T 1 T

1
[O'T (VtE) + (VtO'T> E] -+ DanT = at TN -+ %

e

(i — eV (C.10)

128



The small contribution from electric field is neglected as drift is negligible due to

high doping in the channel. Thus Eqn. C.10 simplifies to,

DV?TLT _ |:87”LT 4 TI,T — nl:| GT

— — A1
G| g =) (1)

Since ny and n| are approximately uniform along the z- direction, VZ ~ 9%/0x?.

Hence Eqn. C.11 is simplified as,

L& (uy —eV) (C.12)

nT — nl
+
eZh

875 7'“

8277,T 8n¢
D@xQ B {

C.3 Relation between Carrier Density and Fermi Level

The spin-up electron density (n;) is related to the electrochemical potential (1)

in a degenerate semiconductor as,

n = /OOONT(G)F(e)de (C.13)

where IV} is the spin-up electron density-of-states and F' is the Fermi-Dirac distribu-

tion, given by F'(e) = 1/[1 + exp(e — p1)]. Figure C.1 shows the variation of n; as a

o
o

. ® Computed carrier density
Linear-fit to the computed values

o
o

5.0

> A
o

9 10 11 12 13
[4.-E] (meV)

W w
o wm

Spin-up electron density, n, (x10"°cm™)

Figure C.1: Variation of n; as a function of (117 — E,) determined from Eqn. C.13, where E. is the
conduction band edge. The solid line depicts a least-square linear fit to the calculated
values.

function of 4. It can be seen that the dependency is approximately linear over the
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operating range for electron spin-polarization in the channel, +30% < II, < —30%.
Hence, Eqn. C.13 can be approximated by Taylor series expansion (around n; =

no/2) and keeping only the linear term as,

n on
np = 5+ (= o) {—T

(C.14)
2 a’uT :| ny=no/2,u1=po
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APPENDIX D

Modeling of Polarization Modulation

D.1 Definition of Laser Parameters

The laser parameters in Chap. VII are reproduced here:
1. Differential Gain - dg/dn
2. Radiative recombination rate - By,
3. Auger recombination rate - C
4. Carrier capture time - 7.4
5. Spin-flip time in barrier - 75
6. Spin-flip time in QD - 7,
7. Photon group velocity - v,
8. Optical confinement factor - I'
9. Spontaneous emission factor - 3
10. Photon lifetime - 7,
11. Volume of barrier - V},
12. Volume of active region - Vgp

13. Threshold carrier density - ny,
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14. Transparency carrier density - ny,
15. Ferromagnetic contact polarization - P.yniqct

16. Spin diffusion length in AlGaAs - ¢

D.2 Coupled Laser Rate Equations

The coupled rate equations governing the dynamics of carrier and photon densities

are given by (Chap. VII),

+ + +
on; n; 1+ Popin Lpump 1y — 1y

ot Teap + 2 aVs + Ts.b (D-1)
on* Vi, nf b oatyag TN 4 N
o e m L s
Y A veg(n™, S%)ST F - o (nT4+n7)
—Cn*(nt +n7)2=0 (D.2)
0S* S*
—— = Tw,g(nT, ST +TBB,,mT (N +n") - — =0 (D.3)
ot Tph

All the equations are equated to zero to determine the final values of the laser output

parameters.

D.3 Transport of Spin-Polarized Carriers in a Laser

The spin transport from ferromagnetic contact to the barrier region is diffusive in

nature. The spin polarization at a distance x from the contact is governed by,

P(NT—N) N+ —N-
T T (D4

It is to be noted N*(z) and N~ (x) are functions of x (position dependent). These

functions are valid from ferromagnetic contact up to the barrier region, i.e. x = x;.

For x > x4, it is governed by the laser parameters. Also we know,

Nt(z=0)— N (z=0)

N*(z =0)+ N-(z = 0) (D-5)

Pcontact = H(l’ = O) =
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P.ontact 18 an external input parameter to the laser rate equations, which depends
on the magnetic field H. We experimentally know the value of P, for each and

every value of H from the measured out of plane magnetization of MnAs.

D.4 Definition of Spin Polarization

We define the following parameters,
1. QD spin polarization,

nt—n"
n, = —— D.6
nt+n- (D-6)

2. Carrier spin polarization at any point 0 < z < x4,

Nt(x) — N~ (z)
[I(z) = D.7
(z) N+(z) 4+ N—(x) (D.7)
3. Average barrier spin polarization,
n —n;,
11, -5 b D.8
b n;r +ny ( )

4. It is to be noted that the Py, is not an independent term. It is related to Il

as obtained from laser Eqns. D.1-D.3,

Tea N_(xl)
Pspin = Hs,b Tp = H(xl) = N (Dg)

where 1/7 = 1/Tqp + 2/T5p.
It is to be noted that all of the above parameters are neither external input to the
laser nor external output from the laser. These are all interim parameters and not
visible to the external world.

The degree of output circular polarization is given by,

St —S-
I, = —— D.1
ST +5- (D-10)
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It is to be noted that II. in a measurable external output quantity from the laser.

The other measurable external output quantity from the laser is the light output,

L=St+5".
D.5 Operation of a Spin Laser

The spin-laser operation can be described in terms of external inputs, interim

parameters and external outputs as:
(Input) Prontact, Lpump == Pspin = 15, = I, = 11, L (Output)

D.6 Barrier Spin Polarization and QD Spin Polarization

Here we are going to derive II,; and II. in terms of known laser parameters.

Solving Eqn. D.4 we get,
II = Aexp(z/Asf) + Bexp(—z/Asf) (D.11)

Using the conditions that, II(x = 0) = P.ontact; IL(x = 1) = Pspip, and OIl(x)/0(x)

is continuous at x = x; we get,

1 Hs - Ps in
Pcontact = 5 |:Pspin + )\sfrxi} eXp(_xl/Asf)

1 II, — P,,;
_psm_)\sw
+ [ D fx—x ]

. exp(1/Ass)

Hs - Pspm

Lo — X1

= Pyincosh(zi/Asp) — Mgy ( ) sinh(z1/Asf)  (D.12)

The above equation gives us a relation between II,; and II; in terms of transport
parameters only. We need another relation between II,, and II, in terms of laser
parameters to solve them independently. The above equation comes from the trans-
port which correlates Il and II;. They are also correlated through laser operation

which we will use to find another relation.

134



Adding and subtracting Eqn. D.1 we get,

[pumpTcap
ny = ————— D.13
, = (D.13)
I um Ps N
nf —ny = %%PT (D.14)

Adding and subtracting Eqn. D.2 we get,

Yo M Tgnt, ST)S 4 g, S7)SH] 4+ Byn® + Cn® (D.15)
VQD Teap
Vi ng —n, Tooey o .
SR N E— ST)ST — ST)S*
Vop  Teap " [9(” o) o5 ]
+(nt —n") (Bspn +Cn® + 3) (D.16)
Ts

Adding and subtracting Eqn. D.3 we get,

S

vy [g(n",57)S™ + g(n”,57)ST] = — BB,,n? (D.17)
PTph
+ o—\g— - otyot+ ST-57 + -
vy [g(n",57)S™ —g(n=,57)S*] = —T—ﬁBSPn(n —n") (D.18)
p

Substituting from Eqns. D.13-D.16 into Eqns. D.17 and D.18 we get,

IpumpPspm T S+ - S” — 2 _
PR = ————— + (1= B)Bgyn(nT —n7)+Cn*(nt —n
wolin T TS (1 9Bt = n)+ O =)
2
+—(nT—n") (D.19)
Ts
Lyum St + S~
pump 270 (1 B)Bon(nt 4+ n) + Cn2(nt + ) (D.20)
qVQD F7—ph
Cgr g et (o —n) (1= )Byn — Cn? = 2
ST+ .5 % — (1 = B)Bgpn(nt +n=) — Cn?(nt 4+ n")
(D.21)
Let us assume,
I
K =T D.22
Won (D.22)
a = (1—-pB)Byn(nt +n7)+Cn*(n* +n") (D.23)
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Hence Eqn. D.21 becomes,

KTl — (a+2) 1,
K—a

11, =

- : (D.24)

We have derived earlier that,

1+ Tw,mn%n "
I, = I, L (D.25)
1+ PUngh%ntr — F'Ungh%nth(l — HS)

Combining Eqns. D.24 and D.25 we get another relation between Il and II; as,

2n 1 IIg
IT,(1 + Togrpn 2ny,.) B Iy [1 - (a + z) KL,

1+ Fngphg—antT — FngphZ—gnth(l — IIy) N (1 — %)

] (D.26)

Hence, solving Eqns. D.12 and D.26 we get II,;, and II, in terms of laser parame-
ters. It is to be noted that both Il ,(H, Lymp) and IIs(H, Lymy) are functions of
both P.ontact (hence, H) and I,,m,,. Both quantum dot spin polarization and barrier
polarization are going to change for varying magnetic field and pump current.
During actual operation of the laser, I, is much smaller than unity. Hence we
can write, (1 4+ II,)™' ~ 1 — I, (1 + ;)2 ~ 1 — 2II,, and (1 + II,) ™3 ~ 1 — 3I1,.

With these, Eqn. D.26 simplifies to,

H&b 1-— K1 2nth
HS = Kl —+ K [(1 — ﬁ)Bspnch + Cn?h} + TS_K
11, 2
—— |20 = K2)(1 = B) By, +3Cnj, (1 - ) + Zth (D.27)
1
where,
1+Tw 49 .
K, = oohin Tt (D.29)
1— F’Ungh%nth
2n
Ky = (1-K)[(1—B)Byn}, +Cnj,] + = (D.30)
2
Ky = |2(1—K))(1— B)Byn?, + 3005 (1 — K,) + —& (D.31)

Ts
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Assuming,

Asf

by = D.32
! To — T ( 3 )
by = % [cosh(z1/As) + by sinh(z; /Ag)] (D.33)
bg = b1 Sinh(i[}l/)\sf) (D34)
Equation D.12 becomes,
Pccmtzzct - bZHs,b - b3Hs (D35)

Combining Eqns. D.28 and D.35 we get the following quadratic expression for I,

by K. by IS
112 ( 2K3) + 10, (b2K1 — by — sz) — Popiaet = 0 (D.36)

The above equation is solved to determine II;(H, Ipymp). Once I, is known I, is
determined using Eqn. D.35.

It is to be noted that we have assumed an approximate expression for K. Using
the exact expression will yield a cubic equation for II;. However, the error made is

very small in the above case.

D.7 Threshold Current without Magnetic Field

From Eqn. D.3 we have,

I'BBn?
S = B, (D.37)

1/Tph - Fvgg_z(nth - ntr)

Hence, threshold current is obtained from Eqn. D.20 as

158
Iino = qVop f—th + Bnj,(1 = 3) + Cnj, (D.38)
Tph
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D.8 Threshold Current with Magnetic Field

We know P.,.:act @t a given magnetic field H. Hence using section D.6 we know
IT5(1;,) at that magnetic field. Hence, we have one equation relating I, with 7;;,. We
also have from Eqn D.20,

1Sy, anh(l - 0B) C’nfh
Ih(H) = ¢Vop | =20 D.
n(H) avep Ffpﬁ (14 11,)2 +(1+HS)3 (D-39)

The above equation gives another relation between I, (H) and I1,(H ). Hence, solving

two equations we get Iy, (H).

D.9 Output Circular Polarization

Using section D.6, we know II,(H, I,ump) at a given H and I,um,. Hence II,. is
obtained from Eqn. D.25 as,

1+To,7 dg "
ITe(H, Tyump) 4 Phdn *

s - - (D.40)
1+ Tvgmpn gl ng. — Fngph%nth(l — 1Iy)

D.10 Amplification of Spin Polarization

From Eqn. D.24 we have,

2n\ 1 11 a
N R I U /(1--) D.41
b { (“+ TS) KHSJ K (D-41)

If spin relaxation 75 is neglected we have,

KII,, — all,
S, = Db T D.42
% 4 (D.42)

a II a
=1, (1 L2 /(1--) DA
(- fms) /(- % (D.43)

From Eqn. D.20 we know that, a/K < 1. Also, from the operation of the laser we

know, II,/II, <1 (for both positive and negative II;;). Hence Eqn. D.43 leads to,
T[> [TT,| (D.44)
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If 7,4 is neglected with respect to 7., we have,

|Hc| Z |Pspm‘ (D45)
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APPENDIX E

Fabrication Steps for MOEIC

The heterostructure for MOEIC in Fig. 8.2 is redrawn in Fig. E.1. Each epitaxial
layer is sequentially numbered from the top for easy reference. The fabrication of

the MOEIC is done in the following sequential steps:

1. Alignment layer

e A thin film of Ti/Au (10/20 nm) is deposited and patterned using pho-
tolithography, PVD and lift-off techniques. Figure E.2(a) shows a micro-
photograph of the alignment mark layer. All the remaining layers for pho-

tolithography are aligned with respect to this layer.
2. Fabrication of the spin-valve

e Mesa formation for spin-valve by etching away the MnAs (1), n*t-GaAs (2),
n-GaAs (3) layers and 100 nm of the first GaAs buffer layer (4) by using
H3PO,/H2042/H50 solution (Fig. E.2(b)). The layer numbers are shown in

the parenthesis.

e Formation of the analyzer and polarizer contacts by etching away the MnAs
(1) and heavily doped n™- GaAs (2) layers from the spin-valve mesa by dry
etching (Cly and Ar gas mixture). Figures E.2(c) and (d) show light-image

and dark-image micro-photographs of the source and drain contacts.
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tSpin
n GaAs (1017 cm-3, 300 nm) (3) |Valve

Undoped GaAs buffer (300 nm) (4)

LED{ x10

Undoped GaAs 10 nm

Undoped GaAs buffer (300 nm) (10)

HEMT {4

Undoped GaAs buffer (300 nm) (15)
Semi-insulating GaAs (001) substrate  (16)

Figure E.1: A schematic of the MOEIC heterostructure grown by MBE. Each epitaxial layer is
labelled with a number from the top.

3. Fabrication of the resistor Ry

e A thin film of Ti is deposited on the first GaAs buffer layer (4) and patterned
using photolithography and lift-off technique (Fig. E.2(e)). The nominal

resistance of Ry is designed to be 175 .

4. Fabrication of the LED

e Mesa formation for LED by etching away remaining 200 nm of the first GaAs

buffer layer (4), and the p*- Alg2GaggAs (5), undoped Al 2GaggAs (6), un-
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doped GaAs/ Aly2GaggAs multi-quantum-well (7), undoped Aly,GaggAs
(8) and 100 nm of n*- Aly2GagsAs (9) layers (Figs. E.2(f) and (g)). The

spin-valve and resistor R, are protected by photoresist.

e An annular LED p-contact (Pd/Zn/Pd/Au) is formed on top of the LED
mesa (5) by photolithography, etching, metal deposition and lift-off tech-
niques (Fig. E.2(h)).

e An annular LED n-contact (Pd/Zn/Pd/Au) is formed at the bottom of the

LED mesa by photolithography, metal deposition and lift-off techniques

(Fig. E.2(1)).
5. Fabrication of the HEMT

e Mesa formation for HEMT by etching away the remaining 200 nm of n*-
Alp2GagsAs layer (9), and the second undoped GaAs buffer (10), n™ GaAs
cap (11), n™ Al 2Gag2As (12), undoped Alg 5Gag2As spacer (13), undoped
Ing 2Gag 2As channel (14), and 100 nm of bottom undoped GaAs buffer (15)
layers (Figs. E.2(j) and (k)). The spin-valve, resistance R; and LED are

protected by photoresist.

e HEMT source and drain ohmic contacts (Ni/Ge/Au/Ti/Au) are formed
on nT-GaAs cap layer (11) by photolithography, etching, metal deposition,

lift-off and annealing techniques (Figs. E.2(1) and (m)).

e HEMT gate contact (Ti/Pt/Au) is formed on n'-Aly2Gag2As layer (12)
after gate recess etching (citric acid/Hy05/H20) through SiO,, which is
deposited by low-temperature PECVD, patterned using photolithography

and dry etching (Figs. E.2(n) and (0)).

6. Fabrication of the resistor Ry
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e A thin film of Ti is deposited on the bottom undoped GaAs buffer layer (15)
and patterned using photolithography and lift-off technique (Fig. E.2(p)).
A magnified view of the resistor is shown in Fig. E.2(q). The nominal

resistance of Ry is designed to be 1 k().
7. Interconnect and metallization

e An SiOs layer is deposited by low temperature PECVD for surface passiva-
tion. Vias are formed by dry etching and Ti/Au is deposited for interconnect

and contact metallization (Figs. E.2(r)—(t)).
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(t)

Figure E.2: Micro-photographs of the MOEIC after each fabrication step.
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