TRANSPORT STUDIES OF SPIN POLARIZED
CARRIERS IN SEMICONDUCTORS

By
SHAILESH KUMAR KHAMARI

PHYS03201104004

Raja Ramanna Centre For Advanced Technology, Indore

A thesis submitted to the

Board of Studies in Physical Sciences

In partial fulfillment of requirements
for the Degree of
DOCTOR OF PHILOSOPHY
of
HOMI BHABHA NATIONAL INSTITUTE

October 2016



Homi Bhabha National Institute’

Recommendations of the Viva Voce Committee

As members of the Viva Voce Committee, we certify that we have read the
dissertation prepared by Shailesh Kumar Khamari entitled “Transport Properties of
spin polarized carriers in semiconductor” and recommend that it may be accepted as
fulfilling the thesis requirement for the award of Degree of Doctor of Philosophy.

Chairman — Prof, P.A. Naik ;Z%g%lﬁk Date:
’L}/l | (( 201>

Guide / Convener — Prof. T. K. Sharma @ Date: 27/)11) /3~
Examiner — Prof. V. Venkataraman  \/. feakodor— Date: 27 / uly
Member 1- Prof. H. S. Rawat ‘ ‘L Date: ; 1 I
r awa Z\"\’/g\f‘_\ﬁi{/ ate ZQ/H/’,;L
Member 2- Prof. K. S. Bindra —J/— Date:
@\Q iy
Member 3- Prof. S. K. Dixit Date:

N\ At 270 | -

Member 4- Prof. Aparna Chakrabarti W Coaksaliarts Date:
; YL AF

Member 5- Prof. S. M. Gupta Date:

s

External Member - Prof. Sandip Ghosh &\ S Date:
— oﬂeﬁ@“\’ GALL 22w lig

Final approval and acceptance of this thesis is contingent upon the candidate’s
submission of the final copies of the thesis to HBNI.

I/We hereby certify that I/we have read this thesis prepared under my/our
direction and recommend that it may be accepted as fulfilling the thesis requirement.

Date: 27 /(| 20/ 3

Place: Q@ 47T Q é ! j;_ 1_/

Prof. T. K. Sharma

! This page is to be included only for final submission after successful completion of viva voce.

Version approved during the meeting of Standing Committee of Deans held during 29-30 Nov 2013



STATEMENT BY AUTHOR
+

This dissertation has been submitted in partial fulfillment of requirements for an
advanced degree at Homi Bhabha National Institute (HBNI) and is deposited in the

Library to be made available to borrowers under rules of the HBNI.

Brief quotations from this dissertation are allowable without special permission,
provided that accurate acknowledgement of source is made. Requests for permission
for extended quotation from or reproduction of this manuscript in whole or in part
may be granted by the Competent Authority of HBNI when in his or her judgment the
proposed use of the material is in the interests of scholarship. In all other instances,

however, permission must be obtained from the author.

0 A
A Aty (e

S ’

Shailesh Kumar Khamari



DECLARATION

I, hereby declare that the investigation presented in the thesis has been carried out by
me. The work is original and has not been submitted earlier as a whole or in part for a

degree / diploma at this or any other Institution / University.

a M

PR

Shailesh Kumar Khamari



List of Publications arising from the thesis

Journal
Published

1.

“Numerical simulation of inverse spin Hall spectra in Pt/GaAs hybrid
structure”, Shailesh K Khamari, V K Dixit and S M Oak, J. Phys. D:

Appl. Phys., 2011, 44, 265104

2. “Temperature dependence of the photo-induced inverse spin Hall effect in
Au/InP hybrid structures”, Shailesh K. Khamari, S. Porwal, V. K. Dixitand T.
K. Sharma, Appl. Phys. Lett. 2014, 104, 042102

3. “A spin-optoelectronic detector for the simultancous measurement of the
degree of circular polarization and intensity of a laser beam”, Shailesh K.
Khamari, S. Porwal, S. M. Oak and T. K. Sharma, Appl. Phys. Lett. 2015,
107, 072108

Communicated

1. “Measurement of Spin Hall conductivity of n-GaAs epitaxial layer through
inverse spin Hall Effect and optical orientation experiments™ Shailesh K. Khamari,
S. Porwal and T. K. Sharma

2. “Estimation of electron spin polarization from circular polarized

Photoluminescence in strained quantum wells” Shailesh K. Khamari, S. Porwal

and T. K. Sharma



Conferences

I.

“A comparison of inverse spin hall spectra in Pt/III-V hybrid structures”,
Shailesh K. Khamari and V. K. Dixit, American Inst. Of Physics Conf. Proc.

2012, 1447, 1057

“Photo-Induced Inverse Spin Hall Effect in Au/InP hybrid structure, Shailesh
K. Khamari”, S. Porwal, T. K. Sharma, S. M. Oak, Proceedings of International

Workshop on Physics of Semiconductor Devices, Springer, 2014, pp 855-857

“Spin-Optoelectronic device for light polarization and intensity detection”
Shailesh K. Khamari, S. Porwal and T. K. Sharma, Proceedings of International

Workshop on Physics of Semiconductor Devices, Bangalore-2015

Anws hy oy

Shailesh Kumar Khamari



Acknowledgement

I owe special debt of gratitude to many people who contributed to the completion of
this work.

First and foremost, I would like to acknowledge and owe my deep and sincere
gratitude to my supervisor Prof. T. K. Sharma, whose constant encouragement,
valuable suggestions/ discussions and unhindered motivation have made my research
life more smooth and enjoyable. His keen interest towards the scientific problems and
prompt response to find out a feasible solution made me work without much of
worries. Also, I am thankful to him for his patience while going through the initial
phase of the report page by page. He will be happy to see the completion of this work
in time. It is a pleasure to work with him.

My acknowledgements deservedly find a name as Dr. V. K. Dixit, for giving
shape to my scientific intuition and research aptitude in the initial phases of my
career and being there as a friend, philosopher and guide all through. I was
enormously benefited from his willingness to share the best of scientific experiences
and knowledge without any hesitation.

The person, who has helped me a lot in conducting the experiments needs to
be mentioned specially. He is Mr. Sanjay Porwal, whose practical approach to the
experiment and patience while optimizing the set up pushed me to measure those
very small signals, which I would have not dared, otherwise.

Establishing the experimental set ups, would not have been possible, without
the help of Mr. Alexander Khakha, who helped me in Lab automation and data
acquisition. Thanks are due to Ravindra Jangir for useful discussions during the

intial phase and to Dr. S.D. Singh for discussions and help in understanding k.p



methods. In my daily work I have been blessed with friendly and cheerful support of
Mr. U. K. Ghosh. I simply cannot wish for a better or friendlier atmosphere.

I am also thankful to staff of Cryo-engineering and Cryo-module Development
Division and Mechanical workshop, for providing support during the establishment
of experimental set up.

As the head of division, initially Dr. S.M. Oak and later Dr. K. S. Bindra have
made available their support in a number of ways. Without their support, this thesis
would not have been completed. It is an honor for me to thank these stalwarts. I am
grateful to the members of my Ph.D. advisory committee, for their critical comments
and valuable suggestions.

I will like to acknowledge the company of Mr. Abhishek Chatterjee, who has
worked with me in the lab, and I have learned a lot, while “teaching” him the art of
electronic transport experiments. I would also like thank all the staff members of
Semiconductor Physics and Devices Laboratory for providing their help by, wherever
and whenever needed.

The much needed boost to my scientific carrier was provided by Prof. Surya
Narayan Nayak, Sambalpur University. I am in shortage of words that can convey
my gratitude towards him. Thank you Sir to provide me the support, that I needed
the most during M.Sc and post M.Sc.

My wife “Payal” needs to be acknowledged specially for her patience and
strength to tolerate my negligence during the writing period. She has sacrificed “her”
weekends to check for various corrections in the thesis. Finally, I acknowledge my
caring family and loving parents for my being and becoming. It was one of the dreams

of my parents to see me completing my Ph.D. It is them, this work is dedicated.



Contents

Page No

Synopsis i
List of Figures xi
List of Tables xxiii
List of Symbols and Abbreviations XXiv
Chapter 1Introduction 1
1.1 Introduction to Semiconductor spintronics 1

1.2 Fundamental concepts 2

1.2.1 Spin orbit interaction 2

1.2.2 Optical orientation 5

1.2.2.1 Traditional approach 6

1.2.2.2 General approach 10

1.2.3 Spin relaxation 14

1.2.3.1 Elliot-Yafet mechanism 14

1.2.3.2 Dyakonov- Perel mechanism 15

1.2.3.3 Bir- Aronov- Pikus mechanism 17

1.2.3.4 Hyperfine interaction 18

1.2.4 Spin Hall Effect and Inverse Spin Hall Effect 18

1.2.4.1 Mechanism of Spin Hall Effect 22

1.3 Historical Overview of spin injection/detection experiments 24



1.3.1 Methods of Spin injection

1.3.2 Methods of Spin detection

1.3.3 Spin Hall Effect Measurements

1.4 Motivation behind this thesis

Chapter 2 Numerical Simulations for Inverse Spin Hall Effect

21

Necessity of numerical simulations

2.2  Methods adopted for numerical simulations

2.3

221

222

223

224

2.2.5

226

2.2.7

Sample geometry

Light propagation through a multilayer structure

Optical spin injection in semiconductors

Energy relaxation of photo-excited carriers

Spin relaxation of electrons

Tunneling and thermionic emission of photo-excited carriers

Role of high Z metals in the generation of ISHE signal

Numerical simulations of ISHE for Metal/Semiconductor Hybrid

structures

23.1

2.3.2

2.3.3

234

2.3.5

2.3.6

Energy dependence of ISHE signal

Role of metal layer thickness in the magnitude of ISHE

signal

Effect of the angle of incidence on the magnitude of ISHE
Barrier Height dependence of ISHE signal

Choice of ITI-V semiconductors

Choice of Metals

24

25

27

31

34

34

36

36

37

40

44

49

55

56

56

58

59

60

62

64



2.4  Theoretical predictionsfor Metal/Semiconductor Hybrid structures

Chapter 3 Sample fabrication and Experimental set up
3.1 Introduction
3.2 Sample fabrication
3.2.1 Metal-Organic Vapor Phase Epitaxy (MOVPE)
3.2.2 Device Fabrication
3.2.2.1 Chemical Cleaning
3.2.2.2 Photolithography
3.2.2.3 Metallization
3.2.3 Electrical characterization
3.3  Calibration of experimental set up
3.3.1 Calibration of orientation angle
3.3.2 Calibration of frequency
3.3.3  Calibration of retardation magnitude
3.3.4  Calibration with respect to beam position
3.4 Background signals and their minimization
3.4.1 Static birefringence
3.4.2 Modulated interference
3.4.3 Birefringence induced by experimental set up
3.5 Inverse Spin Hall Effect measurement set up
3.5.1  Optical alignment

3.5.2  Response of the measurement circuit

65

67

67

68

68

70

70

71

73

75

77

78

81

82

84

86

87

88

89

91

91

93



3.6 Polarization resolved photoluminescence set up
3.6.1 Comparison between two alternate experimental set ups

3.6.2 Principle of polarization analysis

Chapter 4 Observation of ISHE in Au/InP hybrid structure
4.1 Introduction
4.2 Sample preparation
4.3 ISHE Measurement
4.4 Temperature dependence of ISHE
4.4.1 Temperature dependent measurement
4.4.2  Estimation of Spin current density
4.4.3  Correlation with spin relaxation time

4.5 Outcome of the chapter

Chapter 5 ISHE measurements in bulk semiconductor
5.1Introduction
5.2  Preliminary characterization of the high quality GaAs sample
5.3Optical alignment
5.4  ISHE current extraction
5.5 Temperature dependence of ISHE signal
5.5.1 Local heating of the sample
5.5.2 Reflectivity
5.5.3 Spin injection

5.5.4 Impedance

95

97

98

101

101

102

106

109

109

110

114

119

121

121

125

128

129

132

133

135

135

137



5.6  Numerical estimation of Spin Diffusion current density 138

5.7  Measurement of Spin relaxation time 145
5.7.1  Analysis of polarization dependent PL 147
5.7.2  Estimation of spin relaxation time 150

5.8 KEstimation of spin Hall conductivity 154

5.9 Outcome of the chapter 158

Chapter 6 ISHE measurements in quantum wells 160
6.1 Introduction 160
6.2 Quantification of the Electron spin polarization 163

6.2.1 k.p modeling to estimate the electron spin polarization 163
6.2.2 Effect of biaxial strain 166
6.2.3 Effect of quantum confinement 168
6.2.4 Combined effect of strain and quantum confinement 170
6.2.5 Effect of the split off band 171
6.3 Measurement of electron polarization in QW 173
6.4  Experimental estimation of electron spin polarization uniquely 177
6.4.1 Estimation Methods 177
6.4.2 Experimental verification 180
6.5  Estimation of spin injection efficiency from barrier to quantum 186
well
6.6 ISHE measurement in GaAs/AlGaAs quantum well 191

6.7  Outcome of the chapter 195



Chapter 7 Fabrication of a spin optoelectronic device

7.1

Introduction

7.2 Methods for the detection of the degree of circular polarization of

7.3

7.4

7.5

7.6

7.7

7.8

7.9

light

Factors contributing in the output of a conventional spin-

photonic detector

Proposal of a three terminal device as one possible solution
Fabrication of two different detectors on a single chip
Simultaneous and independent measurement of Irspr and Ipv
Results and discussion

Investigation of cross talk between the two detectors made on

a single chip

Outcome of the Chapter

Chapter 8 Summary and Future perspectives

9. Bibliography

10. Appendices

A.

B.

C.

Spin-Orbit interaction
Stokes vector and Muller calculus

Electron scattering mechanism in III-V semiconductors

196

196

197

199

201

201

204

205

207

210

212

217

233

233

236

239



Synopsis

The field of Spin-optoelectronics aims to combine the intrinsic properties of the
charge carriers and photons; namely the charge and spin of electrons with the
angular momentum of photons [1]. Here, the quantum mechanical concept of spin
brings some amazing new functionalities in the mainstream of charge based
optoelectronics [2]. Investigators have long envisioned to bring semiconductor spin
into the main stream opto-electronics for creating a new bunch of opportunities in
semiconductors where novel devices were expected to emerge based on the
utilization of electron spin as a new degree of freedom [3, 4]. Though,
semiconductors offer many functional advantages over other materials, like very
long relaxation time, high mobility of carriers, ultra-pure epitaxial layers,
fabrication of heterostructures that often harness the quantum size effects in an
effective manner, and also their matured fabrication technology, still the
realization of spin-optoelectronic devices is in its infancy because the coupling of
electrons with photons via their spin remains a major challenge. It is well
understood that the critical technological issues such as injection, transport,
control, and detection of spin have to be resolved before it can be integrated with
the mainstream semiconductor technology [5]. Though several methods are
proposed for enhancing the efficiency of spin injection into non-magnetic
semiconductors, yet the detection of spin polarization is proven to be extremely
onerous [6, 7]. Only a few reports are available on the detection of spin polarization
in semiconductor materials. Optical techniques are often used for the detection of

spin accumulation in semiconductors [8]. However, from the device point of view,



detection of spin-polarized transport in semiconductors through an electrical
method 1s essential [9]. For this reason, many schemes to explore the spin degree
of freedom in semiconductors have been pursued in recent years [10]. Various
researchers use ferromagnetic metals to detect the spin polarized carriers [11].
This limits the experiments and applications of the functional devices below the
curie temperature of the metal. Therefore, innovative ways for detecting the spin
polarization without using magnetism and the magnetic materials have been
earnestly sought [12]. Fundamental understanding of the spin injection and its
transport in a given material system is essential for the realization of novel spin-
optoelectronic devices. Spin Hall Effect (SHE) and its inverse mechanism known
as Inverse Spin Hall Effect (ISHE) are considered to be the alternative
mechanism, through which electron spin transport can be controlled and detected
electrically without the usage of external magnetic field or magnetic materials [13,
14]. In this regard, various experimental efforts have been put to observe
SHE/ISHE in nonmagnetic semiconductor materials [15]. Photo-induced Inverse
Spin Hall Effect, which converts the photo generated spin current density to a
transverse current density is thought to be a bridge between traditional
optoelectronics and spin optoelectronics. Furthermore, semiconductor quantum
structures like quantum wells or quantum dots are expected to increase the
performance of spin optoelectronic devices [16].

This doctoral research, which was carried out at the Semiconductor
Physics and Devices Laboratory of RRCAT Indore, contributes to the transport
study of spin polarized carriers in various III-V semiconductor bulk and quantum

well structures. Here, spin polarized carriers are injected into semiconductor



materials by the optical orientation technique. In order to verify the spin
polarization of carriers, an electronic method based on ISHE is used. In order to
facilitate the process of spin separation, a metal/semiconductor hybrid structure
is judiciously chosen. A clear ISHE signal is recorded over a broad temperature
range where the process of spin relaxation of photo-induced hot electrons is
explained by invoking various scattering mechanisms. In the next step, ISHE
signal is observed in bulk semiconductors without the involvement of a metallic
layer, and also in the quantum wells. The relaxation time of spin polarized carriers
is measured by analyzing the polarization properties of photoluminescence (PL)
signal which originates from the radiative recombination of spin polarized carriers
in semiconductors. By coupling the ISHE measurements with polarization
dependent PL, the magnitude of spin Hall conductivity is estimated for bulk GaAs.
In case of quantum well structures, spin transfer efficiency from barrier to
quantum well layer is estimated by analysing the polarization properties of PL
signal. Finally, a proof of concept demonstration of a spin-optoelectronic device,
which can detect light intensity and polarization simultaneously in an integrated

optoelectronic platform is also shown. The thesis is organized as follows:

In Chapter 1, an introduction of Spin-Optoelectronics technology is
provided by highlighting its advantages over the conventional optoelectronics.
Historical overview of different technologies like spin injection/detection in
nonmagnetic semiconductors and the concept of SHE and ISHE experiments are
briefly described. Various fundamental physical concepts that are used during the

course of this thesis work, like spin orbit coupling, optical orientation, spin



relaxation are also discussed. Finally, a critical summary of the available
literature is also given before moving to the motivation of the proposed research

work carried out during the course of this thesis.

Chapter 2 forms the foundation of the present thesis. In general, the signal
level in ISHE experiments are extremely low that may sometime lie in pico
Ampere range. Moreover, the available literature on this subject is very limited.
This makes the realization of such experiments extremely challenging. One needs
to have a prior knowledge of necessary experimental conditions including their
influence on the magnitude of ISHE signal. In this chapter, relevance of various
parameters like light wavelength, angle of incidence, optimal combination of
metal/semiconductor hybrid structure is discussed through systematic numerical
calculations based on the fundamental physical concepts. It is realized that a thin
film of high Z material having a large spin Hall conductivity is ideal for an efficient
detection of spin polarization. Systematic numerical calculations based on the
analysis of both energy and spin relaxation phenomena for optically induced hot
electrons, tunneling and thermionic transport effects at the metal/semiconductor
interface and circular dichroism for the light transmitted through the metal layer
are carried out. It is understood that a semiconductor with small spin orbit
splitting is an ideal candidate for the injection of spin polarized carriers under
certain conditions. One therefore needs to fabricate a metal/semiconductor hybrid
structure where spin injection and separation are carried out in semiconductor
and metallic sections of the device respectively. By analyzing different III-V

semiconductors like GaAs, InP, InAs and InSbh, and also the metals like Au, Pt,



and Ti, it is observed that Au/InP hybrid structure offers the best possible
combination for measuring the ISHE signal. The methodology of numerical
calculations is briefly discussed in this chapter including the relevant
fundamental physical mechanisms. Results of the numerical calculations are
shown in this chapter which are also compared with the experimental data

available in literature.

Chapter 3 is devoted to the sample preparation method, experimental set
up and the techniques that are extensively used in this work. The chapter starts
with a brief introduction of the metal-Organic Vapor Phase Epitaxy (MOVPE)
technique, which is used to grow the epitaxial samples that are used in this work.
MOVPE growth conditions of all the relevant samples are summarized here. The
device fabrication techniques like thermal and electron beam evaporation,
photolithography are also briefly summarized. Characterization techniques like
resistivity and capacitance measurements are also elaborated in this chapter.
Further, the concept behind the technique of polarization modulation is discussed
in brief. The chapter also include a brief discussion on various experimental
artefacts that are inherently present in such kind of experiments along with the
possible methods for their minimization. The chapter ends with the explanation of
the techniques that are used to calibrate the experimental set up for the

measurement of spin relaxation time and inverse spin hall current.

Chapter 4 describes the measurement of Photo-induced Inverse Spin Hall

Effect in Au/InP Hybrid structure under the optimized experimental conditions



that are predicted in chapter 3. The laser wavelength and angle of incidence were
chosen as predicted by the numerical simulations. For this work, MOVPE grown
moderately doped (n~ 3.6 x 107 cm-3) InP epitaxial layers of high crystalline
quality are carefully chosen. Au/InP hybrid device is then fabricated and the
measurements of ISHE are performed under various conditions for testing the
theoretical predictions. It is seen that the dependence of measured signal on the
degree of circular polarization and also on the angle of incidence strongly agrees
with the theoretical predictions which confirms that the ISHE phenomenon is
successfully observed in our device. Further, this chapter elaborates a model for
the spin relaxation of optically generated hot electrons in semiconductors. The
model is validated by performing the ISHE measurements over a broad

temperature range of 10 to 300 K.

Chapter 5 describes the measurement of ISHE in bulk semiconductors.
The observation of ISHE phenomenon in bulk semiconductors is extremely
challenging since the magnitude of ISHE signal could be three orders low when
compared with a metal/semiconductor hybrid device. Though the signal level in
metal/semiconductor hybrid structure is higher, a suitable combination is always
necessary because of the practical reasons. In this context, an all-semiconductor
device offers flexibility in terms of the ability of potential variation by external
bias, device structure and the doping profile. With this in mind, ISHE experiments
are performed on MOVPE grown GaAs thin film of high crystalline quality. A clear
signature of ISHE phenomenon is seen over a broad temperature range and the

results are described in this chapter. Furthermore, the results from the optical

Vi



orientation experiments where spin relaxation time of electrons in GaAs is
estimated by analyzing the degree of circular polarization of PL signal are also
presented in this chapter. It is observed that the electron spin relaxation time in
n type GaAs (n~ 3.2 x 1018 cm-3) critically depends on temperature and decreases
from 2.47 ns at 10 K to 0.55 ns at 200 K. By using this spin relaxation time, the
spin diffusion equation is then solved to find out the spin current density. By
correlating the calculated spin current density with the values, the magnitude of
spin Hall conductivity is estimated. It is found to vary from 4.17 Q-lcm-! at 10 K
to 12.3 Q-lem! at 200 K. It is also realized that the inclusion of the phonon and
dynamic impurity scattering in numerical calculations is necessary for estimating

the values of spin Hall conductivity over a given temperature range.

Chapter 6 describes the results from the optical orientation technique for
the measurement of electron polarization and spin Hall conductivity in quantum
well structures. Quantum structures are of great interest for observing ISHE
related phenomenon since the physical properties of such structures are
considerably modified by the quantum confinement effects. Due to the quantum
confinement induced changes in the band structure, the relation between PL
polarization and electron spin density is expected to be significantly modified. For
this work, various quantum wells having either compressive or tensile strain are
carefully chosen. It is highly intriguing to note that the degree of circular
polarization of emitted PL signal corresponding to the recombination of electrons
with light and heavy holes is found to be very different in case of tensile strained

GaAsP/AlGaAs quantum well. Further, the spin transfer efficiency from the

vii



barrier to quantum well material is also estimated, which strongly depends on the
sample temperature. Finally, the results on ISHE measurement for GaAs/AlGaAs

quantum well structure are also presented.

In Chapter 7, various possibilities for the fabrication of some novel devices
based on the fundamental concepts described in previous chapters are discussed.
The first device which can be thought of is a spin-optoelectronic detector which
can record the polarization state of a laser beam. Note that the spin polarized
carriers are injected into a semiconductor layer for creating a spin imbalance that
ultimately lead to the generation of ISHE signal. It is already shown in chapter 4
that the magnitude of ISHE signal varies linearly with the degree of circular
polarization of incident laser beam. It therefore prompted us to fabricate a spin
optoelectronic detector which can convert the polarization information of a laser
beam into electrical signal. For this purpose, we choose an Au/InP hybrid structure
for the development of ISHE based detector due to the aforementioned reasons. It
is successfully demonstrated that the magnitude of ISHE signal indeed varies
linearly with the degree of circular polarization of laser beam, however, the signal
also depends on the laser intensity. It therefore limits the capabilities of the
fabricated device towards an unambiguous detection of the polarization state of a
laser beam. A novel design is thereafter proposed, where a three terminal device
1s made by incorporating two independent detectors on the same chip that are used
to measure the degree of circular polarization and intensity of a laser beam
simultaneously and independently. The principle of operation of device is based on

the two independent fundamental phenomena occurring in Auw/InP hybrid

viii



structures, namely, Inverse Spin Hall Effect (ISHE) and the Photo-Voltaic (PV)
Effect. The magnitude of ISHE and PV signals is simultaneously measured across
the two pairs of contacts that are made on the top of device. A proof of concept
device is made, which successfully helps in the realization of proposed concepts.
The all-electronic compact device is fast, operates at room temperature, and opens
up the possibility of many applications in an integrated optoelectronic platform.
Details of the fabrication and results from the indigenously developed device are

summarized in this chapter.

Finally in Chapter 8, we conclude by summarizing the main results of the
thesis with a brief discussions about the scope of future works in the emerging

area.
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semiconductor hybrid structure respectively.
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function of temperature. Inset shows the Van-der Pauw
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Chapter 1

Introduction

1.1 Introduction to Semiconductor spintronics

Spintronics is a field that simultaneously utilizes two independent degrees of
freedom; namely charge and spin to manipulate the operation of electronic devices
[1]. Starting from the pioneering work of Mott, who gave the concept of spin
dependent transport in ferromagnetic metals, enormous attention has been given to
metallic structures such as spin valves and Magneto-resistive Random Access
Memory (MRAM) [2-4]. Giant Mangeto-resistance (GMR) Effect is a key invention
[5, 6], which won the Nobel Prize of Physics for the year 2007. The hard disk drives
of almost every computer that are in use today are based on GMR effect [7]. Lately,
various spintronics phenomena were observed in semiconductors also [8, 9]. It
provides a unique opportunity of coupling the Optics with Spintronics leading to the
field of spin-optoelectronics [10]. Even though, this is rather a recent field, many of
the contemporary research rely closely on experiments and concepts in diverse
areas of physics like crystal growth, magnetism, semiconductor physics, optics, and

nanotechnology [11, 12]. It 1s realized that the technical issues such as



injection, transport, control, and detection of electron spin have to be resolved
before 1t can be integrated with the existing semiconductor technology [13].
However, contrary to the case of metallic spintronics, where involvement of external
magnetic fields and magnetic materials is essential, in semiconductor spintronics,
one aspire to operate the devices without relying on ferromagnetic materials. Here,
spin information is exploited by the use of spin-orbit interaction arising from that in
the constituent atoms and from the polarity of their bonding [14, 15]. In centro-
symmetric semiconductors like Ge and Si the later contribution is absent. However
In non-centro-symmetric semiconductors, both the contributions are present. Since
most of the direct band gap materials, used in optoelectronic devices are non-centro-
symmetric in nature, spin-orbit interaction plays a key role in semiconductor spin-

optoelectronics.

1.2 Fundamental concepts

1.2.1 Spin orbit interaction

In atomic physics, spin—orbit interaction enters in to the picture because of the
interaction of electronic spin magnetic moment with the magnetic field originated
from the Lorentz transformation of the electric field of atomic core. Alternatively, it
can be seen as the interaction between electric field of atomic core and electronic
dipole moment, originated from the Lorentz transformation of the electronic spin
magnetic moment. Using the Thomas precession, which takes care of the non-

inertial frame, the spin orbit splitting energy is given by [16]



2
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1.1
E (1.1)
| 4h

Where, Ac is the Compton wavelength, p is the momentum, Vi is the Coulomb
potential of the atomic core, and o is the vector of Pauli spin matrices. In a solid, it
is still expressed as the same equation, but the potential is now replaced by the
effective crystal potential and the coupling constant A increased by six orders of
magnitude [17]. It modifies the band structure in a considerable manner and

governs almost all spin related phenomena in semiconductors as described below.

(1) Energy bands in solids are expressed as the Eigen states of total angular
momentum (/). By combining the spin angular momentum (s), with the orbital
angular momentum (/), where /=0 and 1 for the conduction and valence band
respectively for zinc-blende semiconductors, J = [ + s becomes *1/2 for
conduction band, £3/2 and £1/2 for the valence band states respectively.

(11) Spin orbit coupling splits the states with J=3/2 and J=1/2 by an energy Aso and
forms the split off (so) states. Therefore, the valence band state is two-fold

degenerate at the I' point called heavy hole (hh) with m; = + 3/2 and light hole
(lh) with m; = £ 1/2. Following the convention generally adopted in

semiconductor physics, the figure 1.1 explains the band diagram of a typical

direct band gap semiconductor near k=0, along with their respective |J,m >

notations [18].
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Figure 1.1 Schematic band diagram known as the E-k diagram of conventional zinc-
blend semiconductors [18]

(111) The electron and hole states feels a k-dependent effective magnetic field, which

further splits these levels according to their spin states. For example, the

conduction band dispersion is given by [19]

h2k2
2m, *

e

(1.2)

E.(k)= +y, K -k o, +ep)

where me* is the effective mass of electrons in conduction band, + c.p. denotes

a sum over cyclic permutations of the indices x, y, z. y, is known as the

Dresselhaus coefficient and is decided by the spin orbit coupling in
semiconductors [17]. It is shown schematically in figure 1.2, where it is
compared with the spin splitting induced by the external magnetic field,
through Zeeman interaction. Though the energy splitting is relatively small

when compared with other phenomena that are common in semiconductor



optoelectronics, it has profound effect on the spin relaxation of electrons.

Similar expressions are available for the valence bands [19].

(a) (b)

&5
&5

k k

Figure 1.2 E-k diagram showing (a) k-dependent Dresselhaus spin splitting
and (b) Zeeman splitting [17]

@iv) It is known that the scattering cross section of electrons under the influence of
the coulomb potential of impurities becomes spin dependent due to spin orbit
coupling. It affects the extent of various phenomena like anomalous Hall
Effect in ferromagnets and extrinsic spin Hall Effect in non-magnetic

semiconductors [17].

1.2.2 Optical orientation

The method of Optical orientation refers to injection of spin polarized electrons into
semiconductors by the absorption of circularly polarized light. It is based on the

following fundamental physical concepts.



1.2.2.1 Traditional approach

As already discussed, at I” point (k=0), conduction band and valence band of zinc-
blende semiconductors are designated by their angular momentum and their
projection on the quantization axis, as shown in figure 1.1. Their wave function can
be expanded as respective spatial (X, Y, Z) and spin part (T and |) and are shown in
table 1.1.

Table 1.1 The wave functions of bands with their coordinate and spin part

Conduction band:|cb) y ,%> =|is 1)
y—%> =|is {)
Heavy hole: |hh) //>_ |(x +ir)1

%=
Light hole: |1h) 3. 1) E—_l\(X+,~y)¢>+\P|z )
B )= el 3l
Split off: |so) //>E X+iY)~L>+\ﬁ‘Z 1)
B gl 2

“‘\

%\

%l

Here X, Y and Z stand for the Cartesian coordinates whereas] & | denote the
relevant spin parts of the Bloch amplitude. The transition probabilities between any

of the two states (a & b) due to the light absorption is given by the dipole matrix

element, P, =(a|Pp)where P is the dipole matrix operator. Since the conduction

band is spherically symmetric, the only non-zero matrix elements are



B B _—ih (1.3)
(S2X) = (SR ¥) = (SIEZ)= "R,

0

And all the other components vanish. For example,
<S|PY|X> - <S‘PZ|Y> - <S‘PX‘Z> =0 (1.4

The quantity Pois almost constant for III-V semiconductors and particularly
in optical orientation experiments, the relative magnitude of matrix elements
between bands is more important than their absolute values. Hence, the non-zero
element can be taken as one. Again, the spin parts are ortho-normal functions [20].
From these conditions, the transition matrix elements for different combinations of
a & b can be calculated for a known dipole matrix operator, which depends on the
polarization of electromagnetic wave. For a light beam propagating along positive z

direction, the dipole matrix operators are as given below [20]

Table 1.2 Dipole operators for electromagnetic wave of different polarization

Polarization P
Linear Polarization along x Py
Linear Polarization along y P,
Left circular Polarization 12 (Px+1 Py
Right circular Polarization 12 (Px -1 Py)

Table 1.1 and 1.2 along with equation (1.3) and (1.4) give the following values of

dipole matrix elements for left circularly polarized light.



Table 1.3 Relative dipole matrix elements for various allowed transitions

Band (b1): Band (b)):

Band (a) [J.m,) ‘%’%> ‘%’_%>
|hh) 8.34) 12 0
|Ih) %%> 0 16
%l ’
|s0) y’%> 0 2/\6
AN ’

Figure 1.3 Schematic diagram of the dipole allowed transitions for left and
right circularly polarized light. The Relative transition probabilities are
indicated by the circled numbers [18]

It can be seen that the hh and [h states are coupled with different spin

polarization in the conduction band. These transitions are traditionally shown in a

8



schematic diagram for both the left and right circularly polarized light, as shown in

figure 1.3.

Keeping in mind that the strength of a transition is proportional to the

square of respective matrix element, the probability of transitions from ‘y i%> ,

‘% e %> and | %,J_r %> states varies in the ratio 3:1:2 respectively. Therefore, the

degree of spin polarization of electron (pe), when excited by left circularly polarized

light with energy (Epn) satisfying the relation, Es<Epn<Eg+Aso, is

3(+1)+1(-1) (1.5)
=———= =05
Pe 3+1
On the other hand, when Epn exceeds EgtAso, peis be given by
3(+1)+1(-1)+2(-1) (1.6)
Pe = =0
3+1+2

Therefore, in case of the condition Ez<Epn<Eg+Aso, typically half population of
the photo-generated electrons are expected to be spin polarized in case of unstrained
bulk materials. However, if the degeneracy between heavy and light holes is lifted,
because of strain or quantum confinement, then one can expect even a larger
fraction of electron population to be spin polarized upto a limiting case of
100%provided the condition of Eg(hh) <Epn < Eg(lh) 1s satisfied [21].Though this
traditional picture gives correct explanation for the near band edge transitions, it is
too naive for explaining the general transitions. Note that the bands are the Eigen

states of angular momentum operator only near the I' (k= 0) point, that too along



the quantization directions only. Therefore, a more appropriate approach is needed

for a general transition.

1.2.2.2 General approach

Even for near band edge transitions, electrons will have all the possible k-vector
maintaining the degeneracy. In bulk cubic semiconductors, this constant energy
contour is the surface of sphere. This is schematically shown in figure 1.4, where k|
stands for ky and ky directions. This notation is quiet helpful while dealing with the

quantum structures.

E Constant energy

=

Figure 1.4 Schematic diagram showing the constant energy contour in k-space

Therefore, average over all the directions has to be taken into account for
calculating the average spin orientation. Along any arbitrary direction (6, ¢), the
wave function of each states (hh, lh and so) can be written as per the relation given

by Towe et al. [22].

10
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Each of the bands in Table 1.1 can now be expressed suitably using these

rotation matrices. When average is taken above all the directions, it is observed

that, both hh and Ih states consists of equal fraction of |% + %> and |yi %> ie.
1 1
1) = =35 55)+ 753 £ )

= 13434} J5 %5414 "

This leads to the fact that, pe corresponding to hh states alone is 0.5 as can be seen

from the relation

3x1(+1)+1x1(—1) (1.9)
Pe = 2 2 =0.5

3x1+1xl
2 2

Similarly, pe corresponding to [h states alone is also 0.5. Therefore, for the case of
Ec<Epn<Egt+Aso, pe becomes 0.5 irrespective of the density of states of hh and lh
states. This is in sharp contrast to the previous approach, where hh and [h states
produces electrons with opposite degree of spin polarization; +1 and -1 respectively.

11



On the other hand, split-off band states are still pure Eigen states of |%i %> and

therefore, it produces electrons with degree of spin polarization of -1.

Further when Epp>>Eg, the band mixing because of k.p interaction has to be
taken in to account. This is done by expressing the respective bands with the help of

Luttinger-Kohn Hamiltonian [23]. It has been shown that, for Epn ~ EgtAso, the lh

state acquires much of the characters of ‘%i%>, and hence p. decreases [24]. It

should be noted that, for the case of Epn>FEg+Aso, pe decreases because of the two
reasons; one 1s because of the onset of transitions related to split-off band states and

the other is because of the increase of \V,i%> character of [h states. However, at

this energy, the joint density of states corresponding to split-off band is too less to
explain the observations made. Therefore, the majority of decrease in peis because
of the [h and not by the so states [24]. Notwithstanding the underline physical
details, the main results are identical to equations 1.5 and 1.6. This is the reason
that the former approach is followed more traditionally. However, during the course
of this thesis work, the general approach is followed whenever found necessary.
Furthermore, Luttinger-Kohn Hamiltonian is used to calculate the electron
spin polarization in cases, where the degeneracy between hh and [h states is lifted
either by quantum confinement or strain. By numerical integration, it has been
shown that p. approaches nearly one, when hh and [h states are completely

decoupled.

12



For the detection of spin polarization of electrons, the same selection rule,
explained in section 1.3 is used. The only difference is that the degree of circular

polarization of luminescence (p;) is measured to extract the information about pe

[20]. From the same analysis, it i1s clear that in case of bulk unstrained

semiconductors, when p, is measured along the direction of spin polarization, the

following relation holds

P, =2p; (1.10)

This means, a spin polarized electron system with pe =1, gives rise to
luminescence, whose degree of circular polarization is 0.5. This directly follows from
the Bloch wave function of hh and [h states. This method has been traditionally
used to measure the spin injection efficiency into the LEDs [25, 26]. However,

because of practical constraints, it may not be always possible to measure p, along

the direction of spin polarization. In that case, the relation becomes [27]

2
po = —LL

~ cos(6,) (1.11)

Where, 6y is the angle between the spin polarization vector and the detection
direction. Since the recombination of carriers almost always happen at k=0, the
split-off band states have negligible effect on the detection mechanism and pe

becomes equal to p;, whenever the hh and lh states are decoupled due to strain or

quantum confinement. = However, these two states have different angular

dependences given by [28]
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These equations are of potential use while correlating the electron polarization to

the light circular polarization in a quantum well.

1.2.3  Spin relaxation

In this subsection, various spin relaxation mechanisms in semiconductors are
introduced. Generally, any fluctuation or inhomogeneity of spin interaction can lead
to spin relaxation. However, there are a few mechanisms which are more relevant
in III-V semiconductors which are discussed in this section [29-32] and are

summarized here,

1.2.3.1 Elliot-Yafet mechanism

This mechanism was first proposed by Elliott [33] and Yafet [34] while studying the
spin relaxation in silicon and alkali metals. It originates from the fact that, in the
presence of spin-orbit coupling, the exact Bloch states are not spin eigen states but
a superposition of different spin components. Since the coupling is weak, they are
still labeled as “up” and “down” spin states, with respect to some quantization axis.
However it implies that whenever the spatial part of wave function undergoes a
transition because of momentum scattering, a finite probability exist to flip the spin

from “up” to “down”, leading to spin relaxation [29]. Under this mechanism, spin-
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orbit coupling leads to the spin-flip electron-impurity scattering. The spin relaxes
during the scattering, which is why the spin relaxation rate is directly proportional
to momentum relaxation rate. Typically in III-V semiconductors an electron has to
undergo 103 scattering events before a spin flip occurs [32]. The spin relaxation time
because of Elliott-Yafet (EY) mechanism is given by [29, 30]

1 (E) 2(1-77/2}2 1
EY=A 2 77
s E; 1-n/3) t (1.13)

V4

T

Here E. is the energy of electrons in the conduction band, n = 4s/(Egt4s) and
7p 18 the momentum relaxation time. A is a dimension less constant which is
governed by the dominant scattering mechanism. This mechanism is present in
semiconductors with and without a center of inversion symmetry, although it is
most prominent in the centro-symmetric ones. It is especially important in narrow-
band-gap and high impurity semiconductors. In GaAs material, EY mechanism is

predominant at very low temperatures especially below 5 K [30].

1.2.3.2 D’yakonov- Perel’ mechanism

D’yakonov and Perel proposed an efficient mechanism of spin relaxation through
spin-orbit coupling in systems which lack inversion symmetry, like Zinc-blende
semiconductors, was by [35]. In this case, the degeneracy between electrons with
the same % but different spin states is lifted for k#0. This energy difference acts as
an effective k dependent magnetic field and results in spin precession with angular
frequency Q(k) during the time between collisions. In the presence of momentum

scattering, the magnitude and direction of k changes in an uncontrolled way. Thus
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the precession axis and frequency change randomly between adjacent scattering
events which lead to spin relaxation. It is known as the D’yakonov and Perel’ (DP)
spin relaxation mechanism.

There are two regimes for DP spin relaxation [30]. (1) Strong scattering
regime where <Q>1,<< 1. Here <Q>is the ensemble average processing frequency.
The spin relaxation time in this regime is estimated as 1/1s =<Q*>1, according to the
random walk theory. This is also known as motional narrowing i.e. stronger
momentum scattering leads to longer spin relaxation time. (i) Weak scattering
regime where <Q>t1, > 1. In this regime, the momentum scattering no longer slows
the spin relaxation. In contrast, via the spin- orbit coupling, momentum scattering
provides an additional channel for spin relaxation, making 1 directly proportional to
7p. In most of the cases, III-V semiconductors fall in the strong scattering regime.

The associated relaxation time 1s given by [30]

1 8 EY
- =ﬁ(2yD)2< ) T, (1.14)

s 7/3

Here, y, is the Dresselhaus coefficient which deals with the inversion asymmetric
nature of bulk III-V semiconductors, y, is a constant that depends on the scattering

mechanism. It is a dominant mechanism in most of the type III-V semiconductors.
Furthermore, its impact is higher as large energy as is obvious from equation (1.14)

due to the cube of energy of electrons.
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1.2.3.3  Bir- Aronov- Pikus mechanism

Usually exchange interaction between electrons does not lead to spin relaxation as
it preserves the total spin. However, in a p-type semiconductor, when holes are
present in abundance, electron-hole exchange interaction swaps the spin of
electrons while holes keeps their total spin conserved. This is called Bir-Aronov-
Pikus (BAP) mechanism after the name of their founders [36]. However, the holes
themselves lose their spins very fast because of valence band mixing through EY
mechanism. Therefore, holes act as a reservoir for spin: spin-polarized electrons
dump their spin into this reservoir, in which the spins will get lost very fast
[31].The spin-flip scattering probability depends on the state of the holes like
whether they are degenerate or non-degenerate, bound with acceptors or free, fast
or thermalized etc. For a non-degenerate hole system, assuming the scattering is
predominantly because of heavy holes, due to their larger density of states, the spin

relaxation time is given by [30]

1 2 3 (v) (1.15)
5 = n,d,— )
TBAP TO h™B VB

Where aj is the exciton Bohr radius, n, is the hole density, <v> is the average
electron velocity, vy=I1/(uag) with u being the reduced mass of the interacting
electron-hole pair. 7,is related to the exchange splitting of exciton ground state (Jexc)

as 1/1,/= (3n/64) (Aexc)?/ (Egh), Egis the exciton binding energy.
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1.2.3.4  Hyperfine interaction

Exchange of electron spin with nuclear spin through hyperfine interaction can lead
to spin relaxation. When the nucleus of the constituent atoms contains a finite spin,
it interacts with the electronic spin and is a potential source of spin relaxation [31].
For moving electrons, this interaction is negligible, as electrons move fast across the
nuclei with random spins by averaging their actions. However, it 1s more important
for the case of electrons that are confined at impurity levels or in quantum dots. On
an average for donor-bound electrons in GaAs, the hyperfine field is equivalent to
an effective magnetic field of 5.4mT [37]. It can lead to spin relaxation in
semiconductor quantum structures where high density electrons are confined to

ultralow dimensions.

1.2.4 Spin Hall Effect and Inverse Spin Hall Effect

As mentioned in the earlier part of this chapter that a major quest in semiconductor
spintronics is related to the ability of control and detection of electronic spin
without involvement of external magnetic field and magnetic materials. The
prediction of Spin Hall Effect (SHE) is a major step forward in this direction. It
refers to the generation of transverse spin current by a charge current in a material
with relativistic spin-orbit coupling [17]. The generated spin current has the
direction of spin polarization vector perpendicular to both spin and charge current
directions. Conceptually, it is similar to the Anomalous Hall Effect observed in
ferromagnets, where a transverse voltage is generated because of asymmetric
scattering of electrons with different spin orientation. Spin Hall Effect (SHE), which
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was initially predicted in 1971 by D’yakonov and Perel” describes the generation of a
spin current perpendicular to a spin-unpolarized charge current in the presence of
spin—orbit coupling [38, 39].In their proposal, they suggested a spin-dependent Mott
scattering of unpolarized electrons at the impurity site, which leads to a spatial
separation of charge carriers with opposite spins. However, the term “Spin Hall
Effect” was first introduced by Hirsch [40], where he explained the general
phenomenon in any semiconductors or ferromagnetic material above curie

temperatures and thus brought it to the attention of the spintronics community.

(a) Hall Effect
+ + + + + + +

(b) Spin Hall Effect

'\-—%{F ¥ éﬁ
v e
o] »F

Figure 1.5 Schematic of the (a) Hall Effect and (b) Spin Hall Effect showing the
charge and spin accumulations respectively. The corresponding Fermi level
positions are also shown in the figure. Here B, F, v and o are the magnetic field,
force on electron, electron velocity and electron spin magnetic moment respectively

[40].

It is better understood, if an analogy is drawn with the Hall Effect, where
charges accumulate at the sample boundaries due to the action of the

Lorentz force in magnetic field, giving rise to a transverse electric field. Similarly
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in the absence of magnetic field, spin orbit coupling ensures spatial separation of
electrons with opposite spin. It is schematically shown in figure 1.5.

In case of Hall Effect, spin-up and spin-down electrons share the Fermi level
but the Fermi level is different at the two edges of the sample because of electron
accumulations. The difference between the Fermi levels at the two edges of the
sample provides Hall voltage Vu. On the other hand, in case of spin Hall Effect,
electrons with different spin orientations accumulate at the two edges of the
sample. Therefore, the difference in the Fermi levels for each spin at both edges of
the sample is Vsm, but it is of opposite sign for spin up and down electrons. This is
seen as transverse spin imbalance. However, since the number of electrons with up
and down spins is same, no charge imbalance results.

The Onsager relation predicts that a spin current will lead to transverse
charge imbalance in presence of spin orbit coupling [21]. This is known as Inverse
spin Hall Effect ISHE). This phenomena is called extrinsic spin Hall effect as the
presence of impurities is necessary for this spin dependent scattering [41]. In
contrast, the possibility of a strong intrinsic spin Hall Effect entirely due to spin—
orbit interaction is also predicted by Sinova et al. [42] and Murakami et al. [43],
based on linear response microscopic theories of strong spin-orbit coupled system,
which occurs even in the absence of any scattering process. Numerous experimental
and theoretical studies in recent times have led to a number of spin Hall devices in

various materials [44-46]
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Phenomenologically, these phenomena can be explained in following simple
ways [21]. In the absence of spin-orbit coupling, the charge and spin current are

written in terms of drift-diffusion equations as follows,

g =-unE - DVn

g\ =-uEP -D o (1.16)
7 T o, '

1

Here, g;; 1s the spin current along ¢ direction because of the electrons that are

spin polarized along j direction. z, D and P are the mobility, diffusion coefficient and
spin polarization density respectively. In this formula, other forms of current like a
temperature gradient are not included. On the other hand, in presence of spin orbit

coupling, these two terms get coupled and the equations are rewritten as follow

_ (0) (0)
q4; — 4, + ygijkq]'k

_ (0) (0)
4; =4, ~Ve¢udk (1.17)

Here ¢,

is the unit anti symmetric tensor and y is a dimension less
parameter called the spin Hall angle. Equation (1.17) explains both the spin Hall
Effect and inverse spin Hall Effect in terms of coupled equations. It must be noted
here that the combined drift-diffusion type equations are only valid in weakly spin
orbit coupled systems. In case of strongly spin-orbit coupled systems, where
intrinsic spin Hall Effect prevails, such type of equations are difficult to be written

[47]. Irrespective of their microscopic origin, the two effects are pictorially explained

as follows,
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Spin Hall effect Inverse Spin Hall effect

Charge current > Charge accumulation

Figure 1.5 Picture illustrating Spin Hall Effect and Inverse Spin Hall Effect

1.2.4.1 Mechanisms of Spin Hall Effect

There are two distinct physical origin of SHE, one is the extrinsic mechanism,
where the scattering by impurity is the primary criteria and the other is the
intrinsic mechanism, where the band structure of the materials plays a critical role
[47, 17]. Extrinsic mechanism 1is controlled by spin—orbit interaction with
impurities, which is further classified as (i) Skew scattering and (i1) Side-Jump
scattering mechanism.

Skew scattering arises from the asymmetry of electron—impurity scattering in
presence of spin—orbit interaction. As explained by Vignale et al. [17] spin—orbit
interaction with spherically symmetric impurities conserves separately the orbital
and the spin angular momentum, L. and S:. Thus the scattering cross section
depends not only on the scattering angle, but also on the relative sign of L. and S..
This creates an asymmetry between the numbers of electrons of a particular S: that
are scattered in opposite directions. This gives rise to the spatial separation of

electrons with spin polarization along different directions. Obviously, the sign of the
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effect depends on the sign of the potential. However, as pointed out by Sinova et
al.[47], this simple model of considering the spin-orbit coupling in the disorder
potential alone is valid only when spin-orbit coupling in the bands is not strong
enough to split the degenerate spin sub bands. Otherwise, the spin-orbit coupling of
different bands and their effects on disorder potential have to be considered for
detailed calculation of skew scattering mechanism.

The side-jump i1s a subtle effect originating from the anomalous form of the
velocity operator in spin—orbit coupled systems. For a weak spin orbit coupled

system, like GaAs, the velocity operator gets a new term and is given by [17]

nk 2%
V= hc V., (r)xo (1.18)

Thus, a transverse velocity depending on the orientation of spin polarization is
added to the normal linear velocity, giving rise to the side jump contribution to the
SHE.

The intrinsic mechanism is associated with the spin-dependent band
structure of the material, e.g. with the Dresselhaus term in bulk zinc-blende
semiconductors, and with the Rashba term in a quantum well [17]. It depends on
the fact that electron spin with momentum % precesses under the influence of the
effective magnetic field B(k) that is originated from the spin-orbit coupling. When a
steady state electron distribution represented by a sphere in k-space is disturbed by
the applied electric field, the electrons will have different k& values and hence will

get out of the alignment with the effective magnetic field B(k). The spin realignment
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process tilts the spin away from the original orientations, which is in opposite
directions on the opposite sides of the Fermi sphere. Hence a spin current appears.
The Detailed analysis of different mechanism governing the spin Hall Effect is

highly involved and is given various specialized text in this field [47-48].

1.3 Historical Overview

1.3.1 Methods of Spin injection

Most of the semiconductors are naturally nonmagnetic in nature. Therefore, to
exploit the spin dependent properties in these semiconductors, the first task is to
create non equilibrium population of spin polarized electrons. This is the concept of
spin injection and is one of the foremost challenges that semiconductor spintronics
community faces [50]. Creating a spin-polarized current in a semiconductor at room
temperature is a herculean task. However, there exist several ways through which
it can be realized as summarized in the subsequent text.

Various electrical methods like attaching a ferromagnetic metal with the
semiconductor [50], use of dilute magnetic semiconductors [51] or Heusler alloys
[62], and design of spin selective tunnel barriers [53] are some of the techniques
that are frequently used for this purpose. Simultaneously, the optical method of
spin injection using circularly polarized light of appropriate energy has been
evolved as the cleanest method of spin injection, which does not depend significantly

on the surface/interface conditions. Rather, it is governed by the choice of the energy
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of circularly polarized light beam and the band structure of underlying
semiconductor material [20].

Optical spin orientation was first demonstrated in1968 by Lampel [54].
Subsequently, Parson, D'yakonov & Perel’ and Meier & Zakharchenya did the major
work in this field [20, 55,56]. Initially, much of the works are concentrated in p-type
GaAs, where there are no equilibrium electrons, and hence the detection gets easier.
D'yakonov & Perel’ showed in 1971 that even in n-type GaAs optical orientation is
possible by replacing the equilibrium electrons with the photo-generated electrons
[66]. Later this approach has been used to inject spin into many other III-V
semiconductors and their quantum wells. This method has become highly
standardized and has been used to characterize the spin transport across the

ferromagnet/semiconductor interface [57].

1.3.2 Methods of Spin detection

Similar to the spin injection methods, there are both electrical and optical
methods to detect the electronic spin. In the electrical methods, ideally the same
type of ferromagnetic structures that are used for electrical spin injection are used
for spin detection also. Because of the spin-dependent density of the contacts, the
resistance is different for the carriers with spin orientation parallel or anti parallel
to the magnetization direction of ferromagnet [58]. This is the GMR (Giant Magneto
Resistance) effect as explained in the earlier part of this chapter, and is the easiest
method of spin detection for electrically injected spin. This method has also been

used to detect the optically induced spin polarization [59]. Tunnel diode based
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arrangement using ferromagnetic contacts for detecting the spin in a non-local
geometry is also proposed [60]. This non-local detection of electron spin was first
demonstrated in a metallic lateral spin valve structure by Johnson and Silsbee [61].
This has been used for the detection of spin accumulation in GaAs by using a
Fe/GaAs (001) hetero-structures in 2007 by Lou et al. [62]. However, validity of this
approach has been questioned under certain conditions, mostly because of the
presence of fringe magnetic fields produced by the ferromagnetic contacts [8, 63].
They produce local Hall Effect in the semiconductor materials, which hamper the
measurement. Furthermore, electrical detection cannot offer a quantitative and
model independent estimate of spin polarization, rather a numerical fitting of the
electrical signals is required. Therefore, the most preferred method for estimating

the spin injection is the optical method.

The principle behind optical method of spin detection is precisely opposite to
the optical method of spin injection. Here, the degree of circular polarization of the
luminescence 1s measured to extract the information about electron spin
polarization [20]. It has been shown that 100 % spin polarized electron system with
unpolarized holes gives rise to light with degree of circular polarization 0.5.The
degree of circular polarization of the radiation therefore serves as a useful and
direct measure of the carrier density spin state as well as its change under the
influence of external factors and relaxation processes. In fact, historically this
method has been the preferred choice to estimate the spin injection efficiency by

electrical methods by using a LED structure [25, 52]. Ohno et al. [52] and
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Fiederling et al. [25], independently demonstrated this approach in InGaAs and
GaAs quantum well LED respectively. Since these early demonstrations, a large
number of similar studies have been reported, where a variety of quantum well
materials and spin injection methods are used [26, 64].

Beside, these two primary methods of spin detection, various methods like
resonant pick-up coil method [65], Kerr rotation spectroscopy [66] have also been
used to detect electron spin density and their transport under different

configurations.

1.3.3 Spin Hall Effect Measurements

Along with their theoretical proposals, D’yakonov and Perel’ also suggested several
experimental techniques to detect the SHE [39]. Two of their proposals namely, the
Kerr magneto-optical microscopy and circularly polarized electro-luminescence from
the sample edges, have been used successfully for this purpose [66, 67]. Using a
magneto-optical Kerr microscope, Kato et al. [66] scan the spin polarization across a
current carrying channel and observed the first clear signal of SHE in
semiconductors. From the measurement of Kerr ellipticity and Kerr angle, they
observed accumulation of different spins at the two different edges of the sample
because of extrinsic mechanism. On the other hand, Wunderlich et al. [67] pass
current in a 2 dimensional hole gas and observed circularly polarized LEDs placed
nearby and called it intrinsic mechanism. Sih et al. [68] showed that in any non-
magnetic materials, SHE can be used to generate spin current. Using the same Kerr

magneto-rotation microscopy, Matsuzaka et al. [69] measured the SHE in GaAs of
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different carrier concentrations. However, since in a non-magnetic homogeneous
semiconductor, spin accumulation is not accompanied by a charge accumulation,
SHE does not necessarily leads to an electrical voltage, which makes it difficult to
be probed. Pershin et al. [70] proposed a voltage probe of SHE by making the
semiconductor inhomogeneous either in resistivity or in carrier concentration, in the
direction of spin accumulation. Nonetheless, because of charge accumulations, ISHE

is easier to probe [47]. It is expressed by the following relation

E]SHEZL(JSXOAJ (1.19)

O-C
Here, Eisur is the electric field generated because of the spin current Js. ¢, is the
unit vector along the spin polarization direction, ¢, is the charge conductivity of the
sample and y is the spin Hall angle. Further, an important material parameter
governing the ISHE, called the Spin Hall Conductivity spin Hall conductivity (o)
is defined as oy ~=yoc. Several groups have observed ISHE in nonmagnetic

semiconductors [71, 72]; by injecting spin current electrically or optically. However,

ogyls at least two order less in semiconductor as compared to high Z-metals and

therefore measuring ISHE in semiconductors is still a challenging task. For this
reason, Ando et al. [73,74] proposed to coat a thin film of Pt over GaAs and to
measure the ISHE in Pt/GaAs hybrid structures. In GaAs layer, absorption of
circularly polarized light lead to the generation of spin-polarized carriers, which
thereafter move towards the metallic layer. It induces a pure spin-current into the

Pt layer through the interface. This pure spin-current is converted into a transverse

28



electrical voltage due to the ISHE in Pt layer. Systematic changes of the ISHE
signal were observed upon changing the direction and ellipticity of the circularly
polarized light, consistent with the expected phenomenology of the photo-induced
ISHE. Unlike other methods of detecting spin polarized carriers, where spin-current
1s accompanied by a diffusive or drift charge current [75, 76] , the method proposed
by Ando et al. [73,74] is because of pure spin current due to the open circuit
conditions. In recent years, various theoretical and experimental efforts have been

put to estimate og; both in metals and semiconductors which are summarized in

table 1.4.
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Table 1.4 Results to illustrate the estimated value of oy, from the literature

Material Structure Type and ospy Estimation method Ref.

doping (cm=) (h/e Q-lm-!) (Temperature)

GaAs Thin film n (1 x 1016) 0.5
GaAs Thin film n (3 x 1017) 100

Kerr microscopy(30 K) [66]
Kerr microscopy(30 K) [69]

GaAs Thin film n (2 x 1018) 1.1-2 SHE (up to 75 K) [76]
GaAs Bulk n 100 Ab-initio [77]
GaAs Bulk n (1 x 1016) 2.97 Theory [78]
GaAs Bulk n 2 Theory [79]
GaAs Bulk n (2 x 1018) 4.9+2.8 ISHE (300K) [80]
InGaAs Thin film n (3 x 1016) 0.5 Kerr microscopy(30 K) [66]
Pt Bulk 3.8x 105 STT,SHE (295 K) [81]
Au Thin film 4.1x 108 NL (295 K) [82]
Al Thin film 2.7x 103 NL (4.2 K) [83]
Cu Thin film 5.1x 104 SP (295 K) [84]
U Thin film 1.4 x 104 SP, ISHE [85]
Mo Bulk 2.3x103 SP (295 K) [86]
Pd Bulk 2.9x 104 STT,SHE (295 K) [87]
Ag Bulk 1.0x 105 SP (295 K) [84]
Nb Thin film 8.7x 103 NL (10 K) [88]

MR: Magneto resistance, STT: Spin Transfer Torque, NL: Non Local methods,
SP: Spin pumping
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1.4 Motivation and Objectives

Though ISHE as a phenomenon is well established, detection of ISHE in
semiconductors is still challenging because of the small value of spin Hall
conductivity. It is one of the critical limitations which have restricted the realization
of novel semiconductor devices based on the concepts of ISHE.  Several
uncertainties still persist, for example the dominant mechanism governing ISHE in
some situations is not yet well understood. Several issues related to spin injection,
spin relaxation of hot electrons, spin transfer across the interface of hetero-
structures and the temperature dependence of ISHE phenomenon have been
intriguing the semiconductor spintronic community for quiet sometime. One of the
main objectives of this thesis is to study such key issues which are extremely
critical to the domain of semiconductor spintronics. Moreover, the aim is to do all
this without involving any ferromagnetic material, such that the electronic spin
related fundamental phenomena can be studied and related devices can be made
without the need of external magnetic field.

Furthermore, we shall look for the answers of a few important questions
which have been puzzling the physics community for quite sometimes and are listed
below,

1. Why it 1s so difficult to observe ISHE in bulk semiconductors? Is there
something that one can do for the realization of ISHE phenomenon in bulk
semiconductors? One of the major aims is to look for those bottlenecks i.e. the

scattering mechanisms which cause the spin relaxation in bulk semiconductors?
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Fundamental understanding of those factors may help in the realization of ISHE
in bulk semiconductors.

. To explore some novel concepts where one can use new designs by incorporating
multi-layers of different nonmagnetic materials. Can one use a multilayer design
where key operations like the injection, separation and detection of electronic
spin are carried out in different parts of the device? If possible then it will surely
leads to the realization of useful semiconductor devices based on the concepts of
ISHE.

. Operating temperature is critically important in all the spin based devices.
Several scattering mechanisms are already known to cause the spin relaxation
at elevated temperatures. One of the major aims is to understand such
scattering mechanisms and also to find out the maximum temperature up to
which an ISHE based semiconductor device might operate? Can one tailor a new
device structure such that a practical ISHE based device operates at room
temperature?

. Spin Hall conductivity or the spin Hall angle are the key parameters related to
the observation of ISHE in semiconductor materials. Can those be measured by
using the concepts of ISHE in case of bulk and quantum well (QW) structures?

. Radiative recombination of spin polarized carriers leads to the emission of a
polarized photoluminescence (PL) signal. Is it therefore possible to correlate the

electron spin polarization to the emitted photoluminescence signal?
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6. In case of a QW structure, one injects the spin polarized carriers in the barrier
layer which thereafter recombine inside the well layer. Is it possible to comment
on the spin injection and spin transfer across the interface by monitoring the
polarization state of the PL signal emitted from the QW?

7. Finally, the ultimate aim of this thesis is to develop a practical device by
exploiting the concepts of ISHE. If developed then such a device can help in the
realization of a spin based communication systems. Innovative designs are to be
used for the realization of such devices which shall be highly secure and might

be able to work even at room temperature!
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Chapter 2

Numerical Simulations for Inverse Spin
Hall Effect

2.1 Necessity of numerical simulations

It has been shown that the measurement of ISHE in semiconductors needs special
effort as the magnitude of ISHE signal is generally very low. Various techniques
have been devised to enhance the signal-to-noise ratio. Recently, an effective and
simple method has been demonstrated for detecting the spin current in a multilayer
structure, where a thin film of high Z metal, like Pt or Au is coated over the
semiconductor forming a hybrid structure [72]. The proposed device structure takes
the advantage from the fact that due to optical selection rules, circularly polarized
light generates spin-polarized electrons in the conduction band of Zinc-blende
semiconductors. These electrons are distributed symmetrically in k-space and a few
of them reach the metal layer by crossing the Schottky barrier to produce a pure
spin current (Js). Due to large spin—orbit coupling of metallic layer, the spin current
produces transverse electric field (Eisur) according to equation (1.19) and attribute

to the ISHE.
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Spin and energy state of electrons produced by the circularly polarized light
in semiconductor material are in non-equilibrium and they relax down to the
equilibrium state values within the respective relaxation times. The typical time (zv)
taken by the photo-generated electrons to reach the metal layer from semiconductor

materials is ~1 ps. If the spin relaxation time (zs) and energy relaxation time ()

are comparable to this time scale, significant spin and energy relaxation will occur.

For thermalized electrons 7s and 7, are of the order of 10 to 100 ps; therefore, almost

no relaxation i1s expected [89]. However, photo-generated electrons can possess

energy much higher that the conduction band edge where the values of 7s and 7, are

in sub-ps range which is typical in case of hot electrons [90]. Furthermore, all the
mechanism involved here like energy and spin relaxation and tunneling are highly
energy dependent. Therefore careful planning of experiments is required to detect
the weak ISHE signal. In order to find the most optimum experimental conditions
related to the excitation energy, angle of incidence and suitable material
combination, systematic numerical simulations are mandatory. Thus, a prior
knowledge of these parameters can help in a timely and successful execution of the

planned experiments.

In this chapter, systematic numerical calculations based on the analysis of
both energy and spin relaxation phenomena for optically induced hot electrons,
tunneling and thermionic transport effects at the metal/semiconductor interface and
circular dichroism for the light transmitted through the metal layer are carried out.

It is understood that a semiconductor with small spin orbit splitting is an ideal
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candidate for the injection of spin polarized carriers under certain conditions. One
therefore needs to fabricate a metal/semiconductor hybrid structure where spin
injection and separation are carried out in semiconductor and metallic sections of
the device respectively. By analyzing different III-V semiconductors like GaAs, InP,
InAs and InSb, it is observed that InP based hybrid structure offers the best
possible combination for measuring the ISHE signal. The methodology of numerical
calculations is briefly discussed in this chapter including the relevant fundamental
physical mechanisms. Results of the numerical calculations are shown in this
chapter, which are also compared with the experimental data available in

literature.

2.2 Methods adopted for numerical simulations

2.2.1 Sample geometry

Schematic arrangement of the assumed sample geometry along with the incidence
light directions that are considered for the numerical simulation is shown in figure
2.1. A metallic layer of thickness d is assumed to be deposited on the top of
semiconductor layer. Thickness of semiconductor layer is much larger than the
penetration depth of light such that the incident light is completely absorbed. Two
electrical contacts are connected at the two ends of the metallic layer. Circularly
polarized light is incident on this hybrid structure under a condition that the plane
of incidence always makes 90°angle with the direction where voltage was measured.

However, the angle of incidence is taken as a free parameter in our calculations.
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Figure 2.1 Schematic of the sample geometry considered (a) Shows the mechanism

along with the angle of incidence (b), (¢) and (d) show the 3-dimensional view, top
view and side view of the metal semiconductor hybrid structure respectively.

2.2.2 Light Propagation through a multilayer structures

According to the geometry used here, light needs to pass through the top metallic
layer before entering into the semiconductor for injecting spin polarized electrons.
However, any general light beam can be decomposed into s and p polarized
components, whose transmission coefficients are different and are highly dependent
on the angle of incidence. Therefore, even though, circularly polarized light of
particular intensity is incident on the metal layer, the degree of circular

polarization (p,) and the light flux injected into the semiconductor layer vary

depending on the optical constants (n and k) of the layers, thickness of metal layer
and angle of incidence. These quantities can be calculated by solving the matrix

equation corresponding to light propagation in a multilayer system [73].For solving
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the matrix equation, the incident light has to be expressed in terms of component of

s and p polarized light. The light intensity (I) is given by,

2
[=1+1,=2 L

rTrra At @1

Here, A is the ellipticity of the incident light, and is given in terms of the ratio of

major to minor axis of the ellipse. The degree of circular polarization (p) is given by,

24
1+ A2

Py (2.2)

The transmission matrix is given by

B [ coss  (isind)/mg) (1 -
) - (isin&)nf“’) cos S ,7;(1?) ( . )

Here s(p) denotes the s and p polarized component, d=2zn,d cos(9)/A is the phase

introduced because of transmission, 1 is the wavelength of light, 1 = 1, (0/po)"*/cos(6y)
and NS= nr (go/plo)*cos(6). Where, r =0, 1, 2 corresponds to air, metal and
semiconductors respectively. 6, is the incidence angle and is depicted in figure 2.1
(a). The transmission coefficient for s and p-polarized component are calculated by

using the following relations [73,91].

s P
Tt = 2 and 7’ = 27, costy (2.4)
nB +C n!B” +C” ) cos®,

Similarly the transmittance is given by [73,91]
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TS(p) — 4’78(;7) Re(ng(p)) (2.5)
[U(S)(p) B3P + CS(p)] [Ué(p) B3P + CS(p)] *

Here, Re(ng(”))is the real part of ;73(”). This changes the ellipticity and Intensity of light

injected into the semiconductors (p;, and I respectively) and is given by

24 Re(z*)
= 1 B 1= A

o= Re(e) 2.6)

[=rrsrr =AY |

AR \ira s 2.7)

The number of spin polarized electrons generated inside the semiconductor is proportional to the

product of p;, and /;. The optical constants are taken from reference [92]. For a typical case of

Au-GaAs system p,,/;, and their product are plotted as a function of incident angle in figure 2.2.

Figure 2.2 Change in degree of circular polarization (p,;) and intensity (I1) of

circularly polarized light after passing through Air/Au/GaAs multilayer system. The

thickness of Au layer is assumed to be 20 nm.
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2.2.3 Optical spin injection in semiconductors

After propagating through the multilayer, the circularly polarized light generates
spin polarized electrons in the semiconductor as explained in section 1.2.2. Since
only those electrons, which have momenta towards the interface only decides the
ISHE, average need not be taken over all the directions. Therefore band structure
can be calculated for a particular k, which can be rotated for different angle of
incidences [93,94]. To start with, it is assumed that the spin polarization direction
coincides with the electron momenta. Under this condition, the band structure can
be calculated by putting k.=k, kx=ky=0. This is shown in figure 2.3 (a). It can either
be obtained by assuming parabolic approximations or with the help of numerically
calculated band structure. The band structure of GaAs calculated using 8 band k.p
method is shown in figure 2.3 (a). The corresponding bands for parabolic
approximations are also shown in the same figure as dotted lines. The arrow shows
the different possible transitions induced by photons of 2 eV energy. It is clear that
electrons excited from different bands will have different energy in the conduction

band, which can be calculated from the relation

E,=E,+E,(k)+E,) (2.8)

Here Eu(k) represents all the valence bands. Under parabolic approximations, the

relation will be
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k> nk’
+ *

E =E +— for heavy and light holes
’ ¢ 2m; 2m,
272 272 (29)
and  E, =E +A, +7 5 75 for split off holes
2m, 2m,

The energy of the electrons, thus calculated are plotted in figure 2.3 (b) as a

function of excitation energy.
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Figure 2.3 (a) Band structure of GaAs calculated using 8 band k.p method. The
corresponding parabolic approximations are also shown as dotted lines. (b) Energy
of electrons excited from different bands as a function of excitation light energy.

Once the energy distribution of electron is estimated, their relative numbers
(N) and degree of spin polarization (pe) i1s needed to compute the ISHE voltage.
These parameters are affected by band mixing at finite k. Therefore the projections
of different angular momentum states on various bands are calculated using the

same 8 band k.p method and are shown in figure 2.4.

41



Normalized Amplitude

Figure 2.4 Projections of different angular momentum states on various bands
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calculated using the same 8 band k.p method.

Figure 2.5 Relative oscillator strength of various transitions occurring from
different valence band states and the respective electron spin polarizations as a

ph

function of excitation photon energy.

42

3.5F 41.02
= hh-e hh-e |
?:»U 3.0+ 1.00
g 10.98
w

25}
8 10.96
< L x )
= 20l I ] =
g ° s0-e — -096
2
5 1.5}F 4-0.98
[ lh-e
o lh-e

(1) SV o S ——— 1-1.00

1.5 20 25 3.0 1.5 20 25 30
E_ (V) Eph (eV)

1.0
0.8
0.6
0.4
0.2
0.0

1.0
0.8
0.6
0.4
0.2
0.0

Normalized Amplitude



The oscillator strength deciding N and corresponding pe. for different
angular momentum states are given in table 1.3. Now, for a given photon energy,
the energy (or k) of a different transitions are known from figure 2.3. For a given k&,
the components of different angular momentum states are known from figure 2.4
and for a particular angular momentum state, the oscillator strength is known from
table 1.3. Using this, the relative oscillator strength of transitions occurring from
different valence band states and the respective electron spin polarizations are
calculated and shown in figure 2.5. From figure 2.3 (b) and figure 2.5, the energy
distribution of spin polarized electrons; N(E.), for particular photon energy is
calculated. N(FE.) is allowed to spread as Gaussian distribution with standard
deviation of 25meV because the calculations are carried out at 300K. Figure 2.6
shows N(E.) for two different excitation energies (1.6 and 2 eV), where the
contributions from different transitions were separately marked. Here positive and
negative values of N(Ee) correspond to number of electrons with spin +h/2 and -h/2
respectively. The corresponding distributions calculated from parabolic
approximations are also shown in the same figure. It can be noted that, only lh-e
distribution at Epn = 2 eV is significantly different for the two cases. Therefore,
either of the two methods can be used, particularly at lower excitation energy. It
can be seen here that the total integrated area vanishes for Eyn=2 eV, where as it is
positive for Epr=1.6 eV. This 1s consistent with the well known result that
significant injection of spin polarized carriers are possible only when the energy of

the light falls in between Egz and Eg+Aso.
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Figure 2.6 N (E.) for two different excitation energies (a)1.6 and (b) 2 eV, showing
the contributions from different transitions.

For a different angle of incidence, the same method can be applied by
suitably replacing the k vector as k.= kcosOz, kx = ksinO2 and ky=0. The angle of
incidence and coordinate system is as explained in figure 2.1. Similar method is

applied to calculate N(E.) for different III-V materials.

2.2.4 Energy relaxation of photo-excited carriers

The photo-generated electrons need to propagate to the metal/semiconductor
interface to contribute to Eispe. During their propagation, they relax partially and
the amount of relaxation depends on the relaxation rate and the time of travel.

Several scattering mechanism leads to energy relaxation in Zinc blende
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semiconductors [95]. However, in III-V semiconductors, at room temperature, the
dominant mechanism for energy relaxation is the polar optical phonon (POP)
scattering [96]. For a moderately doped semiconductor, the contribution from
carrier-carrier scattering can be safely neglected. Because of higher energies of the
photo generated hot electrons, the contribution of ionized impurity scattering is also

very minimal. The energy relaxation time is related to the scattering time (7) as
{E J (2.10)
T, == |t

Here E) is the optical phonon energy. For POP scattering, 7 is related to E. by the

relation [97]

P

k
qza)p[ 2 -IJ 12 172
L ke [n(Ep)sinh'{g—:J +[n(Ep)+l]sinh"(%-lj } (2.11)

Here n(Ep) =[exp(-Ep/kT)-1]-1 is the probability that a phonon with energy E, is
present. ko and k. are the static and high frequency dielectric constant respectively

(Table 2.1). The scattering time (7,p) is a weak function of electron energy over the

wide energy range considered here and stays relatively constant. This is plotted in

figure 2.7.
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Figure 2.7 Electron scattering time due to polar optical phonon as a function of
electron energy.

However, when the kinetic energy of the electron becomes larger than the
separation energy of I-L and I-X valley, inter-valley scattering dominates the
scattering rate. The I-L and I-X separation energy for various III-V semiconductors
are given in Table 2.1.Hence, for excitation energy higher than 2 eV, these types of
hot electrons are abundantly present. Therefore, for the realistic estimate of energy
relaxation time, inter-valley scattering has to be taken into account. The following

relation gives inter-valley scattering rate (tiv) [97]

1 DV

S lnl@)g(E, + @ = AE, )+ (n(e)+ )g(E, -0 - AE, )] (2.12)
T, PO

Where, Diy is the inter-valley deformation potential, V is the number of identical
valley, p is the mass density, g (Ee) is the density of state at E., and AEiv 1s the inter-

valley separation energy. Total scattering rate is given by 1/t = 1/1p,p +1/Tiv.
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Table 2.1 Material parameters taken in numerical simulations [16, 101]

Material
ST GaAs InP InAs InSb

Eq(at 300K) |eV 1.42 1.34 0.354 0.17
Ao eV 0.34 0.11 0.41 0.8
Ep meV 38 43 30 25
AE;(T-L) eV 0.3 0.59 0.73 0.51
AE;(T-X) eV 0.48 0.85 1.02 0.83
me* m, 0.067 0.08 0.023 0.014
m, mo 0.51 0.6 0.41 0.43
m,, * m, 0.086 0.089 0.026 0.015
meo® m, 0.15 0.17 0.16 0.19
ko 8.85x10-12F/m | 12.85 12.5 15.15 16.8
ke 8.85x10-12F/m | 10.88 9.61 12.3 15.7
r eV A3 27.58 18.32 27.18 760.1

Using relations 2.10-2.12, the energy relaxation rate is calculated as a

function of electron energy. The general trend is that, 7, decreases with increase in
electron energy. After knowing 7, an estimate of the time of travel is required to

calculate the amount of relaxation. It depends on the distance from the interface
where the electrons are generated. It 1s governed by the absorption coefficient and
the velocity of photo-generated electrons which can be estimated from the kinetic
energies. For a given energy of excitation, absorption coefficient is taken from the

literature [6] and velocity is estimated as explained in section 2.2.3.
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To implement the above model, the semiconductor substrate is divided into
layers of 10 nm width. The light intensity at each layer is calculated by taking into
consideration the wavelength dependent absorption coefficient. Thus, each layer
contains three information; depth from the surface, number of spin polarized
electrons and their energy distributions. The total energy distribution of electrons is
obtained by adding the contribution from each layer. From the known distance from
the depth, and relaxation times, the contribution of each layer to the energy relaxed
distribution is estimated. This is done by propagating electrons layer by layer
towards the surface and simultaneously calculating the energy relaxed distribution,
Ne(Ee).

Figure 2.8 gives the Ng(E.) for GaAs, excited by two different photon
energies. Here, only electrons excited from hh are considered and a similar
distribution for electrons excited from [h states is possible. Large distortion for the
case of Epn=1.74 eV 1s because of higher energy of electrons, which leads to shorter
relaxation time. In either case, the distribution of electrons at the interface is
considerably different than that were at the bulk. However, the area under the
curve is same for both the distributions. It is because carrier recombination is not

considered here.
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Figure 2.8 The Energy distribution of spin polarized electron in the conduction
band, excited by photon energy of 1.62eV (a) and 1.74 eV (b). Black, green lines
correspond to the distribution created by polarized light N(E.) and distribution
after energy relaxation Ng(E.) respectively.

2.2.5 Spin relaxation of electrons

While traveling to the interface, the electronic spin also relaxes following the same
manner in which the relaxation of kinetic energy occurs. However, the spin
relaxation time is considerably different from the kinetic energy relaxation time. As
explained in section 1.2.3, there are various mechanisms for spin relaxation.
However, at 300K, the dominant mechanism is DP type and that is related with the
k-dependent spin splitting of the conduction band of GaAs [30,98 -100].This splitting
is due to the experience of k-dependent effective magnetic field on the electrons
present in the conduction band. This has two contributions, one is due to the bulk
inversion asymmetry (BIA), which is related to non-cento-symmetric nature of GaAs
while the other is related to structural inversion asymmetry (SIA), which is a result

of the built in electric field at the Schottky barrier. The strength of electric field
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depends on the carrier density and barrier height at the interface. For a known
dopant density, the position dependent electric field can be estimated by solving
Poisson’s equation. Since the electron momentum varies randomly due to the
predominant phonon scattering, spin precesses randomly between adjacent
scattering events which lead to spin relaxation. The effective magnetic field due to

BIA is given by the Dresselhaus term [30, 99,100].
Q) =2 |k (k2 -k2), & (k2 -k2) k(K2 - 12| (2.13)
Whereas, Rashba term due to SIA is given by
0 (=24l K E) (5 KE), (E K E) aan

Here y, and f§ are Dresselhaus and Rashba coefficients respectively. ki and Ei (i = x,

y, 2) are the components of linear momentum and electric field along i-direction.
Because of k3 dependence of Qpia(k), this term dominates over Qgsia(k), as the energy
of electrons increases. Because off the vector nature of Qpia(k) and Qsia(k), one must
take precaution to add their respective components and for this following procedure
is adopted here. Direction perpendicular to the interface of hybrid structure is taken
as z-axis; y-axis is the direction along which voltage was detected and x-axis is the
line of intersection of plane of incidence and interface. These are suitably shown in
figure 2.1. In this frame, the direction of electric field is taken along the z-axis. For
any particular incidence angle, the frame is rotated such that, z-axis become the
direction of spin alignment (B2 in figure 2.1a). Since this is a rotation in z-x plane, Ey

remains zero in the rotated frame, whereas, Ex and E: are given by Ex = E sin 02 and
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E. =FE cos6:. Using Ex, Ey, E., and kx ky, k- Qgsia 1s calculated from equation (2.14).
Total effective magnetic field is given by Q= Qsia+ Qpra. Since the spin is assumed to
be aligned initially along the z axis in the rotated frame, spin relaxation time (1)

along the z-axis in only considered. It is given by the following relation [30]

LMool 215

7

Here <> denotes the average over all the k states. For polar optical phonon
scattering, y'=41/6 [30]. For the case, where there is no electric field, only Qpia term
will be present and the analytical expression for equation 2.15 can be found in the
literature [30,99]. However, in presence of electric field, numerical averaging has to
be carried out. Here, 7, is given by equation (2.11) and all the other symbols have
their usual physical meanings. The values of material parameters involved in
numerical simulations are taken from reference [101]. In short, spin relaxation time

increases as (Ee)? and is inversely proportional to the momentum relaxation time.

The same method, as explained in section 2.2.4 is used to calculate the energy
and spin relaxed electron distribution,Nsz(E:). Thebarrier height for Au/GaAs is
known to be 0.6 eV, whichdecreases depending on the incident light intensity
because of the photovoltaic effect [102]. In general, the typicaloptical intensity is in
the range of a few mWem=2 andfor this range barrier height becomes 0.32 eV.
Therefore, to estimate the Rashba contribution to the relaxation time, wehave
assumed the barrier height to be 0.32 eV and calculatthe position-dependent electric

field accordingly.From the known energy of light beam, the k vector associated with
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the electrons excited from different bands are estimated and are used in equation 2.7
for estimating the value of 7s. For this case, the electron distribution is given by

figure 2.9 for hh-e transition.
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Figure 2.9 The Energy distribution of spin polarized electron in the conduction band,
excited by photon energy of 1.62eV. Black, green and blue lines correspond to the
distribution created by polarized light N(E.), and distribution after energy relaxation
NEg(E.) and distribution after both energy and spin relaxation Ns g(E.) respectively.

In this case, the area under the curve reduces because of spin relaxation. The
importance of this calculation is clear from figure 2.10, where transitions from all
the valence band states (hh, [h and so) are considered simultaneously. For 2 eV
excitation energy, shown in figure 2.10 (b), peaks corresponding to hh-e and lh-e
transitions are greatly reduced, however peak corresponding to so-e transition is still
significant. It is due to the higher energy of electron involved with the hh-e and lh-e

transitions, which causes faster spin relaxation.
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Figure 2.10. Energy distribution of spin polarized electron in the conduction band,
excited by photon energy of (a)l1.6 eV and (b) 2eV. Black, green and blue lines
correspond to the distribution created by polarized light N (Ee), distribution after
energy relaxation Ng(E.) and distribution after energy and spin relaxation
Ns,e(Ee) respectively.
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Figure 2.11 Total no of spin polarized electrons at the time of generation (P) and
after transport to the interface (Ps k) as a function of excitation photon energy.
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Therefore, the distribution of electrons after they reach the interface is
considerably different from that at the bulk. This means that though the total no of

spin polarized electrons at the time of generation [» = > N(E, )]is zero, it will be non-
zero, after their transport to the metallic layer [ps => N, (E, )] For the case of 1.6

eV excitation energy, so-e transition is absent and the peak related to hh-e & lh-e
transitions are less affected, as shown in figure 2.10 (a). These general cases of P and

Ps e are shown as a function of Epn in figure 2.11.

2.2.6 Tunneling and Thermionic emission photo-excited
carriers

The photo-generated electrons in semiconductor cross the barrier by either
tunneling or thermionic emission. In the absence of magnetic impurities, the spin
flip scattering in the depletion layer is neglected, which is a good approximation.
The transport of polarized carrier across Fe/GaAs interface has been studied by
several researchers [103]. They concluded that the spin current has mainly
tunneling contribution and thermionic emission contribution is rather negligible. It
is because of the spin dependent density of states in ferromagnetic Fe. The
thermionic emission contribution to spin current is negligible because electrons
lands at the potential minimum at the Fe/GaAs interface (formed because of image
force lowering) and lose their spin information faster than in Fe. However, the high
Z metals that are considered here are paramagnetic in nature and the density of
states are not spin dependent. Thus, it i1s reasonable to believe that both the

thermionic emission and tunneling mechanisms contribute to the spin current. The
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probability of crossing the barrier is a function of E., and is given by Chang’s model

[104] and is given below,

RE E
T(E )= RJ®,(®, -E =1 ¢ (2.16)
)-ev( R Tl Sl ]
where, R:E m.&
qh \ Ny

N4 1s dopant density and @» is the barrier height. Therefore, the spin current
depends on Ns g(Ee) and can be expressed with the following equation.

J! =]2NS,E(E6) T(Ee) dFE, (2.17)

2.2.7 Role of high Z metals in the generation of ISHE signal

It 1s understood that, the spin current injected in to the metallic layer diffuse inside
it and forms a transverse spin current, whose magnitude is given by equation 2.17.

The ISHE field is given by

— _ 7/ — .
EISHE—O_—(JSXU) (2.18)

c
Here, average value of spin current density is taken, which is averaged over the
entire thickness of the metal. The spin current density varies with the distance
from the interface because of spin relaxation in the metal itself, which is given by

[73]

(2.19)
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Here, t and Ls are the thickness of film and spin diffusion length respectively. From

equation 2.19, <Js> is calculated as

(7.) = % .:[Js (2)d= :(— L j [1-cosh(z/ Ly)] Jo .20

t sinh[¢/ L, ]

For the simulation purpose, both the spin relaxation time and spin Hall

conductivity in the metals are taken to be independent of the electron energy.

2.3 Numerical simulations of ISHE for
Metal/Semiconductor Hybrid structures

Based on the above mentioned mechanism, the magnitude of ISHE signal is
numerically calculated for the Metal/Semiconductor hybrid structures and its
dependence on several parameters is predicted. Unless otherwise mentioned, the

case of Au (20 nm) coated GaAs substrate (INa ~ 1016 cm-3) is considered.

2.3.1 Energy dependence of ISHE signal

As explained in section 2.2.3, an effective injection of spin polarized carriers is
possible only when the energy of incident light falls between Eg; and EgtAso.
However, energy dependent spin relaxation of electrons ensures that the spin
polarized electrons are available at the interface for excitation energy much larger
than Eg+As. The ISHE field generated (Eisur) is estimated using the equations
2.17-2.19 and is plotted in figure 2.12. Comparison is also made with the net no of
spin polarized electrons at the interface (Psk) for better illustration purpose. One

can note that the Eisyr spectra also shows broad negative and positive peaks
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similar to Ps e spectra but the positions are shifted in the energy axis because lower
energy carriers cannot cross the barrier. The magnitude of Eisur has two extrema,
one at 2.1 eV and the other at 2.7 eV. The polarity of Eisur changes at 2.3 eV and a
similar observation is reported by Kurebayashi et al. [103] on spin current in the
Fe/GaAs hybrid structure. It happens due to the respective contributions arising
from the three competing upward transitions i.e. heavy hole to conduction band,

light hole to conduction band and split-off to conduction band respectively.
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Figure 2.12 Eisur and Pg, as a function of incident photon energy.

This 1s to be noted that the optical excitation starts at a much lower energy
(1.43 eV) and the selection rule predicts the injection of 50% spin polarized electrons
in the range of 1.43- 1.76 eV which should vanish at high energy. However, in

contrast to this, Eisur is observed at energy higher than 1.75 eV, i.e. nearly at the
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onset of sh—e transition and remains non-zero up to 3 eV. This may be surprising at
first sight, but the energy-dependent phenomena (relaxation and tunneling) have
made it possible. For Epn>2.5 eV, Eisue matches with Psrk because. At this energy,
almost all the photo generated electrons will cross the Schottky barrier and

contribute to EIsHE.

2.3.2 Role of metal layer thickness in the magnitude of ISHE
signal

Eisur depends on the metal layer thickness via two parallel mechanism. First is the

decrease in light intensity and p,,, with increasing layer thickness. This reduces the

number of spin polarized electrons and hence reduces Js. On the other hand, for
thickness below the spin diffusion length (Ls), the terms before /5% in equation 2.19
decrease. The two opposite mechanism provides an optimized thickness of metal
layer leading the maximization of ISHE signal. Figure 2.13 shows the calculated

values of Eisnr as a function of thickness of metal layer for various values of Ls.

70 nm
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Figure 2.13 Eisur as a function of metal layer thickness for various values of spin
diffusion length (Ls).
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2.3.3 Effect of the angle of incidence on the magnitude of
ISHE

Figure 2.13 shows the effect of angle of incidence on the Esur spectra. Numerical
calculations were done for angles varying from 0° to 90° with step of 10c. It was done
by calculating the change in light polarization by transmission at a particular angle,
as explained in section 2.2.2 and change in electron spin polarization as described in
section 2.2.3. It is observed that there is no change in the overall shape of the
spectra, only the change in magnitude is observed, i.e. the peak positions are
independent of the incident photon energy. The magnitude of Emsur at four
representative excitation energies are plotted with the angle of incidence. These
curves peak at around 60° incidence angle and become zero for normal incidence
(Bo~ 0°) as well as for grazing incidence (Bo~ 90°). It is in strong corroboration with

the experimental results reported by several researchers [73].
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Figure 2.14 Dependence of Eisur on angle of incidence at various excitation energy.
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Such a dependence originates from two important factors. First is because of

the spin injection efficiency, which depends on p;,. It is maximum for normal

incidence and gradually decreases at higher incidence angles. Second dependence
comes from the angle between spin polarization vector of electron and spin current
(02 1n figure 2.1 (a)). For near normal incidence (62~80~0), sin 02 dependence of
Eisur makes it negligible. Thus, in order to for achieving the maximum Eisyg, an

optimized angle of incidence is ~60°.

2.3.4 Barrier height dependence of ISHE signal

Figure 2.15 (a) shows the Eisur spectra for different barrier heights varying from 0
to 0.5 eV. For clarity purposes, only three spectra corresponding to barrier heights
of 0.4, 0.3, 0.2 and one more corresponding to hypothetical zero barrier heights are
also plotted. Figure 2.15 (b) shows the variation of energy of two extrema labeled as
A and B as a function of barrier height. It is noted that the Eisyr spectra blue shift
with the barrier height. The shift is due to the fact that at lower barrier height,
lower energy electrons (excited by low energy photons) can also tunnel, which
contribute significantly to the spin current because of their long relaxation time. An
enhancement of the relaxation time helps in increasing the intensity of ISHE peaks.
At lower barrier height, the magnitude of internal electric fields is also small and
thus the Rashba contribution to the spin relaxation decreases which further
increases the peak height. Another point to be noted is that at higher excitation
energies, all curves are identical irrespective of the barrier height. It is because at
these excitation energies, almost all the electrons reach the metallic layer (no
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barrier exists) and therefore contribute to the spin current. For the high-energy
electrons, contribution from the Dresselhaus term is much higher than that of the
Rashba term, which makes the spectra independent of barrier height as shown in
figure 21.5 (a). Normally, it is difficult to engineer the barrier height when
fabricating Schottky diodes by using a given material. However, it can be
manipulated by varying the intensity of incident light up to certain extent.
Therefore, Eisur is expected to be a non-linear function of light intensity over a
broad range. Although in general the typical optical intensity lies in the range of a
few mWem~2. For this range, typical barrier height is 0.32 eV which stays
approximately constant and under this condition Eisgr will be proportional to the

intensity of incident light.
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Figure 2.15(a) Eisuk spectra for different barrier height, 0.4 eV (green curve), 0.3 eV
(red curve), 0.2 eV (black curve) and 0 eV (blue curve), (b) Variations of the energy
of two peaks (A and B) as function of barrier height.
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2.3.5  Choice of III-V semiconductors

Numerical simulations, as described in the aforementioned work, are repeated for
several III-V semiconductors like InP, InAs and InSb. The material parameters
used in the calculations are listed in Table 2.1. Figure 2.16 shows the Eisyr spectra
for the various hybrid structures. A few important observations can be made from
this graph. One such observation is related to the spectral range over which the
spectra extends. Second is the relative magnitude while the third is the change in
the polarity. The spectral range is decided by the band gap and band curvature of
individual semiconductors and also the barrier height at the interface. The
magnitude depends on the number of spin-polarized carriers that reach the
metal layer before losing their spin information. It depends on the following

factors. (i) Spin relaxation times in semiconductors (ii) Time taken by the carriers

to reach the interface, and (i11) Barrier height at the interface.

Erspg (@w

£ GaAs
E N
= InSb
InAs InP
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Energy (eV)

Figure 2.16 Comparison of Eisug spectra for 20 nm Au coated GaAs, InP, InAs and

InSh.
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It could be seen from figure 2.16 that the order of magnitude of Eisur
is similar for all the materials. It may seem surprising at first sight because
there is a large difference in the reported values of spin relaxation times for those
semiconductors. At 0.5 eV kinetic energy, the relaxation times (which depends on
spin orbit splitting via Dresselhaus coefficient) for GaAs, InP, InAs and InSb is
calculated to be 0.8 ps, 1.3 ps, 0.1 ps and 0.08 ps respectively using equations
2.13-2.15. With this information, it appears that Erspr in InP and GaAs should
be an order of magnitude higher than InAs and InSb. However, because of their
very small effective mass (large mobility) electrons in InAs and InSb takes much
smaller time to reach the interface, partially compensating the effect of
smaller relaxation times. Again, the barrier height with Au is also smaller for
lower band gap materials. This ensures that more electrons can tunnel through the
barrier. The lower barrier electric field also minimizes Rashba contribution to the
spin relaxation, as can be seen from equation 2.14. Further the two peaks of
opposite polarity correspond to the onset of hh-e and so-e transitions. Therefore, the
separation between them roughly corresponds to the split off gap in the material.
From all these calculations, it turns out that the material InP has the largest
peak value of Eisgr which is mainly governed by the significantly small spin orbit

coupling in this material.

2.3.6 Choice of metals

Though the calculations explained in this chapter are for Au coated semiconductors,

similar calculations can be done for many of the metals. The choice of the metal for
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such hybrid structure depends on several factors. The most important parameter to

be looked at in this respect is the magnitude of spin Hall conductivity (sg;). In

general, high 7Z metals are known to possess higher values of o¢;.Table 1.4describes

the values of oy, for various metals that are taken from the literature. However,

along with oy, other aspects of the metals also need to be considered. These are as

follow.

11.

111.

1v.

It should be chemically stable, otherwise oxide formation at the ambient
deteriorates the electrical properties.

It should not be ferromagnetic for avoiding a significant circular dichroism.

It should not be radioactive.

It should form stable Schottky contact with III-V semiconductors.

It should be possible to deposit thin film with appropriate quality.

Considering all these factors, Au and Pt seems to be ideal choice for such

applications. Though the results presented in this chapter are for thin film of Au,

similar results are observed for Pt, because of similar optical properties, Schottky

barriers height and spin Hall conductivity.
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2.4 Theoretical predictions for the observation of
ISHE in Metal/Semi-conductor hybrid
structures

As discussed in the beginning of current chapter, final outcome of this chapter lies
in predicting 1) an optimum layer combination/structure of metal/semiconductor
hybrid structure and 2) appropriate experimental configuration/conditions for an
unambiguous realization of ISHE. On the basis of numerical simulations, it is
clearly understood that a metal/semiconductor hybrid structure is a good choice for
an unambiguous realization of ISHE. It is also found that Au as a metallic layer is
an excellent choice due to its high spin Hall conductivity. Similarly, InP is
considered to be one of the most suitable semiconductor materials because of its
small spin orbit coupling. Furthermore, an optimum thickness (~20 nm) of the
metallic layer is found to essential for maximizing the ISHE signal in Au/InP hybrid
structure. Similarly, the angle of incidence of the impinging light is essential to be
around 60°. It is also desired that the energy of the excitation source shall be
carefully chosen for ensuring an efficient generation of spin polarized electrons in
the conduction band. In case of InP semiconductor, the energy of the excitation
source shall lie in the range of 1.75 to 2.1 eV. Importance of the theoretical
predictions made in this chapter are successfully verified through meticulous

experiments as described in the subsequent chapters of this thesis.
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Chapter 3

Sample fabrication and
Experimental set up

3.1 Introduction

This chapter describes the various sample fabrication techniques and experimental
set up that are used in this work. All the samples used in this work are grown by
MOVPE. Therefore, this chapter starts with an introduction of the MOVPE growth
process. It 1s followed by the necessary growth details of all the samples which are
studied during the course of this thesis. Thereafter, various device fabrication and
characterization methods are explained. Since considerable effort and time has gone
into establishing the experiment involving polarization modulation, special
attention i1s given to the calibration of Photo Elastic Modulator (PEM) for its
optimum performance. Muller matrix approach has been used, whose details are
given in appendix-B. Detection of a low level signal which is free from all possible
noise 1s a considerable challenge. Therefore a separate section is devoted to the
identification and minimization of noises which are inherently present in the

experimental setup. Subsequently, the experimental configurations that are used
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for the measurement of ISHE and polarization resolved Photoluminescence in bulk

and quantum well samples are discussed.

3.2 Sample fabrication

3.2.1 Metal-Organic Vapor Phase Epitaxy (MOVPE)

Metal-Organic Vapour Phase Epitaxy (MOVPE) is an epitaxial crystal growth
technique used for growing high quality single crystalline thin films of a variety of
semiconductor materials on different substrates. It has emerged as one of the most
appropriate epitaxial crystal growth technique for producing high quality opto-
electronic devices, thus making it suitable for industrial applications. In general, an
epitaxial layer is formed from the precursor compounds that include metal organics
in the vapour phase and may also include hydrides in form of gases. The precursors
are transported into the reactor, made up of quartz, with the help of a carrier gas
(generally hydrogen). The precursors arrive at the surface of a hot substrate kept on
the high purity Graphite susceptor inside the quartz reactor. Heated surface of the
susceptor provides a catalytic effect on the pyrolysis of precursors which are
subsequently adsorbed on the surface of the substrate/growing layer. All the
samples used in this work are grown by MOVPE using Aixtron (AIX-21) machine.
Precursors are ultra-high purity Trimethyl Gallium (TMGa), TrimethylAluminium
(TMALI), Arsine and Phosphine [105]. The photograph of the MOVPE machine is
shown in figure 3.1 and the details of the samples along with their important

growth parameters are given in table 3.1.
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Table 3.1 MOVPE growth details of the structures used

Sample Material Ta V/II Growth | Thickness | n (cm3)@ Substrate
No (°C) rate (A/s) (nm) 77K (orientation)
I. GaAs thin film
S1o4012) | n-GaAs 770 | 86.4 4.8 2000 3.2x 1018 | SI-GaAs (001)
S2(04057) | p-GaAs 770 | 82.58 4.2 720 2.8 x 1019 | SI-GaAs (001)
II. InP thin film
S3(12027) | n-InP | 650 | 278 3 400 3.6 x 1017 | n-InP (001)
III. GaAs/AlGaAs QW
S4(04002) | Alo3sGaoezAs | 730 | 198.81 3.3 600 n-GaAs (001)
GaAs 730 | 324.29 2.6 15.2
Alos3sGaos2As | 730 | 198.81 3.3 600
S5(04011) | Alo3sGaoezAs | 730 | 69.2 4.4 265 n-GaAs (001)
GaAs 730 118.9 2.6 3.5
Alo3sGaoe2As | 730 | 69.2 4.4 265
S6(04016) | Alo3sGaoezAs | 730 | 67.5 4.3 260 SI-GaAs (001)
GaAs 730 118.9 2.8 4.5
Alo3sGaos2As | 730 | 67.5 4.3 260
IV. GaAsP/AlGaAs QW
S704031) | Alo3sGaoezAs | 770 | 129.6 5.6 100 n-GaAs (001)
GaAsosrPo1z | 770 | 357.7 3 8.7
Alo3sGaos2As | 770 129.6 5.6 100
V. InGaAs/GaAs QW
S809023) | GaAs 510 | 110.2 1.25 100 n-GaAs (001)
InGaAs 510 | 150.2 3 9.1
GaAs 510 110.2 2.5 30
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Figure 3.1 Photograph of MOVPE machine used in this work

3.2.2 Device Fabrication

3.2.2.1 Chemical Cleaning

It is extremely important to clean the semiconductor surface to remove all the
contaminants before any kind of device fabrication steps. The substrate cleaning
procedure involves two different aspects. The first is the removal of contaminants
such as organic compounds and metal ions and the second is the removal of native
oxides [106]. The presence of organic vapors even in the air in clean room, direct
contact of greasy substance (including fingers) can cause the surface of
semiconductor pick up those organic molecules and become contaminated.
Generally, organic cleaning procedure is followed to remove spurious organic
contaminants. One such method, which is used here is degreasing and consists of

the following steps.
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e Boiling in Tri-Chloro Ethane (TCE) for 10 minutes.

e Boiling in Acetone for 10 minutes.

e Soaking in Methanol for 10 minutes.

¢ Rinsing in de-ionized (DI) water to remove metallic ions.

e Drying of the substrate in pure Nitrogen.

Similarly, all the III-V semiconductors are readily oxidized by atmospheric
Oxygen. Therefore generally, a thin layer of native oxide, of the order of 1-2 nm
exists after long time exposure. Immersion in either acidic or basic dilute solution
will dissolve these native oxides. For our purpose, 10 second dip in Dilute HCI (1:10

H20) is performed for oxide removal.
3.2.2.2  Photolithography

In this work, UV photolithography is preformed, which uses UV light to transfer the
pattern of photo mask to UV sensitive photoresist coated on the substrate. By
absorbing the UV light, the exposed area of positive photoresist undergoes chemical
changes, increasing its dissolution in developer solutions. Suitable developer is then
used to develop the photoresist to get the desired pattern on the sample [107]. For

the fabrication of Hall bar structures, following steps are adopted.

e Shipley S1813 positive photoresist (PPR) is spin coated over the sample
containing conducting epitaxial layer over a semi insulating substrate. The
thickness of PPR is suitably chosen depending on the thickness of the material

that is to be etched. For thick layers (~4-5 pm), multiple coatings are required.
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e PPR film is allowed to dry up in air and then soft baked at 959 C for 1 min.

e Using a suitable photo-mask, the PPR is exposed to UV light (365 nm) for 10.5
seconds and then developed using MFCD-26 developer for 1 minute. This makes
the Hall bar structure over the sample, where the entire structure is covered
with PPR.

e The uncovered part is than chemically etched by using H3PO4/Cu3On/Hzo2
sojugion of the ratio 3:6:1 kept at 350 C. The etch rate is measured to be around
40 nm/s. The etch time is decided by keeping in mind the complete removal of

conducting layer from the regions outside the Hall bar.

Figure 3.2 Actual photograph of the mask aligner and spin coating system

3.2.2.3 Metallization

Metallization is an important step in the device fabrication process. In this work,
two types of metallization process are used; thermal and e-beam evaporation

[108,109]. In a thermal evaporation system, a resistive heater like metallic
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filament or boat is used to melt the material and to raise its vapour pressure up to a
useful range. On the other hand, in e-beam evaporation, electron beam of control
energy is focused on the material by magnetic field, which subsequently evaporates
the material. In both the cases, a high vacuum is required to make the vapour
pressure larger than ambient pressure inside the vacuum chamber. It allows the
metallic molecules to reach the sample/substrate without being scattered by other
gas phase atoms/molecules which might be present in the vacuum chamber. It is
generally observed that the quality of layer in terms of density and purity is better
for the e-beam evaporation process when compared with thermal evaporation.
Further, it 1s found that the e-beam system offer better repeatability and control
over layer thickness compared to the thermal evaporation system. Therefore, during
the course of this work, whenever very thin film (~few nm) of metal is required and
quality of materials is of concern, e-beam evaporation i1s used. For general purpose
contact formations, where 100s of nm of multilayer is needed, thermal evaporation
is used. The photograph of thermal and e-beam evaporation system that are used in

this work is shown in figure 3.3.
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Figure 3.3 Photograph of the thermal and e-beam evaporation system that are used
in this work

For the measurement of ISHE, Hall bar structure is fabricated using suitable
mask shown in figure 3.4 (a). Thereafter, Au-Ge/Ni/Au multilayer is deposited over

it using shadow mask technique, and is shown in figure 3.4 (b).

(a) (b)

sample

substrate Au-Ge/

Ni/Au-pad

Figure 3.4 Schematic of the Hall bar structure used to measure ISHE. (a) After
photolithography and chemical etching and (b) after metallization of contact pads
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3.2.3 Electrical characterization

All the electrical measurements like the Current-Voltage (I-V) measurement and
Hall measurements are performed with the help of Keithely 236 Source Measure
Unit. An indigenously developed closed-cycle cryostat refrigerator (CCR) operating
in the range from 40 to 330 K and a Cryocon make temperature controller (model:
32B) is used to control the sample temperature precisely. This arrangement was put
in between two pole pieces of an electromagnet, which can provide dc electromagnet
field up to 1.5 T. The sample holder has options to hold the sample either in parallel
or perpendicular to the direction of magnetic field. For I-V measurements, the
sample is mounted on gold coated thin sapphire plate from which back contact is
made. For the front contact a thin gold rounded tip of 0.1 mm diameter is used. This
rod can move up or down through a Teflon spacer by applying contact pressure in
cantilever mode. For Hall measurements, the sample is mounted on thin bare
sapphire plate, fixed with GE-Varnish, which efficiently transfers the heat to the
cold head of CCR. Indium was used to solder the contacts to the sample. All the
front and back contacts are taken out from the cryostat and connected to Triac
connecters. These Triac connecters are then connected to the current voltage source
meter, which can measure current in the range of £10 fA to £100 mA and voltage in
the range of £100 1V to £110 V. Al the measurement systems are interfaced to a PC
through IEEE GPIB cards. An actual photograph and a schematic diagram of the

setup 1s shown below.
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Figure 3.5 (a) Real Photograph and (b) schematic of the experimental set up for
electronic transport measurements. Here (1) represents the cryo-cooler (2) Magnet
pole pieces (3) Gauss meter (4) Sample heater (5) Temperature sensor and (6)

sample holder
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3.3 Calibration of photo-elastic modulator

The Photo-elastic modulator (PEM) is a device that uses the photo-elastic effect 1i.e.
the stress induced birefringence for its operation [110, 111]. PEM produces
sinusoidal phase retardation between the orthogonal components of light passing

through it, which is given by

S5(t) = 8, + S, sin(at) (3.1)
Here 60 1s the peak retardation, which can be controlled externally by suitable bias
voltage and o 1s the operating frequency, which is generally fixed for a particular
device. 6s is the residual static birefringence, which is very small and generally
neglected. This highly precise and repetitive sinusoidal time variation of phase
difference modulates the polarization state of a light beam accordingly. Because of
its resonant operation, high sensitivity, wide spectral range, wide acceptance angle
and high precision phase modulation, the PEM has been used in a variety of
physical measurements, both in polarizer and analyzer geometry [112,113]. In an
experimental set up, PEM generally succeeds or precedes a linear polarizer, which
is rotated by an angle 45° with respect to the optic axis of PEM. Under this
condition, the degree of circular polarization of light passing through it is given by

[111]

sin(5(t)) = sin(50 sin(a)t)) = Zi Jon 1 (50 )cos((Zn - 1)a)t) (3.2)

n=1
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Generally, the properties of a real PEM device deviate from an ideal PEM,
and there could be some variations in the operating characteristics of PEM module
which are mainly vendor driven. Therefore, proper calibration of a PEM module is
essential for a complicated experiment like ISHE. Usually, four different types of
calibrations are needed. These are the calibration with respect to 1) orientation
angle, 2) operating frequency, 3) retardation magnitude and 4) the laser beam spot
on PEM element. Calibration procedure of PEM against these parameters is

described below.

3.3.1 Calibration with respect to the angle of orientation

It is realized that the optic axis of PEM is not always parallel to the PEM edge.
Such a mis-orientation might affect the experiments. Furthermore, it is always
necessary to ensure that the vertical axis set by all the optical elements in a given
experimental set up coincides. Therefore, it is essential to determine the exact
optical axis in a given set up. For this, the optical elements are arranged as shown

in figure 3.6.

Figure 3.6 Schematic of the experimental set up for the calibration of PEM module
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Here LP1 and LP2 are the two linear polarizers. Following steps are implemented

for the PEM calibration,

1. The LP1 and LP2 are set at approximately 45° and -45° degree to the PEM axis.
Normal incidence at each of the optical elements is ensured and the second
harmonic signal (I20) is recorded in the lock in.

ii. The LP1 is turned until Iz, is minimum (zero). It has to be done with an un-
polarized source; otherwise the intensity will be affected by the orientation of
LP1. In this case, LP1 is parallel to the PEM axis. The Muller calculus for this

type of arrangement is

Sf = MLPz (45>MPEM (O)MLPI (O)Si

101 0)10 0 0 Y1 10 0)(1 1
1000001 o0 o |1 10 0[]0 1]0
“401 01 0//0 0 coss sins|0 0 0 00| 4|1
000 0/l0 0 —sing coss)0 0 0 0)10 0

Here, M’s are the corresponding Muller matrix of optical elements, the numerics
in the brackets are the orientation angle of the respective optical elements in
degree. S; and Sf are the Stokes vector of incoming and outgoing light beam
respectively. The photodiode reads only the first component of the Stokes vector
(S©®), where only dc part is recorded. It can be noted that, any non-parallel
component in Mrp: leads to 20 component. The outcome of such an exercise is

shown in figure 3. 7.
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Figure 3.7 Calibration with respect to the orientation angle

i1, It is found that Is» is minimum, when 0~ 45° as shown in figure 3.7. It means
that the vertical axis set by LP1 and PEM are perfectly aligned within the
error bars. Had there been some misalignment, the measured curve would
have looked like the dotted line shown in figure 3.7. In that case, the LP1
would have to be rotated suitably to reach the minimum signal. Once that is
done, LP1 is then rotated by exactly 45 ° from its current position.
iv. Next the PEM is turn off and LP2 is rotated, until the dc signal is minimized,
which ensures that the polarizers are crossed. LP1 and LP2 are now exactly 45°
and -45 °© to the PEM respectively. Alignment is not disturbed throughout the

experiment.
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3.3.2  Calibration of operating frequency

To know the exact operating frequency, the aforementioned calibration experiment

by keeping LP1 and LP2 at +45° and +45° orientation is repeated. In this case, the
Muller matrices can be expanded as

1-cos(5(t))
1 0
4]-1+ cos(5(t))
0

S, =M,,,(45)M ., (0)M,,,(-45)S, =

- LP2

Therefore, the intensity recorded by the detector is given by

1 =i[1 cos(d, +d,sinwr)] = i[l+(cos§s)cos(éosina)t)-(smés)sin(éosincot)]

= i[1+ cos(JS)JO(JO)] Ly
- i [2 sin(6g)J, (5, ) sin(wt)] L, (3-3)
+ i[Z cos(§S)J2 (éo)sin(2a>t)] Ly,

Here, J, are the Bessel function of n’th order. Therefore, the /20 1s expected to be very large
compared to /1o because of small value of §s. Further care is taken to set 6o far away
from O or 5.13. This makes J2(60) reasonably large. Practice is followed to keep
00=0.25 A. This also keeps the 4th harmonic signal at low value, because of small
value of J1(0.25). The waveform in the oscilloscope is read and the exact frequency

is measured to be 99.7 kHz where a typical waveform is shown in the oscilloscope
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trace given in figure 3.8. The operating frequency of the PEM is half of this

frequency 1.e. 49.85 kHz.

Autoset

Figure 3.8 Oscilloscope trace of the experiment shown in figure 3.6

3.3.3 Calibration of retardation magnitude

Depending upon the experimental conditions, like the laser spot on the optical
elements of PEM, beam diameter, and the incidence angle, the actual retardation
magnitude (0g) may differ from the set value (dsr). Therefore, it needs a systematic
calibration against all these factors. There are many methods to calibrate the
retardation magnitude. One of them is through the fitting of Bessel functions [114].
As explained in section 3.2.2, the /1, signal is measurable only when non-zero static

birefringence 6, is present. In our case no measurable value of I, was obtained.

Therefore, a quarter wave plate at a very small angle (<5°) with respect to the linear
polarizer is placed before the PEM. The modified set up is shown in figure 3.9. This

ensured measurable value of both /1o and I2». Laser of wavelength 532 nm with
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beam diameter of ~100 pm is used and normal incidence at each of the optical
elements is ensured. It also ensures that the laser beam passes through the centre
of PEM element. The values of s, 1o and Iz, for different values of retardation

(Oset) are plotted in figure 3.10.

Source

Figure 3.9 Schematic experimental set up for calibrating the retardation magnitude

A=532 nm
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Figure 3.10 Results of retardation calibration

These terms are fitted with equation y=a:+ azn (asbsetas), n=0, 1,2
respectively, to find out the presence of any offset. The parameters a3 and a+ relate

the actual retardation to the set retardation through the relation of 60= as36settaq.
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The dc term is rigid shifted for clear visibility. Table 3.2 shows the fitted

parameters, where the offsets as >98.8%, as < 2 % are obtained.

Table 3.2 Fitting parameter to calibrate the PEM

Harmonics de 1o 20
Parameters
al 0.003 9E-6 6E-6
a2 0.0035 0.001 0.001
a3 0.989 0.988 0.985
a4 0.02 0.023 9.8E-4

3.3.4 Calibration with respect to laser beam spot on PEM
element

It is realized that the calibration factors also depend on the position of laser beam
spot on the optical element of PEM. According to the manufacturer, the modulation
varies sinusoidally throughout the crystal as it moves away from the center [115].
This was tested, and proved to be correct. For this, the experiment is setup as
shown in figure 3.6 and PEM is mounted on a manual X/Y translation stage. The
beam 1s gradually scanned along the length and breadth of the optical elements. A
black cardboard mask with a small orifice in the exact center is used to identify the
center of PEM. By doing the analysis, as in section 3.3.3, the calibration parameters
are obtained at each beam position. The parameter as does not show any pattern,
however as shows well defined sinusoidal pattern, particularly along the length.
However, along the breadth, even a3 remains almost constant. The obtained

parameters are plotted in figure 3.11 as a function of distance from the center. The
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data points at each position correspond to the value determined from the fitting of

different harmonics.
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Figure 3.11 The calibration parameter as (explained in text) at different
position of PEM

Due to such variation, beam is always passed through the center of PEM.
However, while dealing with light sources other than the laser, it is not always
possible to focus the beam exactly at the center. Furthermore, the finite size of the
beam also requires a correction factor. This takes into account the retardation,
which is averaged over the beam diameter (w). Such a correction factor (Cs) can be

calculated as follows,
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/2

j I(x)a, (x)dx

C :—w/2

o /2

I[ (o )elx

-0/2

profile.

1.00

Where, I is the intensity at x, which depends on the beam profile. Since along the
breadth, as is almost constant, average can be taken along the length only. Figure

3.12 depicts Cs for various beam diameters assuming uniform and Gaussian beam
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3.4 Background signals and their minimization
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Figure 3.12 Correction factor because of variation in retardation value along the
length and breadth of PEM

There are various background signals in a PEM based experimental set up, which
can affect the experiment in a substantial way. Therefore, it is very important to
identify them and minimize them as far as possible. Some of them are PEM

electronic interference, modulated interference, residual birefringence and non-
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normal incidence [116]. The first point is to record Ii» and I2» in the experimental
set up shown in figure 3.6. The presence of I;» indicates the presence of non-

1dealities in the set up.

3.4.1 PEM electronic interference

The very high electric field involved with the PEM generally couples with the
measurement circuit and forms a background. In a typical experimental setup, the
electric field radiated by PEM couples with the surface of optics table, which
subsequently radiates at the same frequency and a current flows in the external
circuit [116, 117]. To measure the PEM interference, the laser is switched off and
the dark response of detector is measured by changing the retardation setting of the
PEM. In general, the dark response (if any) increases linearly with retardation. It
also depends on the quality of shielding around the detector. Therefore, it is
different for different detectors. Hence it is important to measure this factor each
time the measurement is performed. It was realized that their effect can be
minimized by isolating the PEM completely from the table by placing it on wooden
blocks and using insulated screws. The following figure shows the signal generated
across a sample GaAs and across well shielded PMT (Make: Sciencetech, Model:
PMT 01) & Si detector (Make: Hinds, Model: Det100) because of the PEM
interference. It can be noted that this background signal reduces drastically after
using proper insulation. After this measurement is done, the PEM and detector are

not moved.
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Figure 3.13 Background signal before (filled) and after (open) PEM isolation for
n+GaAs sample (square), Commercial Si detector (circle) and PMT (triangle)

3.4.2 Modulated interference

The multiple reflection of laser light at the PEM surfaces causes the intensity to
oscillate at the same frequency as the polarization. It is called modulated
interference, which can affect the measurement in a significant way. To isolate the
contribution of modulated interference, the laser light is passed through PEM,
without any optical elements in between, and I, and I2, signals as a function o are
measured. If the modulated interference is present, they should follow J7 (60) and J2
(60) respectively. Sometimes, the presence of small misalignment or the frequency
response of detectors causes the signal to deviate from this trend. However, it is

important to measure these and all further signals have to be normalized to such an
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intensity variation. It is measured that, for normal incidence at 532 nm, the
intensity modulation (AI) because of modulated interference is given by
AL 9107 (3.5)
I
Its effect is further minimized by slightly rotating the PEM about the vertical

axis (~ 59). On the other hand, by using the method explained in section 3.3.3, it is

estimated that, the effect of such rotation on 6¢1s below1%.

3.4.3 Residual birefringence

Residual stress in optical transparent materials often manifests itself as a
polarization-dependent optical property, such as linear birefringence. Many factors
contribute to birefringence in optical materials. For example, applied external
pressure (from mounting hardware etc.); manufacturing processes (grinding,
cutting, heating, bending etc.); handling and impact damage (chips, cracks,
scratches). Since in PEM, there is induced birefringence, this residual birefringence
1s called static birefringence (ds). Presence of 6s makes linearly polarized light to be
elliptically polarized unintentionally. Hence, it should be minimized under all

circumstances.

To measure Og, I1, and Iz, readings are recorded as a function of §oin a set up
explained in figure 3.6 from which, the background measured in (3.4.1) and (3.4.2)

are carefully subtracted. From equation (3.3) the ratio of I1o and 2 1s given by
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tan(5g ) = [I_wj J5(5)

IZw Jl (50)

(3.6)

Ideally, it should be independent of 6o. Therefore 6o is selected, such that the

values of Ji1 and J2 are non-zero. 60 =0.4186 is a very good choice, where

J1(60)=J2(60). The measured 6s of the PEM are plotted in figure 3.14, which is

measured to be very small and is not expected to affect the experiments in our case.

5, (x 107)

'q.‘
Filters (x0.1)

Window

Lens

PEM

500 600 700 800

A (nm)

Figure 3.14 Measured static birefringence of different optical elements at different

probe wavelengths
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The other optical elements used in the complete set up like the window of
cryostat, lenses, ND filter and laser filters are also tested for their residual
birefringence and are plotted in figure 3.14. Because of higher 6s, the laser filters
are never used in the polarization optics line and are used either before the

polarizer or after the analyzer.

3.5 ISHE measurement set up

3.5.1 Optical alignment

For the ISHE measurements, the samples are fabricated as discussed in section 3.2.
Laser beam of suitable wavelength is modulated twice, once polarization modulated
by using PEM and then intensity modulated by using a mechanical chopper. It is
shown in figure 3.15 (a).Here ND, LP, PEM, C, S and L represents Neutral Density
filter, linear polarizer, photo elastic modulator, chopper, sample and lens
respectively. As explained in the previous section, ND filter is used before the linear
polarizer to avoid static birefringence introduced by it. The sample is mounted on
the cold finger of a closed cycle cryostat having an optical access. The entire optical
elements are mounted on a special rotation stage to allow angle dependent
measurements without disturbing their relative orientations. The signal across the
sample 1s measured either in terms of voltage or current. In this set up, it is
observed that current measurement is less susceptible to external noise than the

voltage measurement. Therefore, ISHE current across the sample is measured.
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Figure 3.15 (a) Schematic and (b) photograph of experimental set up for ISHE
measurements

In this work, Glan-Taylor polarizer with extinction coefficient 10-5 (Thorlabs,
model: GT15), quarter wave plate working in the range of 700 nm to 1200 nm
(Thorlabs, model: AQWP10M-980) and Photo-elastic modulator operating at 50 kHz
with frequency stability better than 25 ppm (Hinds Instruments, model: I/FS50),
have been used. Three different lasers have been used in this work. These are the
Diode pumped solid state laser emitting at 532 nm (Oxius, model: 532L.-150-Col-PP-
LAS-01670), Diode laser emitting at 804 nm (Sanghai dreams, model: SDL-808-LM-
200T) and another diode laser emitting at 640 nm (Sanghai dreams, model: SDL-
650-LM-050L). The signals were detected using a Lock-in amplifier (NF corporation,

Model: LI5640). The temperature of the lab has been controlled at 20°C.
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The presence of mechanical chopper has a special purpose in this set up. It is
used to align the laser beam exactly at the center of the sample. By using the
convex lens, the position of the light beam is scanned along the length of the sample
and current is measured across it. The minimum of such current indicates that the
contacts are now at equipotential line, and the light beam is exactly at the center. It
also minimizes the effect of modulated interference on the measurement. Whenever,
modulated interference is suspected, the laser intensity is reduced by a factor given
by equation 3.5 and signal across the sample, synchronized to the chopper
frequency is measured. If this signal is larger than or comparable to the ISHE
signal measured, then realignment is done to minimize the effect of modulated

interference.

3.5.2 Response of the measurement circuit

The sample i1s mounted on the cold finger of the cryostat. Thin cupper wire of
thickness ~0.1 mm and length ~ 25 cm are used to connect the contacts 1 and 3 of
the sample with the outer circuit. Outside the cryostat, the signal is carried by co-
axial cables of impedance 1.2 Q and capacitance 2.3 pF, which are nearly
independent of frequency in the measured range. Since all the measurements are
done at 50 kHz, it is important to measure the frequency response of the
measurement circuit at least up to that limit. It is recorded by using the internal
function generator of the Lock-in amplifier, which generates a signal of magnitude 1
mV and frequency ranging from 200 Hz to 101 kHz. Figure 3.16 is the obtained

response function, Mi(f) of the measuring circuit to this signal obtained by dividing
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the measured voltage by applied voltage. This can be suitably fitted with the
frequency dependence Mi(f)=Mo/N(1+(f/f.)?), with f. = 76.45 kHz. At 50 kHz, the
measured voltage i1s 15 % less than the applied voltage. Further, the second
harmonic of the signal Mz(f) is also measured to ensure the absence of leakage of
the signal to higher harmonics and are also shown in figure 3.16. The negligible

magnitude of Mz(f) confirms the absence of artifacts in the measurement circuit.
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Figure 3.16 M; (f) and Mx(f) as a function of signal frequency. M; (f) is also
fitted with appropriate relation to find out the cut off frequency (see text).

Furthermore, the linearity of the measurement circuit for small signal
detection is checked, by using the same internal function generator to apply voltage
across a known resistor (8.5 MQ at 50 kHz) and then measuring the current flow in
the circuit. Figure 3.17 is the plot showing the linear relation between the measured
current and applied current. The difference between them is the result of the

response function Mi(f).
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Figure 3.17 Relation between measured current and applied current. Linear
relation confirms the suitability of the measurement.

3.6 Polarization resolved Photoluminescence set
up

For the polarization resolved Photoluminescence measurements, an additional arm

consisting of a quarter wave plate (QWP), an analyzer (LP2) and a laser filter (F) is

added to figure 3.15. It is shown in figure 3.18 (a) and is used to analyze the degree

of circular polarization of the photoluminescence excited by a circularly polarized

light. The excitation arm is identical to figure 3.15 and both the experiments are

conducted at same point on the sample in order to have one-to-one correlation.
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Figure 3.18 Alternate experimental set ups for polarization resolved PL
measurement. In (a) PEM is used in the excitation arm, where as in (b) PEM 1is used
in the collection arm
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The experiments can also be conducted in an alternate set up as shown in

figure 3.18 (b), where PEM 1is used in the collection arm instead of the excitation

arm. Both the experiments have their respective advantages and disadvantages.

3.6.1 Comparison between two alternate experimental set ups

11.

111.

1v.

In set up (a), laser can be conveniently passed through the center of PEM,
however in set up (b), because of finite size of beam, a correction factor is
needed as explained in section 3.3.4.

In set up (a), modulation at high frequency (here 50 kHz) minimizes the
interaction between electron spin and lattice, allowing only the electronic
phenomena to be studied, however in set up (b), small but finite hyperfine
interaction has to be taken into account.

Set up (a) is susceptible to modulated interference, particularly when the
degree of polarization is week. This hinders the measurement of exact degree
of polarization. This is not the case in set up (b), because the PL emitted is an
incoherent beam and thus interference does not happen.

The retardation of quarter wave plate depends on the light wavelength,
which can vary depending on the sample and the temperature. Therefore in
set up (a) calibration at every wavelength is separately needed. However, in
set up (b), the operating wavelength of PEM can be suitably chosen

externally, reducing the need of separate calibration.
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Ideally, both the arrangements should give similar results and any of the set
ups can be chosen depending on the convenience, keeping the above conditions in
mind. In most of the experiments which are done during the course of this thesis,

set up (b) is used. A photograph of the actual setup is shown in figure 3.19.

Figure 3.19 Photograph of the experimental set up to measure the polarization
resolved photoluminescence

3.6.2 Principle of Polarization analysis

Since the samples that are considered here are non-birefringent, it does not

introduce additional polarization in the incident light. The only effect sample will
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have on it is to partially depolarize the light. Under this condition, the Stokes vector

of the incident and emitted light are given by

1
0
S, = and S, = 0
0 0
sin(2'¥) p, sin(2¥)

Where, p, is the degree of circular polarization of the emitted light and ‘¥ is the orientation angle

between the fast axis of QWP and LP1. The whole purpose of the experiment is to

measure spectrally resolved p,. When this light pass through analyzer assembly consisting of

PEM and LP2, the stokes vector will be

1+ p, sin(2'¥)sin(5)
0

1- p, sin(2'¥)sin(5)
0

S, =

Hence the detector reads (1+ p, sin (2W) sin (§)). From equation 3.2, the first
harmonic component, as read by the Lock in amplifier is [p, sin (2W) J1 (o)].

However, as this relation is derived from the normalized stokes vector, it has to be
normalized with respect to the total intensity of the luminescence, which is
measured by synchronizing the lock in amplifier to the frequency of mechanical
chopper. Therefore, following steps are adopted to measure the polarization of

photoluminescence
1. The luminescence signal corresponding to the first harmonic of the
chopper (Ic) and PEM (Ip) for a fixed & and 6o are Measured. I. gives the

value of I++I, where I+ (1) is the intensity of emitted beam, which are co-
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11.

111.

1v.

V1.

(counter) polarized to the incident beam. Similarly, Ir gives the value of
I+ .

Ratio between them is taken which gives [p, sin (2%) J1 (60)].

The same experiment is repeated for different W and the result is fitted
with sin (2%) dependence. This step cancels out all the unwanted
contributions from PEM background or modulated interference. Usually, a
single o 1s sufficient, which is generally taken to be /2.

Usually, a calibration factor (C) is needed to take care of the misalignment
of optics, if any and frequency response of the system. This is determined
by passing circularly polarized light through the analyzing arm and
taking the ratio of I. and Ip. In the current experimental set up, it came
out to be around 7.5 at 808 nm.

Ip

p,1s thus determined from the relation p, sin(QW)=C 2

All the experiments are conducted with Hinds make Photo-elastic
modulators (PEM-100) and Sciencetech photomultiplier tube (PMT-01,

PMH-02).
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Chapter 4

Observation of ISHE in Au/InP hybrid

structure

4.1 Introduction

As explained earlier in chapter 2 that the magnitude of Eisur increases significantly
by coating a thin film of high Z metals over III-V semiconductors because of the
large value of spin Hall conductivity in those metals. Though GaAs has been
explored for creating spin-polarized carriers, yet the other semiconductors can also
be used. Recently a similar experiment was conducted in Pt/Ge hybrid structure.
From the principle of operation of these structures, it is expected that a larger
signal can be obtained if more photo-generated electrons reach the top metallic
layer, without losing their spin information. Based on the numerical simulations, it
is already predicted in chapter 2 that InP based hybrid structure offer highest
possible values of Eisgr, owing to its smallest spin orbit coupling among the
conventional Arsenide/Phosphide semiconductors. A low value of spin orbit coupling
in n-type InP leads to the longest spin relaxation time among various III-V

semiconductors [118]. Moreover, the optical quality of InP epitaxial layers is

100



expected to be far better than Ge wafers. A low value of defect density is extremely
helpful in minimizing the number of scattering centers which leads to long spin
relaxation time. Similarly, as explained in chapter 2, Au metal offers the most
suitable combination when grow on InP for observing the ISHE. In this chapter, the
predictions made in chapter 2 are tested by performing ISHE measurements on
Au/InP hybrid structures. Furthermore, a fundamental physical understanding of
various scattering mechanisms which govern the magnitude of ISHE at various

temperatures is also explored.

4.2 Sample Preparation

A semiconductor sample is picked, which consists of 500 nm thick lightly doped InP
epilayer grown on (001) oriented semi-insulating (SI) InP substrate by MOVPE
technique. The growth details of this sample are given in Table 3.1 in Chapter 3.
The sample shows a room temperature electron concentration and mobility of n=3.6
x 1017 cm~3 and ¢ =2553 cm?2 V-1 s71, respectively. At 77 K, corresponding values are
n=5.2 x 1016 cm=3and x =16400 cm? V-1 s71. A thin (20 nm) Au metallic layer is
deposited by e-beam evaporation on square (3 X 3 mm?2) InP sample after suitable
organic cleaning of the surface. The purity of Au source material used 1s 99.999 %
and deposition was done at a rate of 1-2 A/s. Finally, two 100-nm-thick Au-pads
were evaporated by thermal evaporation at the two edges of Au thin layer which
were used to measure the ISHE. The schematic of the sample geometry used here is

presented in figure 4.1.
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Figure 4.1 Schematic of the Au/InP hybrid structure, used to measure ISHE

The As deposited Au layer is characterized by its electrical resistivity and
barrier height with InP. To measure the resistivity (p) of Au metallic layer,
identical thin film of Au is deposited on SI InP during the same run as the device
fabrication. p is measured by Van-der-Pauw geometry by passing a current of 1 mA
in a temperature range of 45 to 300 K. The value of p varies from 347 nQ cm at 300

K to 273.2 nQ cm at 45 K as shown in figure 4.2 (a).

It can be compared with the standard value of bulk Au, which is 2.4 pQ cm at
300 K [119]. Such a large value of resistivity is usually observed in evaporated thin
films because of several effects including surface scattering and grain boundary
scattering [120]. For film thickness below the electron mean free path (~37 nm at
300 K), the resistivity increase is further explained by taking the reduced Debye

temperature into account [121].
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Figure 4.2 (a) Resistivity of Au film (20 nm) deposited on SI InP plotted as a
function of temperature. Inset shows the Van-der Pauw geometry. (b) Temperature
dependent barrier height at the Au/InP interface plotted as a function of
temperature. Inset shows the schematic of the layer structure.

To characterize the AuwInP junction, identical film of Au is deposited as
circular dots of diameter 0.8 mm. Prior to this, Indium contacts are annealed at
350°C to make the Ohmic contact. The approximate separation between the Ohmic
and Schottky contact is kept 2 mm. Current-Voltage (I-V) measurements are done
in a temperature range of 45 to 300 K to estimate the Schottky barrier height and
ideality factor. In thermionic emission model, the forward Current-Voltage relation is
given by I = Ip [exp (eV/nkT)], where V is the applied forward bias, r is the ideality
factor, e is the electronic charge and %k is the Boltzmann constant [122]. Ip is the
saturation current given by I»=AA* T° exp (-e®v/kT), where @pis the Schottky
barrier height, A is the area of the diode (=5.02 X 10-3 cm-2) and A* is the effective

Richardson constant (= 9.4 A cm2 K-2).Thus, the barrier height is expressed as @y=
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(RT/e)In(AA*T?/1p). The estimated barrier height varies from 0.55 to 0.65 eV over
the temperature range of 45 to 300 K, and is shown in figure 4.2 (b).It has been
shown that interface inhomogeneities lead to a large temperature dependence of
Schottky barrier height [123]. Since in this case, the variation in Schottky barrier
height 1s within 100 meV, this rules out any significant spatial inhomogeneity at

the interface.

Further, the resistance (R) between two Au pads is measured as a function of
temperature from I-V measurements. As shown in figure 4.3, I-V relation is
observed to be linear in the whole temperature range where R varies from 79.2 Q at

45 K to 99.5 Q at 300 K. It follows the same trend as the resistivity of Au layer.
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Figure 4.3 Resistance of the device used to measure ISHE at temperatures in the
range of 45 to 300 K. Inset shows the experimental configuration.
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4.3 ISHE measurements

As explained in chapter 2, circularly polarized light creates spin polarized electron
hole pairs in their respective bands. Holes lose their spin information very quickly,
whereas electrons can retain it for a longer time scale. These spin polarized
electrons can produce a spin current in the Au layer which gives rise to ISHE
signal. The schematic of the physical mechanism and experimental set up is shown

in the following figure.

Linear

A
7 U polarizer

A
X ﬂ 45%  PEM
- Lock-in
,+ 4 y @ <\ : > amplifier

Ref.

’ ; ’ 4 | PEM controller
y @ (b)

Figure 4.4 Schematic diagrams illustrating (a) mechanism and measurement
geometry of the photo-induced inverse spin Hall effect and (b) schematic of
experimental setup of the ISHE measurements. /s, 0s, CPL, and PEM stand for the
spin current density, electron spin angular momentum, circularly polarized laser,
and photo elastic modulator, respectively.

Using the standard procedure explained in section 3.3.1, the polarizer (LP)
and PEM are oriented along +45° and 0° to the vertical. After passing the laser
beam (A = 532 nm, Epn = 2.32 eV) through the linear polarizer, and the PEM, the
beam 1is allowed to fall on the sample. The power of the laser beam (Pr) after

passing through the PEM is kept at 10 mW. The PEM is rotated around its axis by
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approximately 5 degree to avoid the residual contribution of modulated
interference. Further, since the measurement is done across the Au layer only and
the Schottky barrier is not the part of the measurement circuit, photovoltaic effect
across the junction is not expected to contribute to the measurement. Throughout
the measurement, the Y-Z plane is kept as the plane of incidence. Because of the
planner geometry, the spin current will always be along Z direction. Therefore,
Eisue will be along X-direction, as shown in the red dotted arrows in figure 4.4 (a).
In this measurement setup, it is realized that the measurement of current instead
of voltage improves the signal to noise ratio. Therefore, the ISHE signal is
measured as the current flowing in the circuit (Izszr) at the modulating frequency of
PEM (i.e. 50 kHz) by using standard lock-in amplifier technique.

It should be noted that a linearly polarized light with polarization plane
inclined 45° to the PEM axis provides equal magnitude for the parallel and
perpendicular component. Thus, when the phase shift (d) is adjusted to be /2, the
PEM works as an oscillating quarter wave plate. The degree of circular polarization
of the outgoing light (p) is given by p, = Ji(d%). Thus Iisur is measured by
continuously varying p, by controlling the phase shift externally. The time constant
is kept at 300 ms and an averaging is taken over 100 consecutive readings. It
should be noted that the Lock-in amplifier reads only the r.m.s. value, thus the peak
value is estimated by multiplying the measured current with a factor of V2. Further
as explained in section 3.5.2, to obtain Irsug, it is divided by the response function

M (50 kHz), which is equal to 0.85. Such a measurement showing the dependence
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of Itsar with p,at 300 K and 60° angle of incidence is shown in figure 4.5. Since the

angular momentum carried by the light along the direction of light propagation is

defined by p, a linear dependence of Iise on p, confirms the ISHE origin of

transverse electric current.
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Figure 4.5 Magnitude of Iisur plotted as a function of degree of circular polarization.

To ascertain the ISHE origin of the signal, further experiments are conducted as
described below,

(1) As explained in section 2.3.3, the magnitude of I;sur peaks at an incidence angle
(B0~ 60°) of circularly polarized light. Thus, Iisyr 1s measured by varying the
incidence angle and is shown in figure 4.6, which corroborates well with the
theoretically predicted behavior.

(1) No measurable ISHE signal was recorded for Ti/InP sample, even though the
junction properties are rather similar for both the metals. This is because Ti
has considerably less spin Hall conductivity than Au. It also effectively rules out

the presence of any photovoltaic contribution.
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Figure 4.6 Dependence of Isigg on the angle of incidence (filled square).
Numerically calculated values are also plotted in the same graph (solid line).

After confirming the ISHE origin of measured signal, few more experiments
are conducted by studying the temperature dependence of Iisgr in order to get more

insight of the involved physical phenomena.

4.4 Temperature dependence of Iisnr

4.4.1 Temperature dependent Measurements

Since all the physical phenomena that are involved here, like the electron transport,
electron spin relaxation and tunneling at the interface are temperature dependent,

Iisue is expected to have strong temperature dependence. Therefore temperature
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dependence of Iisgr is a source of information for exploring the underlying physical

mechanism. Figure 4.7 (a) depicts the p, dependence of Iisur at three dependent

temperatures. A linear variation is observed at every temperature as obvious from
figure 4.7 (a). Further, the peak values are plotted as a function of temperature in
figure 4.7 (b). As expected, a strong dependence is observed with the magnitude of
Iisur varying from 48 pA at 300 K to 452 pA at 45 K. Though the value of Iisnr
depends upon several factors, one can estimate the spin current density /s, injected

into the Au layer, by the following analysis.
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Figure 4.7 (a) Iisur as a function of degree of circular polarization for 100, 200

and 300 K. (b) Peak value of Irsur as a function of temperature

4.4.2 Estimation of Spin current density

As explained in section 2.2.7, the spin current density varies within the Au layer of

thickness ¢, with the distance from the interface, which is given by equation (2.19)

as
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of sinh{(¢ - z)/ L}
Js(z)=J{ sinltl(t/Ls) }

Here, Ls is spin diffusion length in Au and the direction perpendicular to the

sample surface is taken as z direction.

The average spin current density is calculated as

t

<Js>=%st(Z)dz :ﬁé/ujsmh{(r—z)/g}dz

0

0 t (t-2) —(r-2),
J I[e T A}dz
0

~ 2¢sinh[r/ L]
=35 Jg —Lse(t_%‘ —LSe_(l_%‘ t
2¢sinhlt/L | 0

—LSJ§|:2—e/LS —e/LS}
2¢sinh[t/ L]

_ e/LS +e7/L“
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—21.J°|1

2¢sinh[t/ L]
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> :[—LS j [1—cosh(z/L,)] 50 )

t sinh[¢/L] ~°

From equation, (1.19)

V(7 oA
Eypi :_(JSX Jj
o

C

Hence, the magnitude of the voltage developed across the two contacts will be

Vst ZQ<JS> (4.2)

C
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Where, d is the separation between two contacts (= 2mm), as shown in figure 4.1.
Here, the transverse electric current (Irsue) 1s measured across two contact, which

can be written as

V d
I[SHE = ;{E :S}Z—O_<JS>
C

(4.3)

R 1s the input impedance of the current measurement circuit, which is 106 Q for the

present case.

; yd (—LSJ[I—cosh(t/LS)] o

S e \ ¢ ) sinhlr/L]
_yd L,| cosh(t/L)-1 50 (4.4)
" Rog| sinh(/L) [ °

Since d and t are geometrically fixed, the observed temperature dependence of Iisue
can be because of temperature dependence of y, Ls and Js’ For Au layer, Ls has
been measured to be 63+15 nm, which is much larger than the thickness of Au-layer
used in this experiment [124]. Therefore, any change in Ls because of temperature
might not affect the magnitude of Iisur. The temperature dependence of y can be

estimated, if the temperature dependence of oy, and oc are known. As shown in

figure 4.2 (a), temperature dependence of oc is already measured.

Researchers have reported the values of og; or y for Au at several

temperatures both experimentally and theoretically [125-128]. For example,
Mihajlovic et al. [126] reported a low value of y at 4.5 and 295K for 60nm thick Au-
nanowires. On the other hand, a relatively larger value of y at room temperature for

a FePt/Au nanowire system is reported by Seki et al. [127, 128]. They also found
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that the value of y vary with the thickness of Au Hall cross. In the absence of

reliable experimental values of og; for Au thin films over the entire temperature

range, the values from the first principle calculations of Guo et al. [125] is taken as
the limiting case. Nevertheless, our case where spin polarized electrons are injected
into Au film across a Schottky barrier is different than the nanowire experiments
where surface scattering plays an important role. Thereafter, the temperature
dependence of y is estimated by taking the ratio of numerically calculated values of

ogy and the measured values of oc (inverse of p¢) in the range of 45 to 300 K and is

shown in figure 4.8 (a).
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Figure 4.8 (a) Temperature dependence of oqyand y for Au [125], (b) Estimated
value of Jg%as a function of temperature

Once, the values of t, y, d, oc and Ls are known, the spin current density (Js?)
can be calculated from the measured values of I;syr by using equation (4.4). Using ¢
= 20nm, d=2 mm, Ls~63 nm and the measured value of o at room temperature,

equation 4.4 becomes,
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B} L(A4)
JOA 2 — ISHE 4.5
M om) 2(3.96x10"") (4.5)

The measured values of Js? decrease from 97 A/cm?2 at 45 K to 4.3 A/cm? at 300 K as
shown in figure 4.8 (b). The room temperature value of Js? is similar to the value
reported by Ando et al. [73] for Pt/GaAs hybrid structure and an order of magnitude
larger than the value reported by Bottegoni et al. [80] for Pt/Ge hybrid structure. It
is understood that the magnitude of Js? depends on several parameters including
the interfacial properties, wavelength of excitation and the nature of band
structure. Hence, a quantitative estimate of Js? is though desired but is a
challenging process. Instead, the temperature dependence of Js? can be analyzed
with an aim of estimating the contribution of various scattering mechanisms over

the temperature range of 45 to 300K.

4.4.3 Correlation with spin relaxation time

The estimated <Js? is proportional to the net polarization of electrons reaching the
Au-layer, which can be estimated by taking a summation of contribution of all the

electrons generated deep inside the sample [129]. 1.e.

(4.6)

Where N(x) is the contribution of spin polarized electrons generated within x and

x+dx, o is the absorption coefficient. If 7s1s the spin relaxation time, N(x) is given by

N(x)= Noe_/" , where Ny is the total electrons generated at x, 7 is the time taken by
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the electrons to reach the interface from x and is given by t=x/v, v being the saturation

velocity of electrons in InP. Hence,

N, j exp {— x[a + lﬂdx
0 VT, Noa

JSO o« ] = 1
_ a+—
2[ exp (—ax)dx VT,
Or,
1 -1
0
J; OC[HOM} 4.7

Therefore, the estimated <Js%s intimately related to the spin relaxation time
of the electrons and the variation of Js? with temperature can be mainly attributed
to the temperature dependence of 7s. As is already explained in chapter 1, the most
dominant process of spin relaxation in bulk ITI-V n type semiconductors is DP spin
relaxation. The associated relaxation time 1is given by equation (1.14). DP
mechanism has two different regimes with different dependence on the momentum
relaxation time (7p). Regime I is the case, when the electron system is in equilibrium
and i1s described by the Fermi Dirac statistics. In this case, the mean of velocity
distribution 1s determined by 7p, whereas the standard deviation of velocity
distribution is determined solely by the temperature [30]. Under this condition 7s
becomes proportional to (zp)!. On the other hand Regime II is the case, when the
electron system 1s far from equilibrium. In this case, the mean of velocity
distribution 1is determined by the optical excitation energy and the standard

deviation of velocity distribution is determined by the momentum relaxation rate [1,
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30]. Hence, the momentum relaxation opens another channel for spin relaxation

because of the spin-orbit coupling and zs become proportional to zp.

There are many mechanism, like ionized impurity scattering (r;;), acoustic
phonon deformation potential scattering (r,, ), piezoelectric scattering (z,, ), polar

optical phonon scattering (7,,, ) and inter-valley scattering (z,, ) that contribute to 7,

Tpop
[97]. Further, since Js’ goes down with temperature, it can be said with confident
that 7s decreases with increasing temperature. Under regime I, this requires 7, to
increase with temperature. Out of all the scattering mechanism mentioned above, it
is feasible only for ionized impurity scattering, where 7p varies as 732, While
analyzing the transport of spin polarized carriers across the Schottky junctions,
researchers have assumed this dependence [129]. Using the 732 dependence of 7s,
the temperature dependence of JJs?is fitted using equation 4.7, where the agreement
between theory (curve i1) and experiment (1) is found rather poor as shown in figure

4.9 (a). It clearly indicates that the temperature dependence of Js? is not dominated

by the ionized impurity scattering mechanism.

Under regime II, 7, has to decrease with increase in temperature and is thus
dominated by the combination of deformation potential scattering, piezoelectric
scattering, polar optical phonon scattering and inter-valley scattering. For this case,

7p 1s calculated by using Mathiessen’s rule as 1/ T, =17, +1/ Tgp + 1/ Tpe T 1/ Tpop T 1/
7.. The details of the scattering mechanisms are explained in Appendix C.

2%

Moreover, each term depends on temperature (7) and electron energy (E¢) in a
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particular way. In most calculations, where electron system is in thermal
equilibrium, E. is replaced either by kT (for the non-degenerate case) or by Er (for
the degenerate case) [97]. On the other hand, for the non-equilibrium case, E. and T
have to be considered separately. The calculated value of 7p, along with the
contribution of different scattering mechanism is shown in figure 4.9 (b). These
values of 7p are then used to fit the temperature dependence of Js by using the

relation 7s = K 7p and keeping k as a fitting parameter.
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Figure 4.9 (a) Measured values of the Js? injected spin current density (curve 1)
plotted as function of sample temperature and the corresponding fitted curves, by
considering ionized impurity scattering only (curve 11) and by considering polar
optical phonon (POP), inter valley (IV), piezo-electric potential (PZ),and deformation
potential (DP) scattering mechanisms (curve 1ii1). (b) The calculated 7p (curve Total)
and the contributions corresponding to various scattering mechanisms, plotted as
functions of sample temperature.

Note that the energy of photo induced electrons will vary depending upon the
case if these are excited from either the split-off or light/heavy hole valence band for

a given photon energy. These values are calculated from the band structure of InP
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using 8 band k.p method for Ey»=2.33 eV. The contribution from the split-off valence
band is found to be negligible in this context since electrons excited from this band
have smaller energy that reduces the probability of tunneling. On the other hand,
electrons excited from heavy and light holes have nearly similar energy that is used
as a parameter in the calculation. Varshni relation with suitable a and S
parameters is used to calculate the temperature dependence of Eg [101]. It leads to
a reasonable agreement between theory (curve ¢) and experiment as shown in figure

4.9 (a) for x = 3.84.

Therefore, instead of using the assumption of equilibrium condition, it is
appropriate to assume that the photo induced electrons are far from equilibrium
over the time scale of ISHE. A minor difference between the two curves might arise
due to several reasons, (i) electron-electron scattering is neglected in calculating the
spin relaxation time. It is highly challenging since analytical solutions are not
available. That i1s why, the single particle approximation is used. However, this
contribution should be small because of the large energy of electrons that
suppresses the coulomb scattering, (1) temperature dependent spin Hall
conductivity for Au is used, which is theoretically calculated for bulk Au metal.
However, it is expected to be slightly different for a thin (20 nm) Au metallic film.
Hence, absence of reliable experimental values of spin Hall conductivity of thin Au

metallic film might be another reason.
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4.5 QOutcome of the chapter

Photo-induced ISHE 1is observed in the Au/InP hybrid structures at room
temperature by measuring current (I7sur) across Au layer coated over MOVPE
grown InP thin film. The ISHE origin of the measured signal is confirmed by

observing following results.

(1) Linear dependence of Irsue on the degree of circular polarization of
incident light.

(1)  Vanishing Iisgr for normal incidence and fitting of angular dependence
Iisae with theoretically predicted curve.

(1)) Disappearance of Irsue, when Au is replaced with Ti

These observations are found to be in strong corroboration with the theoretical

predictions made in chapter 2.

Further, in order to get more insight of the involved physical phenomena,
Iisue 1s measured over a temperature range of 45 to 300 K. The measured IisuE 1s
observed to be varying from 48 pA at 300 K to 452 pA at 45 K. By considering the
spin Hall conductivity of Au layer, this measured Iisge is correlated with the spin
carrier density injected from InP epilayer to Au metallic layer (Js?).The magnitude
of Js? increases from 4.3x104 to 9.7x105> A/m2 when sample is cooled down from room

temperature to 45K.
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Numerical calculations based on the analysis of DP spin relaxation
mechanism for optically induced hot electrons during their transport across the Au-
InP interface are performed. It covers electron scattering due to ionized impurities,
acoustic phonon deformation potential, piezoelectric potential, polar optical phonon
and inter-valley scattering mechanisms. It is established that, the modeling of such
kind of system must consider the photo induced electrons to be at non-equilibrium
with the lattice. Further, it is also established that, in contrast to popular belief,
ionized 1mpurities scattering 1is not the predominant phenomena governing
temperature dependent of Iisye. Rather, scattering by polar optical phonon

dominates it over a wide temperature range.
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Chapter 5

ISHE measurements in bulk
semiconductors

5.1Introduction

It is obvious from the theoretical predications made in chapter 2 and also from the
experimental findings shown in chapter 4, that the coating of semiconductor
material with a high Z metal of high spin-orbit coupling significantly improves the
measured ISHE signal. In this context, the ISHE measurements in bulk

semiconductors have two fold motivations.

(1) In metal/semiconductor hybrid structures, spin injection and separation are
carried out in semiconductor and metal layer respectively. One therefore needs
to find a suitable combination of two distinct materials which in reality possess
very different physical properties. The interface between these two materials
also plays a critical role in hybrid structures [130]. In this context, an all-
semiconductor device looks very attractive since it can provide the desired
ability of potential variation and spin polarization by external bias, device

structure and the doping profile [131].
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(i1) The values of spin Hall angle (y) and spin Hall conductivity (og;) are not

experimentally measured in case of most of the bulk semiconductors. Photo-
induced ISHE measurement in bulk semiconductors is expected to be an
appropriate method, which can be used to estimate the two parameters quiet
accurately. Though several reports exist but a systematic work where values of
the two parameters for GaAs are discussed over a wide range of temperature is

not yet available[66,69,76,79].

In the previous chapter ISHE measurement is considered in Au/InP hybrid
structure. In that case, because of the presence of Schottky barrier, ISHE is
observed even at light energy (Epn) of 2.32 eV, which is much beyond the value of
(Egtds0) in InP. However, measurements in bulk required the light energy to be
within Eg; and Egt4s. Since incase of InP, 4s is very small (0.108 eV), it is difficult
to find a suitable laser source within this range. Furthermore, with change in
temperature, this window (Eg<Epn<Eg+As0) will shift. Therefore, the source has to be
continuously tunable. Therefore, for the ease of measurement, GaAs i1s chosen,

where 4s01s relatively large (0.34 eV).

The operating principle behind photo-induced ISHE is already discussed in
the previous chapters of this thesis. During the ISHE measurements, left (right)
circularly polarized light can inject spin polarized electrons in semiconductors
whose spin vector is oriented along the direction parallel (anti parallel) to the
propagation direction. The magnitude of spin polarization of such electrons can be

defined as pe = (n+ — n.)/(n+ +n.) where, n+ and n. represent the number of electrons
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of spin vector parallel and anti-parallel to the axis of quantization respectively [20].
This spin density gradient near the surface induces spin diffusion current. Because
of ISHE, this produces a transverse Electric field in the semiconductor, which is

given by the following relation;

E[s&g =L(J:X6) (51)

Where all the symbols bear their usual physical meaning as explained in chapter 4.
It 1s noted here that near band gap laser beam injects spin polarized electron hole
pairs in the respective bands. However in bulk III-V semiconductors like GaAs, the
photo-induced holes have very small spin relaxation times, typically in the femto-
second range which is at least two orders smaller than that of the electrons[132].
Thus, the contribution of holes to the spin current is negligible.

In general, detection of ISHE signals in bulk III-V semiconductors is
extremely challenging. A usual trick for observing the ISHE in bulk III-V
semiconductors 1s to induce a spin polarization current component perpendicular to
the motion of spin polarized electrons. A few researchers apply external magnetic
field for orienting the electronic spin along a particular direction which is
perpendicular to the electronic motion [74], while the others try external electric
field for drifting the electrons along a direction which is perpendicular to the spin
orientation [75].Very recently, weak ISHE signal have been detected in heavily
doped GaAs under oblique incidence conditions [80]. These three conditions are
schematically described in figure 5.1.Application of electric field drags the electrons

out of equilibrium far from the I' point, sometime even to the L valley under
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extreme conditions [133]and the measured values of parameters cannot be
correlated with the equilibrium state. Furthermore, here the transverse voltage
generated is not because of pure spin current, rather it is because of the current
that 1s partially spin-polarized [133].0On the other hand, it is possible to measure the
equilibrium value of ythrough the near resonant optical excitation experiments that
are performed under oblique incidence conditions. Since in n-type semiconductors,
spin diffusion coefficient which is determined by the electron diffusion alone, is
much larger than the charge diffusion coefficient, determined by the ambipolar
diffusion [134], it provides an opportunity to probe predominantly spin current

without the accompanying charge current.

Figure 5.1 (a, b, ¢) Different scheme to detect ISHE in bulk semiconductors, E, B
and J denotes the Electric field, Magnetic field and current density respectively.

In this chapter, ISHE measurements in MOVPE grown epitaxial GaAs thin
film are reported. It is obvious that the crystalline quality of epitaxially grown GaAs
material 1s expected to be far better than that of the heavily doped bulk GaAs
material. Hence, ISHE measurement in these structures is expected to offer the

material property with minimal influence of crystalline defects. The diffusion
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equation is suitably modified by including thin film boundary conditions that
provides appropriate values of the diffusion current density in the structure. Some
other measurements for estimating the values of charge conductivity and spin
relaxation time are also performed on the same sample for improving the reliability
of spin Hall conductivity values. These measurements are performed in a broad
temperature range, and the possible mechanisms governing the ISHE signal in bulk

GaAs are discussed.

5.2Preliminary characterization of the high
quality GaAs sample

The sample consists of 2 pm thick n-type GaAs epitaxial layer grown on Semi
insulating (SI) GaAs (001) substrate. The layer thickness is carefully chosen to be of
the order of electron diffusion length in GaAs such that the transport of photo
generated carriers can be described through conventional diffusion equation. More
sample details are given in table 3.1.The carrier concentration and mobility is
measured by Van-der-Pauw geometry using Indium point contacts, applying £100
PA current and 0.2 T magnetic field. The effects of other galvanometric phenomena
are carefully eliminated by varying the polarity of current and magnetic field.
Kiethley SMU 236 1s used to apply/measure current/voltage. The results thus
obtained are shown in figure 5.2. Almost constant carrier concentration is observed
in the measured temperature range, which i1s a signature of degenerate carriers in

GaAs and the same 1s reported by other researchers [135]. The mobility 1s also
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almost temperature independent indicating the dominance of ionized impurity

scattering in the transport process.
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Figure 5.2 Measured (a) carrier concentration (b) Hall mobility, and (c)
conductivity as a function of temperature
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Figure 5.3 PL spectra at different positions of the sample, when the beam position is

scanned (a) horizontally and (b) vertically. Note that the PL spectra are vertically

shifted for the clarity in viewing.
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The MOVPE grown samples are demonstrated to be spatially uniform.
Nevertheless, the photoluminescence spectra is measured at 10K by loading the
cryostat on a micrometer with 10 pm resolution and gradually scanning the
micrometer along two perpendicular directions (x and y) at 0.5 mm step.
Observation of identical PL spectra while moving in either direction across the
whole sample confirms the uniformity of layer as shown in figure 5.3.

A piece of 5 x 5 mm?2 sample is cleaved from the whole structure and is
cleaned thoroughly by following standard organic cleaning procedure. By using
conventional UV photo-Lithography and chemical etching technique, Hall bar
structure with channel width 250 um and length 3 mm was fabricated as shown in
figure 5.4 (a). Four 100-nm-thick electrodes (Au-Ge/Ni/Au), separated by 0.5 mm are
realigned over them by thermal evaporation at a base pressure of 2-5 x 10-¢ mbar as
shown in figure 5.4 (b). Rapid thermal annealing at 450° C for 1 minute in 99.999%
pure nitrogen ambient ensures low resistance Ohmic contact as confirmed by a

linear current-voltage curve as shown in figure 5.5.

\

250 pm

Au-Ge/
TAZ Ni/Au-pad
- " J

Figure 5.4 Schematic diagram of the fabricated sample
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Figure 5.5 Current-Voltage measurement across two pair of contacts
5.3 Optical Alignment

The Polarizer (LP) and PEM are oriented along +45°and 0° to the vertical axis using
the standard procedure explained in section 3.3.1. After passing the laser beam (A =
804 nm, Epr= 1.542 eV) through the linear polarizer, and the PEM, the beam is
passed through lens (L) of focal length 7 cm, mounted on an (x, y, z) stage with
resolution 10 pm, which focuses it to a circular spot size of diameter 200 pm, which
makes the foot printarea to be about 3.14 x 10-4cm2. The power of the laser beam
(Pr) after passing through the lens is kept at 20 mW. The photon flux (®) is
estimated as

b
AE,,(1.6x107

O (5.2)

) =2.58%x10%cm s~

Apart from visual confirmation, photo current across the contacts (Ipc) are
used to perfectly position the light beam at the centre of the sample. For this, the

intensity of light is modulated using a mechanical chopper (C) operating at 180 Hz.

127



It is realized that, scanning along the stripes of device in figure 5.4 (a), the current
across the two opposite pair of contacts become minimum, when the light beam 1is
positioned exactly at the center. One such graph is shown in the following figure 5.6
(a). The wvariation of the minimum value of Ipc with angle of incidence
predominantly follows the conventional (1-R) relation, where R is the reflectivity of

the GaAs surface.
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Figure 5.6 (a) Photocurrent as a function of light beam position along the Hall bar

channel, and (b) The minimum of photocurrent as a function of incidence angle

5.4 ISHE current extraction

The modulated light beam creates oscillating spin polarized electrons with
concentration gradient along the z-direction. The energy of diode laser ensures that
the sample is excited under near-resonant conditions. High frequency (50 kHz)
modulation of excitation laser source helps to minimize the hyperfine interaction of
electronic and nuclear spin. Under steady state, the electronic spin redistributes

depending on the spin diffusion length and recombination velocity. The diffusion of
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electronic spin creates an electromotive force, which is transverse to the direction of
spin polarization and concentration gradient. This polarization dependent current is
measured across contact 1 and 3 by using Lock-in amplifier synchronized to the
PEM operating frequency. The time constant is kept at 300 ms and averaging is
taken over 221 consecutive readings.

The normalized stokes vector of light passing through the linear polarizer

and PEM is
1
0 5.3
. (5.3)
cos o
sino

sin(5(¢)) = sin(d, sin(at)) =2 i]m (8, )cos((2n—1)et)
nel

Since the ISHE current (Izsug), which 1s measured as the first harmonic of the
signal, 1s a function of degree of circular polarization and intensity, it should depend
on the retardation as J1(d). It is realized that, even when the direction of linearly
polarized light (before the PEM) is made parallel to the PEM axis, a finite current
exist in the circuit, which is proportional to the retardation magnitude, as shown in
figure 5.7. This polarization independent component may arise from the PEM
electronic interference, which is not completely nullified. Hence, the measured
current (In) 1s fitted with the relation, A1/2J1 (d0)]+A260+As, where A1, A2 and Asare
the components corresponding to Iisug, linear background and constant background
respectively. Since the Lock-in amplifier reads only the r.m.s. value, the peak value
is estimated by multiplying the extracted parameter A;with a factor of V2. To obtain
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Iisue, it 1s further divided by the response function M; (50 kHz), which is equal to

0.85.The results of the above mentioned fitting are given in table 5.1.
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Figure 5.7 The measured current (Im) ~ 8o for linearly polarization parallel to the

PEM axis and along 45 degree to the PEM axis (at 10 K)

Table 5.1 Fitted parameters to obtain Iisue
Al Az As Iisue

Parameter

15.0 (20.6) 5.2 (+0.18) 0.8 (£0.11)

Value pPA pA/rad PA

24.95 (+0.8) pA

The error bars shown in figure 5.7 represent the fluctuation in measured
current at a given instant. However, the line shape analysis is carried out by
considering the average data points. The same experiment is repeated for different
angle of incidence and the extracted values of Iisur are plotted in figure 5.8. The
disappearance of the signal for normal incidence and a peak at around 50 degree is

a typical signature of ISHE as predicted from numerical simulations in Chapter 2.
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A similar variation is already reported for metal/semiconductor hybrid structures as

described in Chapter 4.
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Figure 5.811suyras a function of incidence angle

It should be noted that the spin independent phenomena like the Dember
effect and photo-voltaic effect results in different angular dependence as compared
to ISHE. Further confirmation of the ISHE origin of the signal comes from the fact
that the polarization dependence disappears if the 804 nm diode laser is replaced by
another laser having energy capable of exciting carriers from all the three valence
bands. For example, when either 532 nm diode pumped solid state laser or 640 nm
diode laser is used no measurable signal is recorded. Note that the performance of
all the other optical elements like G.T polarizers and PEM remains quite

satisfactory in this energy range.
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5.5 Temperature dependence of ISHE signal

A clear signal of ISHE is observed in temperature range of 10 to 300 K as shown in
figure5.9. ISHE current signal increases from 11 pA at 300 K to 24.95 pA at 10K. At
the same time, the noise contribution reduces from 4 pA at 300 K to 2pA at 10 K.
Hence, lowering the sample temperature enhances the signal-to-noise ratio which is
expected due to the obvious reasons. After carefully measuring the values of Iispr
and o¢, one requires only the spin current density for estimating the value of y as

can be appreciated from eqn. 5.1.
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Figure 5.9The magnitude of I;sur plotted as a function of sample temperature
Before assigning the measured temperature dependence of measured current

to the intrinsic sample parameters, several extrinsic parameters need to be

considered.
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5.5.1Local Heating of the sample

It is ensured that thermal equilibrium between the sample and cold finger of the
cryostat is established by giving a sufficient wait time. The temperature is
monitored by Si diode sensor mounted near the sample. The temperature
fluctuation during the measurement is around 0.5 K. The sample is thermally well
anchored with the cryostat to minimize the effect of local heating due to continuous
irradiation by the laser beam. Furthermore, it is also monitored by observing the
photoluminescence (PL) peak position. Generally, in n-type sample, local heating is
one of the main reasons, which reduces the band gap of semiconductor and thus red
shifts the PL peak. This effect is prominent at T >50 K, where the red shift is
typically 0.3 meV/K. Figure 5.10shows 50 KPL spectra recorded at 300 pW and20
mW where the Peak intensity is normalized to observe the red shift due to sample
heating. A nominal peak shift of about 1.1 meV is observed which corresponds to

approximately 3 degree rise in the sample temperature.

1.0+ 50K < 1.1 meV
0.8 +

0.6 - 20 mW \300 uWw

PL (normalized)
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Figure 5.1050K PL spectra recorded at 300 pW and20 mW laser power

133



In this work, whenever temperature is mentioned, it refers to the sample
temperature which is measured by the Silicon diode sensor located on the backside
of sample holder. However, the local temperature can be slightly higher (maximum

3 degrees) that primarily depends upon the laser power.

5.5.2Reflectivity

The reflectivity of GaAs at 804 nm is measured for 45° incidence by monitoring the
reflected light. Reflectivity of Fused silica window 1is properly taken into account.
For 45° angle of incidence the reflectivity increases from 23 % to 26.5% as the
temperature increases from 10 to 300 K. This minor increase is because of the
reduction in band gap, which increases the difference between laser energy and

band gap. This subsequently increases the value of dielectric constant.
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Figure 5.11 Reflectivity of GaAs at 6~45°as a function of temperature
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5.5.3Spin injection

As mentioned earlier that an increase in sample temperature results in the band
gap shrinkage whilethe excitation laser energy is kept fixed at 1.542 eV. It is
therefore important to look into the issue of degree of spin polarization of injected
electrons (oe) as a function of temperature. It is known that resonant excitation near
band edge produces electron with pe = 0.5. With increasing temperature, the band
gap and inter-band matrix elements changes, which is given by Hubner et al.
[136].Using those values, the difference between Epn and Eg is estimated to be 23
meV at 10 K which increases to 131 meV at 300 K. This changes the magnitude of
wave vector (k) corresponding to a particular transition. At higher k, the light hole
level picks up some fraction of the angular momentum state (1/2, £1/2), which
results in opposite spin polarization. This causes overall decrease in the electron
spin polarization. A few researchers have claimed that the band gap shrinkage of

semiconductor materials have an impact on the spin injection probability [137].
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Figure 5.12Numerically calculated values of spin injection probability as a function
of photon energy [24]
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Nastos et al. [24] have calculated that the spin injection probability for GaAs
using 30 band k.p model, which can be zoomed in around band edge and is shown in
figure 5.12.It can be seen that, the change in spin injection probability remains
within 2% for an increase in excitation energy up to 100meV above the band gap of
GaAs. The band gap shrinks by only 100 meV over the temperature range of 10 to
300K and majority of this is shared by the electron kinetic energy because of its
lower effective mass. Thus the kinetic energy of holes taking part in the transition
is very small compared to the spin orbit splitting of GaAs (4s0=0.34 eV). Hence, the
increase in temperature might not be able to alter the spin injection probability
significantly.

5.5.4 Impedance
The impedance of the sample also varies a function of temperature, which is

measured at 50 kHz and is plotted in figure 5.13. It decreases from 789 Q at 10 K to

772 Q at 300 K.
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Figure 5.13Sample impedance, measured across the contacts 1 and 3 of figure
5.4,plotted as a function of temperature
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5.6 Numerical estimation of spin current density

Numerical calculation of the spin diffusion current density is carried out by solving
the steady state one dimensional diffusion equation along the growth direction
which is taken as the z-axis. A photon of flux @ is assumed to incident on the
sample surface at an angle of 45 degree with respect to the surface normal. The
photo-generated electrons diffuse along z direction and form a steady state excess
carrier density An (z), which can be obtained by solving the one dimensional
continuity equation given below, [138]

d*An(z) B An(z)

D
dz* T

+G(z)=0 (5.4)

Here, first term 1s the diffusion term, second term represents the recombination of
excess carriers and the third term represents the generation of excess carriers
which is defined by the Beer-Lambert relation given by G(z) = ®(1-R)aexp(-az). The
symbols R, a, rand D stand for the reflectivity, absorption coefficient, electron life

time, and electron diffusion coefficient of GaAs epitaxial layer respectively.

This type of equation can be solved considering the approach of
complimentary function and particular integral [139]. The complementary function

in this case is

(sz —~ %) y(z)=0, withy=An(z)

Let the trial function be y = erz
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Similarly, Particular Integral (P.I) for G(z) is of the form emzand is given by
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General solution is

An(z)=C.F +PI

(5.5)
— nle:/L +nze—z/L _n3e—a:
lall-r)r
& =% ©-6)

In case of bulk semiconductors, the boundary conditions are defined as follows [80]

J(0)=0 and An(e)=0, where
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dAn(z,)

Z

J(z,)=qD

is the diffusion current densityat z,
0

Here, the contribution of surface recombination velocity is neglected which
might not be true in our case due to the limited thickness of the film which is of the
order of penetration depth. Furthermore, the presence of surface states cannot be
neglected. Therefore, the boundary conditions need to be modified. In the present

case, the boundary conditions can be written as follows [140,141]

M J0)= (dA”l:O _, Mnl0)

dhz

(i) J(d)=(%j - s, A”gd)

Where d is the thickness of epitaxial layer, s; is the surface recombination velocity
of the front surface while s2 represent the interface recombination velocity
corresponding to n-GaAs/SI-GaAs interface. Note that a fraction of excess carriers
will also be generated in SI-GaAs substrate. A majority of those carriers will be
captured by the large density of trap states inside SI-GaAs [142]. For the purpose of
present numerical simulations, sg is assumed to be inclusive of the trap states lying

in SI-GaAs.

From equation (5.4),

(dAn\J:ﬂex/L _ e ™
dz L L

From condition (1),

139



:nl(%—slj=nz(§+slj—n3(Da+sl)

nz(D +sl)—n3(Da +sl)
L (5.7)

=n = D
)

Similarly, from condition (ii),

nooarir My _air —od S diL —d/L —ad
et -2 fpae™™ = Dz ne’" +ne " —nse

L
= me’'" 15 —nye ! 15 =nyae ™ Z—a
L' D L D D
Multiplying by D
nled/L(% 4 S2j _ nze_d/L(% — szj = }’l3066‘01d (52 - ocD) (5.8)

Putting equation (5.7) in (5.8),

ny(s, +D/L)(s,+D/L)e"" —n,(s, +aD)(s, + D/ L)e"'*
(D/L-s,)

+n,(s,—D/L)e™'"
=n, (s, —aD)e™

=n, (s, +D/L)(s, +D/L)e""" —ny(s, +aD)(s, + D/ L)e"""

=n, (s, —aD)(D/L—s,)e™ —n,(s, ~D/LYD/L~-s,)e """
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(s, —aD)(D/L—s5,)e +(s, +aD)(s, + D/ L)e"* } 9

=T "{(s1 T D/L)(s,+D/L)e"  +(s,~D/L)(D/L—s)e "

Equation (5.6), (5.7) and (5.9) completely predicts the carrier distribution across the
sample along with equation (5.5). Note that the excess carrier density is going to be
significantly different from the case of bulk semiconductors. Using the excess

carrier density profile, one can calculate the diffusion current density as,

J(z)=gD— (5.10)

For heavily doped GaAs epitaxial layers, ois taken to be 2 x 104 cm! at the
wavelength of excitation laser beam [143], while the reflectivity R for 45° angle of
incidence is measured to be 26.5 % at room temperature. The surface recombination
velocity of the front surface is taken as 106 cm-1, following the values reported in
literature for un-passivated GaAs [144]. The surface recombination velocity for n-
GaAs/SI-GaAs interface is taken to be 108 cm s'! which includes the contribution of
trap states in SI-GaAs [142].Using these values and a typical value of 7 = 1 ns, the

steady state carrier distribution An (z) is estimated and plotted in figure 5.14.
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Figure 5.14. The calculated @ (z) and An(z) for typical values of a, s; and t. Band
bending at the surface of GaAs and at the interface of n*GaAs/ SI GaAs are also
shown.

Identically, the spin density distribution and spin current density (Js (2)) is
determined by replacing 7, D and L by their spin counterpart; spin relaxation time
(rg), spin diffusion coefficient (D) and spin diffusion length (Ls) respectively.
Furthermore, only the spin component perpendicular to the direction of diffusion
contributes to ISHE, therefore the effective spin density distribution lowered by a
factor of 0.5sin (01), where 0; is the angle of refraction. Here the factor 0.5 comes
from the fact that the excess carriers generated are 50% spin polarized for near
resonant excitation. Noting that nisin (0;) = sin (0), where n; is the refractive index
of GaAs (=3.3) and 0 1is the angle of incidence (=45°), the spin density distribution is

estimated to be 0.1 times the excess carrier density distribution.

Therefore, the spin current density can be calculated provided the values of
spin diffusion coefficient and spin diffusion length are known. Unfortunately, the
reported values of electron diffusion coefficient in literature are usually estimated

by considering the ambipolar diffusion of carriers which is not appropriate in the
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present case as the spin diffusion coefficient in n-type semiconductors is defined
mainly through the electron diffusion coefficient [134]. Under this condition, the

diffusion coefficient is given by eDy/(ukT) = 2F1/2(x)/ F.1/2(x), where, x = (Ep-Ec)/kT,

Fi2 and F.1/2 represent the relevant Fermi integrals [145]. In this sample, the Fermi
level is 51meV above the conduction band. Fi2 and F.12 are obtained by numerical
integration and the diffusion coefficient is thereafter estimated by measuring the
electron mobility from Hall experiments. The spin diffusion length is thereafter

estimated by the relation Ls=V (Dgt, ), where Ty 18 the effective life time of spin

polarized electrons in the conduction band. The value of 7ef i1s governed by two
parallel and independent mechanisms. One of them is related to the recombination
of electrons with holes while another is associated with the spin relaxation of
electrons. Since the number of spin polarized electrons is very small compared to
the equilibrium carrier concentration of n+ GaAs, the holes will predominantly
recombine with un-polarized electrons. Therefore, the net probability for the loss of
spin polarization through recombination process is rather very small. It is therefore
reasonable to assume that the loss of spin polarization is mainly governed by the

spin relaxation process. Therefore, T, can be measured by recording the spin
relaxation time (zs). Once the values of Dy and 7iare known, one can thereafter

numerically calculate the spin current density (Js) which further depends on the
sample temperature through these two parameters. Nevertheless, the absolute

value of Js depends critically on parameter 7o, which is measured by performing the

optical orientation experiment as explained in the next section.
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Here, few more issues need to be pointed out,

(1) Depending upon the surface conditions of the sample, there might be a change
in the surface recombination velocity which will cause some variations in the spin
current density. However, such a change turns out to be only ~2% for 10% variation
in s;. Note that such a large variation in the values of s1 is unexpected under

present experimental conditions.

(2) In degenerate semiconductors, electron—electron scattering gives rise to a spin
coulomb drag between the electrons moving with spin up and spin down. This effect
is known for reducing the values of spin diffusion coefficient at high dopant
concentrations. However, it remains below 1% at low temperatures. Similarly, spin-
spin coupling effects that lead to Pauli blockade are also neglected in present study

since those are more relevant in p-type semiconductors [146].

(3) The contribution of drift current is also ignored in our calculations. However,
this is a safe approximation since the current flow is mainly governed by the
diffusion of photo-generated electrons in case of heavily doped semiconductors. Note
that the value of depletion width in our sample is only 14 nm which ensures that

the most of the carriers are injected in flat band region of the sample.

(4) Only one dimensional continuity equation is solved implying that the in-plane
contributions are ignored which is again a good approximation under the present

experimental configuration.
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5.7 Measurement of Spin relaxation time

Here, the steady-state optical orientation method is used, which have already been
tried for heavily doped n-type semiconductors [20]. The fundamental mechanism of
this technique 1s explained in section 1.2.2. Absorption of circularly polarized laser
beam creates spin polarized electron-hole pairs in their respective bands. However,
because of the valence band mixing effect in III-V semiconductors, holes lose their
spin information over femto-second time scale. On the other hand, spin relaxation
time of thermalized electrons is much longer. Note that the recombination rates of
photo-generated carriers are generally independent of their spin. Although, spin
dependent recombination of carriers was reported in GaAs by early researchers but
the same was found to be governed by the presence of large number of vacancies
and deep levels [147]. It is found that the present sample does not show any such
mechanism which is expected due to the superior crystalline quality of MOVPE
grown epitaxial layers. As mentioned earlier that the photo-generated holes
predominantly recombine with the unpolarized electrons which gradually makes
the electron system to be spin polarized where non-oriented electrons are replaced
by the oriented ones with the photo-excitation process. The degree of spin
polarization of these photo-excited electrons (poe) can be accessed from the

measurement of degree of circular polarization of the emitted PL (o) beam using
equation 1.11. i.e. p, = (pe cos 00)/2, Oo is the angle between the spin polarization

vector and the detection direction.
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In this case, PL is collected at normal to the sample surface, therefore 09 also
is the angle of incidence. In our measurements, Bois kept at ~45° such that pe= 2v2

p;. Although the value of pe is 0.5 at the time of generation of electron-hole pairs but

the measured value of pe is expected to be much smaller due to the spin relaxation

process. Therefore, the value of 7 can be estimated from the measured value of pe

through the following relation [74],

0.5
P.="7"7X
141 %2 (5.11)
TS
here 7,= n/G, G is number of electron hole pair generated per unit volume per unit
time, 7,is analogous to electron lifetime which is defined by the characteristic time

during which the entire population of equilibrium electrons in n+ GaAs is replaced

by photo-excited spin polarized electrons.

5.7.1 Analysis of Polarization dependent Photoluminescence

Following the description given in section 3.6,PL spectrum synchronized with either
the mechanical chopper (I++I-)or PEM module(l+-I-) are recorded at 10 K and are
shown in figure 5.15 (a).In order to nullify the effect of any background signal that
might be present in our experimental setup, both (I++I-) and(I+-I-) are measured by
rotating the quarter wave plate by angle W with respect to the linear polarizer.
Such a plot 1s shown in figure 5.15 (b) along with a fitted curve having sin(2W)
dependence. It implies that the PL spectrum remains the same but of opposite
circular polarization when the quarter wave plate is rotated by 90°.A similar set of
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PL measurements is independently performed on SI-GaAs substrate which confirms

that no measurable contribution to p, arises from the carriers injected in SI-GaAs
substrate. Thereafter, p,is determined from the relation p, sin (2¥) = C(I++I-)/(I+I-

), where C is the calibration factor and is taken to be 7.5 in our case.
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Figure 5.15 (a) (I++I-) and (I+-I-) for GaAs at 10 K. (b) (I++I-) and(I+I-) are plotted as
a function of relative angle between quarter wave plate and linear polarizer.

Figure 5.16 shows the measured PL spectra and p, plotted as function of
energy in the energy range of 10 to 200 K at 20 mW incident power. It is observed

from figure 5.16 that the value of p, increases at high energy tail of the PL spectra

particularly at low temperatures. It may happen due to various reasons, for
example, re-absorption of emitted photon [148], recombination of hot electrons
[149],different band filling of spin up and down electrons[150] and weak signal-to-

noise ratio towards the high energy tail of PL spectra.
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Figure 5.16 PL intensity and degree of circular polarization (p,) plotted as function

of energy recorded at several temperatures varying from 10 to 200 K
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Note that the magnitude of p, is very small which is expected due to the

presence of large density of unpolarised electrons that are already present in the n*

GaAs epitaxial layer. It is verified from the fact that the value of p, increases with

incident laser power as shown in figure 5.17 (a), which is in accordance with

equation 5.12. On the other hand, the value of p, remains almost constant for p*

GaAs measured under identical conditions in figure 5.17 (b). In this case, the

observed fall in p, at higher power may be because of local heating in the sample.
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Figure 5.17Variation of p, with incident power for (a)n* GaAs and (b) p* GaAs at
10K.

5.7.2 KEstimation of spin relaxation time
Keeping in mind the relation of G=4(1-R)P,a/(mw?Epr), and knowing the

temperature dependent reflectivity from figure 5.12, the parameter G and the
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corresponding value of 7,is estimated. As the temperature increase from 10 to 200
K, 7,is found to vary from 8.35 x 107 s to 8.66 x 107 s, because of minor variation in
R with temperature. Finally, by incorporating the measured values of p, and p; in

equation 5.12,7s is estimated to be 2.37 ns at 10 K, which decreases upto 0.5 ns at

200K and is shown in figure 5.18.
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Figure 5.18 Estimated Spin relaxation time (ts) versus sample temperature.
Corresponding fitting is also shown as solid line.

Next important task is to find out the fundamental mechanism which is
responsible for the fall of 7z with temperature as shown in figure 5.18. In the
meantime, it is worthwhile to discuss a few important points that are related to the
methodology adopted in this chapter. Here, it is assumed that the electron spin

orientation is primarily governed by the band-to-band transitions and two photon
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excitations are either subtle or absent. It is a valid approximation in our case since
the power density of excitation source is moderate. Further, it is assumed that a
significant re-absorption of emitted photon doesn’t occur during our experiments.
Once again it is a valid approximation in our case since the re-absorption of emitted
photon is highly improbable because of Burstein moss shift caused by heavy doping
of n+ GaAs epitaxial layer.

As explained in section 1.2.3, there exist several mechanisms which are
associated with the spin relaxation of free electrons in III-V semiconductors. It is
clear that the Dyakonov—Perel (DP) mechanism is the predominant route for spin
relaxation in n-type GaAs epitaxial layers under the present experimental

conditions. For bulk semiconductor in the absence of strain, t, is defined by the

following relation,

1 3 , <E>3
- ° 5.12
o 105( 7o) a T 6-12)

s

The value of 7p can be estimated from the measured Hall mobility (1) by using
appropriate Hall factor (ru). For ionized impurity scattering, the values of
parameters are r;=415m/512 and y,= 6, are used [29,30].Several researchers have
estimated the values of y, both theoretically [151,152], and experimentally [29,153],
which lie in the range of 7.6 to 36 eV A3 Tt is clearly evident from the
abovementioned equation that the spin-relaxation time depends on the sample

temperature via the temperature dependence of <EE>, and 7p. However, since there is
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no noticeable change in Hall mobility over the entire temperature range one can

conclude that 7p remains almost temperature invariant. Therefore, the temperature
dependence of 7s mainly arises through the term <Ej> In case of degenerate
semiconductors, the averaged value of <E§> can be approximated by Ef’, where Er
defines the Fermi level. However, note that this particular approximation is only
valid only when E¢/kT > 20 [145, 154]. In view of this, a rather direct method is used
to estimate the temperature dependence of <E3> , which can be estimated as,

E _.[D(E’T)f(E,T)E3dE
=)= [D(ET)f(ET)E

(5.13)

Where, D(E,T) and f(E,T) are the density of states and Fermi distribution
respectively. Due to near resonant excitation and subsequent thermalization of
optically injected electron-hole pairs, number of holes that participate in the
recombination process are expected to lie at the top of the valence band. Note that
the holes are the minority carriers in n-type GaAs. Due to this, the high energy tail
of PL spectra is associated with the electron energy distribution in the conduction
band. Hence, the PL spectrum is fitted with Fermi Dirac distribution in order to
estimate the values of electron temperature (7.) which matches with the lattice
temperature. It ensures that there is no significant localized heating in the sample.

Therefore, equation 5.13 can be used to estimate the required temperature

dependence 0f<Ej>. Thereafter, the temperature dependence of 7s is fitted with
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equation 5.12by using y,, as a fitting parameter. The fitted value of y, comes (19.85

eVA3) closely matches with the values reported by other researchers [155, 156].

5.8 Estimation of the spin Hall conductivity

Once the value of 15 is known, the spin current density profile Js(z) can be obtained
through equation 5.10. Js(z) depends on temperature through zs and r. From the
knowledge of Js(z) and the measured values of Iisur, temperature dependent p is
calculated by involving the equation (5.1). For this, Js(z) is numerically averaged
over the sample cross section by discretizing it into N (= 200) layers of uniform
thickness (dz =20 nm). The averaged value of Js(z), i.e. < Js > 1s further used in
subsequent calculations. The footprint of light beam is circular in nature with
diameter w of ~= 200 pm. Under this condition, the voltage developed across the
two edges is given by

Oc

oy g "
Vi = —— (<JS>X 6)
and corresponding current is given by the following relation,

lgw = 27 (<Ji>>< O-j (5.14)
Ro,

From the temperature dependence of oc, Js(z) and Iisue, y is estimated. By
multiplying it with the measured value of 6, the value of oy is obtained. Since the
0. remains constant over the entire temperature range, only the values of o is

plotted in figure 5.19 and it is understood that the variation of y with temperature
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is expected to be identical. The estimated values of ogyvary from 4.17 Q-lcm! at 10

K to 12.3 Q-lecm-lat 200 K corresponding to the variation of y from 0.006 to 0.017.
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Figure 5.19 Variation of oy, with sample temperature. Circles (®) show the

measured values while Square (M) represents the numerically calculated value [78].
One the other hand, triangle (A) represents the extrapolated value of oy,following

Matsuzaka et al. [69]

At first instance, it is surprising since the measured value of Iisur decreases
with temperature. However, it should be noted that the magnitude of Irsue also

depends on 7g, through the spin current density which decreases rapidly with
temperature. Therefore, it is the combined temperature dependence of oy and 7g

which causes Iisyr to fall with the sample temperature. Here, it is understood that
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ogy Will have the unit of Q -lem ! (h/2e), however, for brevity and to be consistent

with existing literature, the factor (h/2e) is generally omitted.

The temperature dependence of og,(or y) for heavily doped GaAs is not yet
measured through any technique. However, Ehlert et al. [76] measured o, for

GaAs (n = 2x1016 cm~3) in the temperature range of 5 to 75 K by fabricating a

ferromagnetic Esaki diode structures. They reported very small values of oy, as

compared to the values reported by us which is due to the difference in the dopant

densities. Matsuzaka et al. [69] investigated the density dependence of oy in GaAs

at 30 K by using Kerr rotation microscopy. According to them, y increases initially
at low doping, and tends to saturate at the dopant density of ~10!8 cm-3.The

extrapolated value of oy, for n ~3 X108 cm-3 is expected to be of the same order as

shown in figure 5.19. It is really encouraging to learn that the results of two
completely different measurement techniques match reasonably well. On the other
hand, Bottegoni et al. [80] found y to be at least one order less in bulk GaAs. There
are some theoretical reports which describe the origin of ISHE and also the values

of og; have been quantitatively estimated by a few researchers [77-79,157-161].
Such studies reveal the dependence of oy, on various material parameters like

carrier concentration, conductivity, strain, roughness, spin orbit coupling
parameters etc. Since here homo-epitaxial GaAs sample is considered, no strain is
expected. Furthermore, the transport of spin polarized electrons only along z a

direction (normal to the sample surface) is considered, therefore, the sample
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roughness issues can be easily neglected. Tse and Sarma [78] have proposed a
theoretical model based on analytical solutions for both the side jump and skew

scattering mechanisms in terms of Fermi energy and conductivity as given below,

S _ 62/13 n and
ST\ an

* 92
-rm Ay,

T :(TJ o, (5.15)
Herelois the spin orbit coupling parameter given by [153],

PZ

1 1
A="1—_
° 3 {EZ iEg+AOF}

Pzis the square of inter band matrix element and Ao is the split off gap. Considering
P?=10.493 eV A, E;=1.514 eV and Ao= 0.34 eV, 1o?>=5.09A2 can be estimated [16].

From equation 5.14, the total spin Hall conductivity turns out to be
gy =0sn +05y =152 Q'em™,

This corresponds to y=0.002 and the same is also shown in figure 5 at 0 K. Other
contributions like the intrinsic term are considered to be negligibly small [157]. As
pointed out by Tse and Sarma [78] that the estimated magnitude of spin Hall
conductivity is subjected to some inaccuracy since the value of A¢? is not accurately

known for GaAs. Nevertheless, the temperature dependence of og; particularly the

rapid increase after 100 K can be talked about with confidence. Note that the

calculations are done at OK where the temperature dependence of mobility is
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considered to predict the temperature dependence of oy, by including various

material parameters like carrier concentration, and Fermi energy etc. [76, 162].
However, both of these parameters are almost constant in the present case, hence it

cannot explain the observed temperature dependence of og;. Note that only Ae? is

weakly dependent on temperature in equation (5.14), and varies from 5.09A2 at 10K

to 5.41A2 at 200K [136]. Even hypothetically replacing e, with <Ee¢>, the mean

energy of electron system, cannot explain the magnitude and temperature

dependence of measured og;;. Very recently, Tolle et al. [163] and Gorini et al. [158]

have estimated the effect of lattice vibrations on the spin Hall conductivity of
metallic films. They argue that simple extension of T=0 results to T # 0, will lead to
erroneous result as the effect of electron-phonon interaction and interaction with
dynamical impurities is not included. It seems highly reasonable here since the
electron-phonon interaction in GaAs increases rapidly after 100K. It appears from

the temperature dependence of oy, that several effects related to the lattice

vibrations need to be taken into account for estimating the spin Hall conductivity in
semiconductors at finite temperature. However, in the absence of analytical solution
for similar interactions in compound semiconductors, the same cannot be included

here.

5.9 Outcome of the chapter

In this chapter, photo-induced inverse spin Hall current (lisgr) is measured for

MOVPE grown n type GaAs epitaxial layer by shining circularly polarized light at
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an oblique incidence. By carefully minimizing all the spurious signals, reliable value
of Iisur is measured in the temperature range of 10 to 200 K. A method is worked
out to estimate the equilibrium value of spin Hall conductivity, which also requires
the solution of diffusion equation by considering thin film boundary conditions and
measurement of spin relaxation time to estimate the spin current density. By
analyzing the degree of circular polarization of the PL, the spin relaxation time of
the sample i1s estimated to be 2.37 ns at 10 K, which decreases monotonically to 0.55
ns at 200K. Putting this value in the diffusion equation, the spin current density is
estimated. Comparing it with the measured Iisur, the spin Hall conductivity is
estimated. This estimated spin Hall conductivity increases with temperature
varying from 4.17 Q-lem! at 10 K to 12.3 Q -lem-! at 200 K. The temperature
dependence of spin Hall conductivity appears to be originated from the extrinsic
mechanism. It is also noted that neither the absolute value nor the temperature
dependence of spin Hall conductivity matches with the theoretical predictions. It is
proposed that the contribution of phonons should be included while estimating the
value of spin Hall conductivity whenever measurements are performed at a given

temperature. The proposed method for the estimation of oy can be applied for any

semiconductor having a reasonable magnitude of spin orbit coupling. Further, the

analysis presented here should be helpful in igniting thoughts for further research.
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Chapter 6

ISHE measurements in quantum wells

6.1 Introduction

After performing the ISHE measurements in bulk semiconductors, the natural
extension is to explore the quantum well based semiconductor hetero-structures.
However, the concept of spin orbit coupling, spin relaxation and spin Hall Effect are
significantly different in quantum well when compared with their bulk
counterparts. The reduced symmetry in quantum wells also offer a possibility of
competition between the two spin orbit field, namely Dresselhaus (2g1a) and Rashba

field (Qsia)which are defined below (Appendix: A)
Qpy (k)= 27D[kx(ky2 - k2)> ky(k:2 - kj); k:(kj - k;%)]
QSIA (k) = zlgl.(kyEz - szy)’ (szx - ksz )’ (kxEy B kyEx )J

The dependence of these two fields on crystallographic directions and the fact that
Qsia(k) depends on total electric field in the system, generates possibilities of

manipulating the total spin orbit field either by engineering the quantum well
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structure or by external electric field[1-3]. Because of the two spin orbit fields, the
spin relaxation time depends critically on the exact structure of quantum wells
including the quantum well width, strain and asymmetry, if any [4,5]. From the
ISHE measurement point of view, there are a few fundamental differences between

the bulk and quantum wells systems and those are described below,

(1) During the PL measurements, a major fraction of the circularly polarized light
is absorbed within the barrier layer leading to the generation of spin polarized
electron-hole pairs. As mentioned earlier that the holes are expected to forget
their spin polarization pretty soon and it is only the spin polarized electrons
which are to be transported to the quantum well layer either by diffusion or
drift. Due to the presence of defects at the barrier-well interface, spin relaxation
occurs at the interface, which reduces the electron spin polarization in the
quantum well [6].It has also been shown that the dissimilar spin orbit coupling
at the two sides of the interface also affects the spin relaxation process.

(11) As explained in chapter 5, spin current can be generated along growth direction
(z), because of the gradient of spin polarized carrier density. The flow of these
spin polarized carriers produces Iisgr depending upon the spin Hall conductivity
of the bulk material. However, to characterize the quantum well, the spin
polarized carriers need to flow in the plane of quantum well (x and y), as shown
in figure 6.1. However, the gradient in these directions is generally much

smaller than that in z direction. Hence the diffusion current density is small
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resulting in very small value of Iisge. Therefore, bias is generally applied along

the plane of quantum well to induce a spin current density (/s) given by
Jo=J,.p, (6.1)

Here, Jc is the charge current density and p, is the electron spin polarization in

the quantum well. Iisgr is then measured along the other in-plane direction

transverse to the applied bias.

Quantum
well

Figure 6.1 Schematic showing ISHE measurement in quantum well sample

(iii) As explained in chapter 1 and 5, in bulk semiconductors, p,is conveniently
estimated from the measured pby using the relation p,= (2 p). However, this

correlation becomes tricky in quantum wells, particularly when strain is

involved.

To address these issues, a simple model is developed based on band mixing

with in the Luttinger-Kohn approach that helps to correlate the p,andp, in a

strained quantum well. Thereafter, this method is used to estimate the spin loss
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across the quantum well interface by measuring p,both in the barrier and quantum
well. After knowing the magnitude of p,in the quantum well, equation 6.1 is used to

estimate the spin Hall conductivity in the quantum well.

6.2 Quantification of electron spin polarization

As is clear from section 1.2.2, because of the degeneracy of hh and lh levels in bulk
unstrained semiconductors at k=0, p, and p, are related by the relation p, = 0.5p,.
However, if this degeneracy is lifted by either strain or quantum confinement, p, can
be significantly different from 0.5p, and might approach a limiting case where of p,=
p,.Therefore, researchers have either used a bulk spin LED by neglecting the hh-lh
splitting or thin quantum wells, where the hh-lh splitting is large enough to ignore
the coupling between them [7-8]. Though practically important, the intermediate
regime 1s seldom exclusively discussed. In this regime, the valence bands cease to be

angular momentum Eigen states which alters the selection rules. For a general

case, p,can be written as §p,, where ¢ depends on the energy splitting between of hh

and [h levels. The parameter ¢ therefore governs the extent of band mixing in QW
systems. Therefore, a model needs to be formulated for estimating the magnitude of

¢1n an unambiguous manner.

6.2.1 k.p modeling to estimate the electron spin polarization

Generally, as explained in chapter 1, in experiments correlating p, and p,, different

bands 1.e. hh, l[h and the conduction band are denoted by |3/2, £3/2> and |3/2,
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+1/2>, respectively, considering their zone center (k=0) nature. Under this condition,
¢ 1s equal and opposite for e-hh and e-lh, 1.e. &in=t1 and &rn=-1. However, for an
arbitrary k, the states are not angular momentum Eigen states and are expressed
as a linear combination of all the basis states, given by the Luttinger-Kohn (LK)
Hamiltonian [9]. The dimension of such Hamiltonian is decided by the number of
interacting bands considered. Since in an experiment like PL, only the states close
to I' point are probed, the states are generally expressed as 4 x 4 Hamiltonian
[10].This means the conduction band is a pure Eigen state of angular momentum
operator and is written as|1/2, £1/2>, whereas hh and lh valence bands are

expressed as admixtures of | 3/2, £3/2> and | 3/2, £1/2> states.

To be consistent with general experimental set up, the electron spin
polarization direction can be considered as the z-axis, which coincides with the
sample growth direction. Under this condition, the 4 x 4 Hamiltonian including the

Bir-Pikus strain terms is given by [11]

P+Q -8 R 0
-SSP - 0 R (6.2)
H = Hk + Hv/ruin = Q
v R 0o P-0Q S
0 R’ S P+ 0
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&£.-€,and g, arethe respective strainelements

Here a, b and d are the respective deformation potentials. yi, y2 and y3 are the

Luttinger parameters.

By numerically solving the Eigen value equation, the projections of different
angular momentum states on the hh and [h valence band states are calculated. For

example,

Va (k)= fym, )

J,mJ>

v, (k)=>_ 1. (| J,m,) (6.3)

Here, fi,m,and fim, are four kdependent coupling coefficient, which decide the coupling

between different states. However, to correlate with the experiment like PL, they
have to be averaged over all the quasi degenerate states. In bulk isotropic
semiconductors, it is a surface of a sphere in k space, as shown in figure 6.2
(a).Their contribution can be independently calculated by substituting k.= k sin ()
cos (), ky = ksin(0) sin(p) and k: =k cos (B)in equation (6.2) and repeating the

calculations. Thereafter, the averaging is done as
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(., ) = ij ﬂ fy (6 5i06 d6 dg (6.4)

Here, 6 and ¢ are the polar and azimuthal angle respectively. For the case of a QW,
the situation a bit different where discrete circular regions, as defined in figure 6.2.

(b), are defined as the surfaces of equal energy.

[T

Figure 6.2 Surface of constant energy for (a) bulk, unstrained semiconductor
and (b) quantum well

6.2.2 Effect of biaxial Strain

Introduction of strain reduces the symmetry of the crystal and hence alters the
projections of angular momentum Eigen states on hh and [h. It is considered by
Wang et al. [10] for the technologically important case of biaxial strain along [001],
though strain along different directions can be easily taken into account. Under the

influence of strain, the hh and Ilh levels split and thus, <fi.(k)>varies from the
unstrained case. It is realized that the value of <fj,. (k)> critically depends on the
relative magnitude of Eigen energies of the respective bands and strain induced

splitting between hh and [h (AEix) bands, and is thus k-dependent. By solving the
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LK Hamiltonian for GaAs and taking average over the quasi degenerate states,

[<fhm (ky>[*and|<fim (k)>|*are calculated for known values of AEs and are shown in

figure 6.3. The deviation from their unstrained values can be readily marked.

1.0_- i -_ 1.0
0.8} 108
N—
2 A
N 08T Tensile 188 s
L ] N
3 2
S 041 {04
S -1
\ F —s— L =0.01 A 1 e
\Y B
— 0z —s—£ =0.02 A 0.2
0.0 0.0
-0.05 0.00 0.05 -0.05 0.00 0.05

AE, (eV) AE, (eV)

Figure 6.3 Components of the oscillator strength corresponding to m;=3/2 for hh
and (h bands as a function of AE,, for two different values of k.

This clarifies that under compressive strain, the hh level contains

predominantly|3/2,+3/2) character and under tensile strain, it contains
predominantly|3/2,+1/2) character. Reverse is true for the lh band. However, the

relative magnitude of the components of different angular momentum Eigen states
for hh and lh bands depend on the magnitude of k. Though generally in case of PL,
k is always considered to be negligible but there are a few mechanisms under which
the value of k increase in non-trivial ways. For example, coulomb interaction

between excitonic pair, hole trap at the defect states and thermal broadening [12,
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13]. Under this condition, realizing that the ratio of transition probabilities to
3/2,£3/2) and ‘3/2,i1/2> is 3:1 and both transitions results in opposite light

polarizations, ¢ for hh and [h can be given by

é _ 3‘<ﬁ.3/2> 172 _ -
s 7

Thus, the values of ¢ and &n are also dependent on AE;, and k and assigning

constant values to these parameters lead to erroneous results.

6.2.3Effect of quantum confinement

When there is quantum confinement, few points need special attention.

(1) The electrons and holes even in the lowest confined energy state have a finite
out-of-plane momentum (£k:), which is decided by the quantum well width (Lw),

strain in the quantum well (¢) and exact potential profile.

(1) Since k- is now quantized, Eq. (6.4) cannot be averaged over all direction of 6,
though the limits of @ are still applicable. This quantized value of 0 are jointly
decided by the in plane momentum % (=\(kx2+ky2)) and k-. They are shown in figure

6.2 (b) for the case of a QW.

It can be seen that the Luttinger-Kohn Hamiltonian, expressed in equation
6.2 is diagonal for k=0, in the absence of strain. This means the entire cross terms

representing the coupling between bands vanish and the states can be expressed as
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angular momentum Eigen states. In practice, kjis never zero, however, this
condition is approached if kj<<k:, which is satisfied for narrow quantum well at low
temperature. For a general quantum well, exact values of kjand k- have to be taken

into account.

(a) hh GaAs k=0.06 A"'||(b) Ih GaAs 103
Sl [ by k=0.03 A
L =10.4 nm 102
" 09 k=0.04 A" ’ =
g o= z S
+ L =7.8 nm I 1a1
0.8 |-
= -1 L
k=0.03 A o0en’]
L =10.4 nm = 3
® L =352
0 [ , , . : . : . L=52mm
0.00 0.01 0.02  0.00 0.01 0.02
k(A7) k(A7)

Figure 6.4The projection of | 3/2, 3/2> angular momentum state on (a) hh and (b) lh
bands of quantum well of width L, (corresponding to k: = n/Ly) is plotted against in
plane momentum (k)

Figure 6.4 depicts |<fns/2(k)>|2 and|<fi3/2(k)>|2 for an unstrained GaAs
quantum well as a function of & for different values of k.. The growth direction is
assumed to be along (001). On a first approximation, ignoring the leakage of hole
wave function to the barrier, k: can be approximated as (n/Lw). The corresponding

values of Ly is also mentioned in the same graphs. As is expected, for k| — 0, the
hh and Ih states become Eigen states of |3/2,+3/2) and|3/ 2,+1/ 2> respectively. The

coupling increases with increase in kj.However, in this case, the components of hh

and [h are not as significantly affected as in the case of bulk semiconductors. It is
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because of the fact that the momenta of electrons and holes are largely decided by
the quantum confinement, which decouples the hh and [h states up to significant
extent. This is the primary reason why the particular effect is mostly overlooked.
Taking the reduced mass of excitons in GaAs for example, even at 10K, the thermal
contribution to kj alone is around 0.003 A-l. Therefore, in realistic quantum wells,
the hh and [h are not angular momentum Eigen states. This makes the estimation

of £ even more complicated.

6.2.4 Combined effect of strain and quantum confinement

The inclusion of strain in the quantum well either increases or decreases the
splitting between hh and [h depending on whether it is compressive or tensile
strain. Therefore, the value of | <fn3/2(k)>|2and | <f13/2(k)>|2 changes depending the
strain in the quantum well. The cases of tensile and compressive strained quantum
wells are shown separately in figure 6.5. It can be seen that, coupling between hh
and lhis larger in tensile strained quantum well as compared to equivalent
compressive strained case because of the proximity of hh and [h in case of the

former.
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Figure 6.5The projection of |3/2, 3/2> angular momentum state on (a) hh and (b)
lhlevels of GaAs quantum well of width Lg(corresponding to k- = n/Lw) and biaxial
strain (¢=0.2%). The cases of tensile and compressive strain are compared with the
unstrained case, which 1s shown as dotted line.

6.2.5 Effect of the split off band

As explained in the previous section, 4 band Hamiltonian is usually considered for
estimating the spin polarization where the effect of split off band is ignored. It can
be justified from figure 6.6, where the inclusion of split off band is highlighted. For
GaAs, almost no effect can be seen in ¢nreven after considering a high k value of
0.06 A-1. On the other hand in case of InP, where the split off gap is lower (0.108
eV), slight variation is obtained. It can also be seen from the plotted band diagram
(E-k diagram) of GaAs and InP. The deviation between the two approach starts at

much larger k, which is generally not accessible in PL. Therefore, unless the split off
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gap 1s very low, considering the 4 band approach is quite reasonable for analyzing

the PL polarization.
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Figure 6.6 A comparison of 4 band and 6 band calculation to show the effect of split
off band on &u. (a) and (b) show the differences for GaAs for k£ = 0.02 A1 and 0.04 A-1
respectively. (c) and (d) show the differences for InP for £ = 0.02 A-land 0.04 A-!
respectively. (e) and (f) show the difference in E-k diagram in GaAs and InP
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These calculations can be associated with the realisticquantum wells, where
the quantum well thickness decides the value of k.. On the other hand, k| can be
correlated to the temperature by considering only thermal broadening. Since the
magnitude of fn3/2dependsboth on &, and k|, it is not always possible to uniquely

estimate p, from a single measurement. It is rather estimated through a systematic

modelling where a correlation between p,and p for a quantum well can be obtained.

6.3 Measurement of electron polarization in QW

As can be seen, the relation between p, and p,are different for strained and

unstrained quantum wells. Accordingly, different quantum wells are chosen for the
measurements. These are listed in table 6.1 along with the width of quantum well
and the strain. More detail about the structure and growth are given in table 3.1.
The experiment was conducted as explained in section 3.6. The only difference made
is that the normal incidence is ensured and PL is collected in the back scattering
geometry, as shown in figure 6.7. This is done to minimize the angular dependence
of polarization of light emitted from hh and [h transitions. I++I. and I+I are
independently measured by using a mechanical chopper and PEM respectively. As
the optical excitation occur inside the barrier layer, suitable laser i1s chosen to excite
spin polarized electron-hole pairs. These are also listed in table 6.1. The excitation

power is fixed at 3.5 mW.
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Table 6.1 Details of the quantum well sample and the estimated parameters

Sample | Quantum g . AEm | Epn(e | k2 P | sz P

No. Well/ Barrier | @@ | &%) (meV) | V) (AN | () ¢ (%)

S6 GaAs/ 45.2 0 14.2 2.32 10.041 (2.1 0.994 0.995 2.11
Al 3,Ga, g;As

S7 GaAso.s9Po.11/ 87.2 -0.2 7.1 1.94 |0.033 |-0.7] 0.981 }0.987 | 0.71
Al 3,Ga, ;As

S8 Ino.o7GaogsAs/ | 91.0 +04 |21.2 1.54 |0.024 | 1.6 | 0.986 |0.990 1.61
GaAs

Monochmmamr &
Detector

Figure 6.7 Experimental set up to measure degree of circular polarization of PL.
Here LP, QWP, C, M, L, S and PEM denote the linear polarizer, quarter wave
plate, Chopper, mirror, Lens, Sample and Photo-elastic modulator respectively
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Figure 6.8 (a) I++Il. and I+-I. for GaAs/AlGaAs quantum well (b) I+ILplotted
against the relative angle between quarter wave plate an linear polarizer.
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Figure 6.9 (a) I++I. and I+I. for InGaAs/GaAs quantum well (b) I+-I.plotted
against the relative angle between quarter wave plate an linear polarizer
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Figure 6.10 (a) I++I. and I+-I. for GaAsP/AlGaAs quantum well (b) I+-Iplotted
against the relative angle between quarter wave plate an linear polarizer

Figure 6.8 (a), figure 6.9 (a) and figure 6.10 (a) show the measured I++I. and
I+-I. for the three quantum wells. For each of them, the magnitude of the I+I. at
peak energy is plotted as a function of relative angle between quarter wave plate
and linear polarizer in figure 6.8 (b), figure 6.9 (b) and figure 6.10 (b). The negative

p; in case of GaAsP/AlGaAs quantum well is because of the fact that, in this case,
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the ground state is the [h state. A small peak at higher energy corresponding to hh

level is also seen, which has positive p,.

To estimate electron spin polarization the following procedure is adopted.

(i) First,p, is estimated from the measured I+-Las explained in section 3.6.
(i) To work out a relation between pand p, the values of k;, and k| are needed. For

a given quantum well k. is numerically calculated [14]. Initially k. = n/Lw, Luw
being the quantum well width, is assumed. From the known strain in the
quantum well and assumed k., the effective mass of electrons in the quantum
well 1s estimated by using the LK Hamiltonian. This is used to solve the one
dimensional Schrodinger equation, under the envelope-function approximation,
with a finite height potential. From the fitting of sinusoidal envelope function in
the quantum well, the effective k: is re-estimated. If the bands are highly non-
parabolic in nature, this will require several iteration. Otherwise, single fitting
gives fairly accurate value of k.. These values are also mentioned in table 6.1.
From the known temperature (T), average value of kjis estimated as V(2m*kT)/h.

(111) Using &, and &, |<fn,3/2> |2 is estimated as shown in figure 6.5 and corresponding

¢ 1s estimated by using equation 6.5.

@iv) p is estimated form p, as, p = p,/< .

The estimated values of p, are mentioned in table 6.1. Though the incident
power is kept same for all the three cases, p, is observed to be much higher for

GaAs/AlGaAs quantum well than the other two. This may be because of the
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superior interface between the lattice matched GaAs and AlGaAs, which leads to

efficient spin transfer from barrier to quantum well.

In these particular cases, because of large AE;, as compared to the thermal

energy (T= 10K), ¢ is almost £1 and therefore, p is almost equal to p, However, this

method of correlating the k.p calculations with the polarization analysis of PL can
be used for a general quantum well, provided higher order hh and lh levels are far
from their respective ground states. It should be noted that researchers have used
theoretical calculations based on tight binding method [15], Variational method
[16], atomistic method [17] or multi-band k.p methods [18] are performed for this
purpose. However, the present method offers a simple model, which can explain the

physical mechanism along with the quantitative estimation of ¢

6.4 Experimental estimation of electron spin
polarization uniquely

6.4.1 Estimation method

As already explained in the previous section, a correlation between the numerical
simulations and experimental measurements are required to uniquely estimate the

value of p,in a quantum well. Particularly for the case like S7, where the separation

between hh and [h levels are not significantly large compared to the thermal

energy, no simple relation exist between p, and p,. Since ¢ and p,, both are unknown

quantities, two independent measurements are needed to estimate the two

parameters. Various experimental techniques are used for this purpose. Zhu et
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al.[19] analyzed two different edges of electroluminescence peak to estimate the
contribution from hh and [h to the light polarization in InGaAs quantum well. This
method may be appropriate where the splitting between hh and [h 1s too large, so
that coupling between the two bands is negligible. In principle, measurements at
two different collection angles should be sufficient to estimate the two parameters
independently. It is based on the idea that the light emitted from e-hh and e-lh
transitions have different angular distribution of intensity and polarization [20].
However, measurements at higher angles suffer from the problem of Lambertian
[20]. Also, the light emitted at non-normal angle undergoes a change in

polarization, because of transmission at the interfaces of the multi-layers [20, 21].

Here we propose that the simultaneous measurement of the p, for both the hh

and lh related transitions (e-hh and e-lh) along the quantization direction can be

used to estimate ¢ and p,, which leads to unambiguous estimation of electron spin
polarization in a strained quantum well. In a quantum well, the emitted intensity of
right (left) circularly polarized light is given by the optical transition matrix
between conduction band and hh and lh as

®,) =N fom,)

2

(6.6)

1, ~|(¥, 2\(\11 p.|J.m, )@, |®,)

pJ_r| Y, >’2 ‘<(Dc

Here p: are the dipole operator for the right (left) circularly polarized light,

given asp, =/N2(Fp,-ip,) and @(@s) is the electron (hh) envelope functions

J,m J>|2 is the dipole matrix element for a particular set of

respectively. |<‘Pc | D,

bands. When the ground states of the electron and hole in a quantum well are
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considered, the overlap integral of envelope function become almost one and the
transition matrix element is given by the corresponding dipole matrix element.
Under this condition, &nr and &n are given by equation 6.5, using two unknown
variables, that are given by|<f,:3,>] and |<fi32>. However, since the angular
momentum Eigen states constitute a complete set, one more relation is applicable
Le. [<fis32>=1-|<fi,+32>*. Therefore, both &nand & can be expressed as a function of
single variable |<fi+3/2>12, as in equation 6.7

2

f _ ‘ﬁr}ﬁ ‘fhl/Z _ ‘fh3/> B
1 ‘ fh3/2 +‘ fhl/2 ‘ fh3/2>
.. 3 i) —Kﬁm)z _ 3—4\<fh,3/z>2 6.7)
3‘<f1,3/2> + ’<f1,1/2> 3- 2‘<fh~3/2>

It is understood that, ¢, and ¢, are not the directly measurable quantities,
rather, p, (=p,) is experimentally measured. However, since p, is same for both the
transitions, the ratio of pfor e-lh and e-hh transitions is equivalent to the ratio

between ¢, and ¢,,,,.

It is clear from figure 6.4 and figure 6.5 that, fi~3/2 varies from 0.5 for bulk

system to 1 for ultrathin quantum wells. For this range, ¢, and ¢, are plotted along

with their ratio in figure 6.11. It should be noted that, though the parameter
| <fn:3/2>|2depends on the material system under consideration, figure 6.11 is a

result of general equation 6.7 and therefore is independent of the material system.
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It can be seen that, for a special case of negligible band mixing 1i.e.

for | <fnz3/2>|2—1, §,=1=-§,, It is also noted that, &,,/5,varies from -1 to +1 as

| <fn=3/2>|2 varies from 1 to 0.5 making it a sensitive probe to measure the band

mixing. Therefore, to estimate p, unambiguously, p,is measured for both e-hh and e-
Ih transitions separately and their ratio is taken, which is equivalent to ¢, /¢,,. Then
using figure 6.11, corresponding &, and &, are estimated individually. From the
known values of p, and ¢ for either of the transitions, a unique value of p, is
estimated. For example, if the ratio of p, for e-hh and e-lh transitions turns out to be
-0.5 in a measurement, as shown by a dotted line in figure 6.11, then the

corresponding values of ¢, and &, are -0.45 and 0.9 respectively (shown by the

respective horizontal solid lines).
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Figure 6.11 ¢, and ¢ along with their ratio as a function of |<fh32>)
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6.4.2 Experimental verifications

The above mentioned method requires that separate well defined peaks for e-hh and
e-lh transitions are observed in the PL spectrum. Therefore, this method is most
suited for the case when the AEi is not too high to depopulate the higher energy
level, yet not too close to ensure that the two peaks are merged. For GaAs/AlGaAs
quantum wells, AE; can be tuned by varying the quantum well width. However, it
is difficult to observe separate [h peak, which is situated at high energy and has

lower oscillator strength. For thick GaAs quantum well (d ~ 15 nm), opposite p, at

the two edges of the peak are observed. However, since the peaks are merged into
one, contributions from individual bands are not well defined. This is shown in

figure 6.12. Similar result is also observed by Zhu et al.[22]in InGaAs quantum

well.
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Figure 6.121++1.(black squares) and I+-I.(green circles) for GaAs/AlGaAs quantum
well (L,=15.2 nm)
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In this regard, the tensile strained quantum well presents a unique case,
because the light hole with lower oscillator strength can be the ground state and
therefore, two peaks of comparable intensities can be observed. For this purpose, we
specifically studied the case of tensile strained GaAsosoPo.11—Alo 35Gao.esAs quantum

well of quantum well width L,= 8.7 nm.

Figure 6.13shows the Photoluminescence spectra (I++ I.) at temperature
between 10 K and 150 K, where two well resolved peaks are observed. From the
fitting of the I++ Lcurve, the intensity of both the peaks (Iin and Inn) are separately
obtained. The lower and higher energy peaks are attributed to e-lh and e-hh
transitions respectively. Sometimes spurious contributions due to the presence of
magnetic impurities, circular dichroism in non-magnetic semiconductors, phonon
replicas, recombination mediated by various impurity levels and confinement

geometry considerably affect the correlation between p, and p, [23,24] . Jonker et al.

[25] have analyzed the different components of the electroluminescence in
GaAs/AlGaAs LED to get rid of this problem [25]. Therefore, it is necessary to

ensure the nature of the peaks observed in the PL spectra.

We have adopted several methods to confirm the assignment of the two
peaks, which are explained as follows. By solving simple one dimensional
Schrodinger equation, the energy levels are estimated, from which it is seen that
the light hole is the lowest valence band in this cases, which is separated from the

heavy hole by approximately 7 meV.
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Figure 6.13 PL spectra at different temperatures showing the deconvoluted
peaks.

Further, the relative increase in the intensity of higher energy peak with
falling temperature, as shown in figure 6.14 (a), is a signature of light hole ground
state system [26].The excitonic nature of the peaks is confirmed by fitting the of
incident power (P) dependence of integrated PL intensities (Inx and Iin) with the
equation Inn (In) a P, as shown in figure 6.14 (b). For e-lh and e-hh peaks, the
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exponent v turn out to be 1.01 and 1.12 respectively. Furthermore, the
disappearance of the higher energy peak at larger quantum well thickness rules out

any possibilities of spurious contributions in the PL peaks. This is shown in figure

6.14 (c).
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Figure 6.14 Integrated intensity of individual peaks are plotted against (a)
sample temperature and (b) Incident intensity. (c¢) PL peak of thick (L.=14 nm)
GaAsP quantum well

To analyze the polarization properties of each peaks, following method is
adopted.
(1) For the case when both e-hh and e-lh transitions are present with in the PL
peak, following relation is implied,

[+ -1 = pe(fhhlhh +§lh11h)

= ]+ - I— = ghhpe(]hh + %Iﬂz] (68)
hh

(11)  (I+-I) and individual values ofli» and Inn are experimentally measured. (I+-1.)
is further multiplied by the calibration constant, which is nearly 7.5 in our

experimental set up, as explained in section 3.6.
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(iii)

(iv)

(I+-I)) spectra are numerically fitted to equation 6.8 to obtain two parameters

&Sy, and &, pe. Note that, individual values of &,,, &, and pe cannot be

extracted from this fitting.

The value of §;,/¢,,is used in figure 6.11 to extract individual values of §,, and
&, This also gives unique value of pe because the parameter §,,p is already

known from (iii).

The measured value of I++ I and corresponding fitting for three different

temperatures are shown in figure 6.15. In the same plot, the case of §,/&,,= -1 is also

shown. It can be seen that, though at 10K, the measured I+ I. fits well with

equation 6.8 for ¢,/ ¢,,= -1. However, with increasing temperature, the difference

between the two increases and the magnitude of fitted parameter ¢,/ &,,decreases

gradually. It is shown in figure 6.16 (a). This corresponds to decrease in the value of

| <fn,3/2>12, as is expected from figure 6.11.

1-1(x 109

Figure 6.15 Measured /+-1. spectra are plotted for three different temperatures (a) 10 K, (b) 75
K and (c) 150 K. They are also fitted by taking &, /¢, as a fitting parameter, shown in blue curve.
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The estimated spectra assuming ¢, /¢, =-1 is also shown as red curve.
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Figure 6.16 (a) Estimated value of ¢/, as a function of temperature. The individual values of ¢,
and ¢, estimated by comparing it with figure 6.11 are also shown. (b) Estimated values of p, as a

function of temperature. The errors in the plotted values of ¢, and ¢, are within the dot size.

By correlating the estimated values of ¢ /& with figure 6.11, individual
values of ¢, and ¢, ,are determined and are also plotted in the same figure. It is
observed that the ratio of ¢, and ¢, monotonically increases with rise in

temperature.

Since the fitting also provides the parameter ¢, ,0c, and the values of §,, are

obtained from figure 6.16 (a), pe can be unambiguously estimated and is plotted in

figure 6.16 (b). A small value of p, is probably because of the background of

unpolarized electrons that already exist in the QW and also due to the spin
relaxation of electrons while they cross the interface between the barrier and
quantum well. However, irrespective of the spin relaxation and transport process,

the present method can be used to measure the electron spin polarization in a
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quantum well when the coupling between hh and lh bands is expected to be strong

and PL feature corresponding to both the bands are observed experimentally.

6.5 Estimation of Spin injection efficiency from

barrier to quantum well
One of the crucial issues in the development of spin optoelectronic devices based on
quantum structures i1s the transmission of spin information through the
heterogeneous systems. The loss of spin information across the interface between
ferromagnetic metal spin injector and non-magnetic semiconductor has been
studied for many years, where one can achieve a maximum of 1-2 % spin transfer
[184]. On the other hand, substantially larger injection efficiency is observed in case
of all-semiconductor systems because of better conductivity matching and better
interfaces [185]. It has been identified that the structural defects such as stacking
faults at the semiconductor-semiconductor interface are a major source of spin
scattering at low temperatures (T <10 K) [186]. In this analysis, the spin transfer
across the injector-semiconductor interfaces are estimated by analysing the degree
of circular polarization of light emitted from a LED situated near the interface.
Most of the times, the spin transfer across the interface of LED is assumed to be
ideal and no spin relaxation is considered. It is because, most of the experiments are
conducted at liquid Helium temperature, where the spin relaxation times in the
conventional semiconductors are much larger than the transport time of injected
electrons from injector-semiconductor interfaces to LED. Puttisong et al. [187] have

recently studied the spin injection at room temperature by considering the spin
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relaxation during the transport of spin polarized electrons and also during their
energy relaxation with in the LED. They have used spin dependent recombination
ratio measurement for this purpose. Keeping this in mind, it is planned to estimate
the spin loss during transport from barrier to quantum well in a GaAs/AlGaAs
quantum well. For this, the degree of circular polarization of the light emitted from
both the barrier material and quantum well are separately analyzed. The spin

transfer efficiency is given by the ratio between them and can be written as

GaAs GaAs
_ P _ SucasP (6.9)
77 - AlGads — AlGaAs
e GaAsl~1

As 1s shown in the previous section, the correlation factor ¢ are different for bulk
material and quantum wells. In bulk unstrained materials, it is almost always 0.5
(£416a4s=0.5), whereas, in quantum wells, it depends on several factors including the

geometry of quantum wells and the sample temperature.

It 1s important to note that, for this kind of analysis, PL should be observable
both from barrier and quantum well. Figure 6.17, shows the PL spectra
corresponding to the barrier and quantum well of GaAs/AlGaAs quantum well with
43 A quantum well thickness. The detail of the growth condition and structures are
mentioned in table 3.1. The quantum well PL is observed upto room temperature,
the barrier PL 1s observed only upto 100K. Hence analysis is carried out upto 100 K
only. The higher temperature peaks of the barriers are multiplied by suitable

constant factors to make it visible.
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Figure 6.17 Temperature dependence of PL peak corresponding to (a)
Quantum well and (b) barrier of a GaAs/AlGaAs quantum well.

By doing the analysis, explained in section 6.3, p, is estimated for both the

peaks and are plotted in figure 6.18 (a) as a function of temperature. For the barrier
peak, value of § is taken 0.5. However, for quantum well, it become temperature
dependent and is estimated by applying the method explained in section 6.2. The

corresponding values of p, is estimated from the relation p, = Cp/ §. These are

plotted in figure 6.18 (b). It can be seen that for both the barrier and quantum

wells, p, decrease with rise in temperature. However, it is more rapid in case of

quantum well because of added spin relaxation during their transport.
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Figure 6.18 (a) Degree of circular polarization of light (p) and (b) spin

polarization of electron (p,) in barrier and quantum well
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Figure 6.19 Spin transfer efficiency is compared for two different quantum

wells

Furthermore, the spin transfer efficiency () is estimated by using equation
6.9 and is plotted in figure 6.19. It can be seen that at 10 K, n is almost 100 %

indicating minimum loss of spin relaxation. However, it decreases rapidly to within
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10 % at 100 K. Similar plot for a 35 A quantum well is also shown in the same

figure.

As pointed out by Puttisong et al. [187], n depends on several factors
including spin relaxation of electrons within the barrier (AlGaAs) before being
injected to quantum well (GaAs). Spin flip scattering across the AlGaAs/GaAs
interface and spin relaxation during energy relaxation of the injected hot electrons
in GaAs quantum wells are the two important mechanisms. It has been shown that,
the D.P spin relaxation time decreases at lower quantum well width which is
mainly due to stronger quantum confinement effect [21]. This may be one possible
reason behind a smallvalue of 5 for thin quantum wells. Enhanced values of
composition and thickness fluctuations at low QW thickness provide another

possible reason.

6.6 ISHE measurement in GaAs/AlGaAs

quantum well

From the analysis of the previous section, electron spin polarization (p,) in the

quantum well is estimated at several temperature varying from 10 to 100 K. Hence,
ISHE measurements can be performed as explained in section 6.1, where the
applied current density is correlated to the spin current density by equation (6.1)
and is given by Js=Jcpe. For this, GaAs/AlGaAs quantum wells are chosen, which are
grown on SI GaAs. Hall bar structure is fabricated as explained in section 3.2.2 and

section 5.2. The resistance across the two opposite pair of contacts are measured at

191



various temperatures. The schematic of the Hall bar structure and corresponding
current-voltage measurements at 300 K are shown in figure 6.20 (a) and (b)

respectively.

200 F
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Figure 6.20 Schematic of the fabricated Hall bar structure and measured current
voltage behavior at 300 K

For the measurement of ISHE, dc voltage ranging from 0 to = 5 V is applied
across contacts ‘1’ and ‘3’ using Lock in amplifier and Ispre 1s measured across
contacts ‘2" and ‘4’. Laser light of 532 nm (P.=3.5 mW) is incidence on the middle of
the two pair of contacts at normal incidence. Care is taken not to illuminate any of
the electrical contacts to avoid the artefacts in the measurement. Since the laser
light is modulated at 50 kHz, Iisgr is measured at that frequency using Lock in

amplifier technique. For this case, equation 1.19 can be re-written as

= ) (6.10)
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Since both the conducting paths, i.e. from ‘1’ to ‘3" and from ‘2’ to ‘4’ have the
same cross sectional area, current density can be correlated with measured current.
Since Js(=Jpe) 1s known from the applied voltage (V) and resistance, and Jisug is
measured experimentally, equation 6.10 enabled us to estimate the spin Hall angle

(y) using the following relation

yoo Lo (6.11)

("4
Here R is the resistance across the device, measured using figure 6.20 (b). In
figure 6.21, the measured Iisyris plotted at three different temperatures, as a
function of applied bias. The background signal corresponding to misalignment of
contacts and Dember voltage are removed by subtracting the current that was

measured by orienting the linear polarizer parallel to the PEM axis.

A straight line behavior is observed at all the temperatures. It is predicted
that, as in bulk GaAs, sub linear nature should be observed at higher applied bias,
because of faster spin relaxation of electrons at higher electric field [75, 133].
However, the maximum field, which is applied here is 50 V/ecm. Therefore it is not
expected to induce non-linear behavior, which is generally observed at the range of
few kV/cm. The measured current is further divided by the response of the
measurement circuit, as explained in section 3.5.2. Thereafter, it is put in equation

6.11 to estimate y, which are plotted in figure 6.22.
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Figure 6.21 Measured Iisur as a function of applied voltage at three different
temperatures.
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Figure 6.22 Estimated spin Hall angle in GaAs/AlGaAs quantum well as a function
of sample temperature

194



This estimated value of y, increases from 0.002 at 10 K to 0.0045 at 100 K.
Though the numerical values are different than the bulk GaAs case, the
temperature dependent are similar for both the cases. This points towards a

possible common origin of spin Hall Effect in both cases.

6.7 Outcome of the chapter

This chapter describes the results from the optical orientation technique for the
measurement of electron polarization and spin Hall angle in quantum well
structures. By k.p modeling, a relation is established for estimating the electron
spin polarization from the observed degree of circular polarization of the
photoluminescence. This method takes into account the coupling between heavy and
light holes and therefore requires different input parameters like sample
temperature and quantum well thickness. This method 1is verified by
simultaneously measuring the degree of circular polarization of light originated
from the recombination of electrons with light and heavy holes in GaAsP/AlGaAs
tensile strained quantum wells. Further, the spin transfer efficiency from the
barrier to quantum well material in a GaAs/AlGaAs quantum well is also
estimated by estimating the electron spin polarization in the barrier andthe
quantum well materials. It is found to be 98.4% at 10 K, suggesting very good
quality hetero-interface of the MOVPE grown layers. However, the efficiency
decreases to within 10 % at 100 K because of the increase in carrier scattering due

to various spin relaxation mechanism. Beyond 100 K, it is not possible to estimate
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the efficiency as photoluminescence from the barrier material disappears. The
estimated electron spin polarization is then multiplied to the applied current to
correlate it with the effective spin current flowing through the quantum well. This
spin current generates a transverse ISHE current, which is measured by Lock in
technique and subsequently, the spin Hall angle in GaAs/AlGaAs quantum well is
estimated. The spin Hall angle is observed to increase with temperature from 0.002
at 10 K to 0.0045 at 100 K. Further theoretical and experimental work is needed to
explain the observed dependence in terms of microscopic details. However, this
study establish a method for measuring the spin Hall angle in quantum well by first
estimating the electron spin polarization correctly and then correlating it with the

measured ISHE induced current.
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Chapter 7

Fabrication of a spin- optoelectronic
device

7.1 Introduction

It is clear from the recent research work of several groups that an integration of
spintronic technology with conventional semiconductors will increase the
functionality of the device [12]. With this in mind, efforts are put to develop a
functional device that operates under ambient conditions. In chapter 4, the
detection of photo-induced Inverse Spin Hall Effect in Au/InP hybrid junction
has been already established, where a current of 50 pA was measured at room
temperature for 10 mW circularly polarized laser. The magnitude of signal is
surely far above the typical noise level in the laboratory. A careful choice of the
metal and semiconductor combination have led to this development as described
in chapter 4. Since the magnitude of Iisyr varies linearly with the degree of
circular polarization of laser beam, it readily indicates towards the use of such a
device in the integration of light-polarization information with spintronic
technology. It paves the way for the development of a semiconductor detector for
detecting the polarization state of the laser beam and the same is discussed in
this chapter.
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7.2 Methods for the detection of the degree of
circular polarization of light

Circularly polarized light has profound importance in various domains of
fundamental research and practical applications which includes material
characterization using circularly polarized ellipsometry, chiral nanostructure
fabrication, manipulation of biological and colloidal matter, quantum
teleportation and cancer diagnosis [188-192]. The recent findings are based on
numerous innovations in the domain of generation and detection of circularly
polarized light. In a conventional photo-polarimeter, the light beam passes
through a sequence of analyzing optical elements before the emerging light is
measured by a polarization-insensitive linear photo-detector [193, 194]. Although
these methods are very robust and extremely reliable but are inherently slow
due to the involvement of several opto-mechanical components. Moreover, if one
wants to record the time resolved information then a more complex optical
configuration is chosen where elliptically polarized light beam is transmitted
through rapidly rotating polarizer/analyzer/compensator which are kept in front
of a conventional photodiode [195]. For more accurate time resolved
measurements, researchers prefer to opt for pump-probe based techniques which
are rather cumbersome and the measurements are highly onerous [196].
Irrespective of their critical importance and usefulness, all these conventional
methods are rather slow. In order to overcome this limitation, R.M.A. Azzam
[197] proposed a novel method based on four independent photodiodes where one
can measure all the Stokes parameters of polarized light simultaneously.

However, for key applications in advanced optical communication and quantum-
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based optical computing, miniaturized integrated devices are desired where
ultrafast detection of circularly polarized light is feasible [198-199]. Spin-
optoelectronic technology offers a great opportunity for the development of fast
and compact devices that can be made by exploiting the interplay between the
photon angular momentum and the spin of electrons in a spin-optoelectronic
device. In such devices, injection/detection of spin polarized carriers is achieved
by depositing a thin layer of magnetic materials on the top of semiconductor
[200]. In spite of the remarkable achievements of these structures, a major
bottleneck impedes their progress as the devices fail to operate at room
temperature. Moreover, the requirement of external magnetic field makes them
less attractive for the communication purposes [200]. On the other hand, a few
researchers have proposed another interesting technique for the room
temperature detection of light helicity where the measurement of polarization
state of THz radiations is made possible by implementing the devices based on
the circular photo-galvanic effect, linear photo-galvanic effect, and photon drag
effects in semiconductors [201-203]. Unfortunately, this technique works in the
far-infrared region and is not easy to extend to the wvisible portion of
electromagnetic spectrum since the chosen active components are not
transparent to the visible light. Recently, Yang et al. [204] also demonstrated a
novel method to detect the circularly polarized light by a chiral organic
semiconductor transistor. Although, it is an easy method for the fabrication of
such interesting devices, since no magnetic materials/magnetic fields are
required, but the handedness of the molecule decides the response of detector

towards the helicity of light. It means that two separate detectors with films of
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different handedness are needed to record the left and right polarization states of
the circularly polarized light. Further, the signal to noise ratio of these devices is
rather poor. Moreover, optoelectronic devices based on conventional inorganic
semiconductors are generally preferred over their organic counterparts due to
the reliability, repeatability and robustness issues.

In these contexts, the spin-photonic devices discussed in chapter 2 and 4
offer a realistic solution. These compact devices are able to detect visible and
near infrared light, and can operate at room temperature. Moreover, neither any
ferromagnetic material nor a magnetic field is required for the operation of
device. Hence, monolithic integration of these devices can be made with existing

optoelectronic circuits where high frequency operation is also feasible.

7.3 Factors contributing in the output of a
conventional spin-photonic detector

Although, the devices explained in chapter 2, and 4 are able to detect the
polarization state of a laser beam, but an important point related to the
magnitude of Iisue causes some concern. As mentioned earlier, Iisue depends on
three factors, i.e. 1) degree of circular polarization, 2) angle of incidence and 3)
the intensity of impinging laser beam. Therefore, the magnitude of Iisue will be
decided by the intensity and polarization state of laser beam even for a given

incidence angle, as shown in figure 7.1 (a) and (b)
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Figure 7.1 The magnitude of Iisue plotted as a function of (a) degree of circular
polarization, and (b) Intensity of a laser beam

Therefore, for an unambiguous determination of the polarization state by
ISHE detector a careful calibration against the intensity of laser beam is
essential. Moreover, such a calibration must be carried out using an independent
photo-detector. This is important since any fluctuation in the incident intensity
may provide misleading information about the polarization state if the intensity
is not measured simultaneously. This is a common issue concerning almost all

polarization detectors that are in operation today.

In fact, Ganichev et al. [201] reported the simultaneous measurement of
intensity and helicity of terahertz radiation using separate detectors. However,
inclusion of an independent detector for the laser intensity unnecessarily
complicates the issue and it i1s extremely desirable if a single device can
simultaneously measure the degree of circular polarization along with the
intensity of a laser beam. Such a device shall provide an unambiguous detection

of the polarization state of a laser beam independent of its intensity.
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7.4 Proposal of a three terminal device as one
possible solution

A possible solution to the aforementioned problem arises by realizing that the
metallic Au forms Schottky contacts with InP where a built-in electric field is
associated with the metal-semiconductor junction. This creates an asymmetry in
the motion of photo-generated electrons, although at the time of generation they
are distributed symmetrically in the k-space. This asymmetry i.e. the difference
in the number of electrons moving in opposite direction (nx - n+x) creates a photo-
voltage, which is a measure of the incident intensity. Therefore, it is possible to
measure both the light polarization and intensity simultaneously, if an
additional measurement is done across the Schottky contact in the same

geometry.

7.5 Fabrication of two different detectors on a
single chip

To implement the above solution, a device is fabricated with an additional
electrode, whose fabrication details are similar to the methods explained in
section 4.2. Two 100-nm-thick Au-pads are evaporated at the two edges of Au
thin layer, which are labelled as contact ‘1’ and ‘2’ respectively in figure 7.2 (a).
These two contacts are used to measure the lisur that flows between the two Au-
pads. Indium Ohmic contact, labelled as contact ‘3" in figure 7.2 (b) is made at
the other edge of InP sample which is used for the simultaneous measurements
of the photo-voltaic current (Ipv) that flows between the contacts ‘2’ and ‘3’ due to

the light illumination.
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Figure 7.2 (a) Two terminal device to measure only ISHE, (b) Three terminal
device for the measurement of Irsur and Ipv simultaneously.

For the proper functioning of the device, it is necessary to ensure that the
contacts are working as per the desired experimental configurations. In view of
this, a set of experiments are performed and the representative plots are shown
in figure 7.3 (a) illustrating the room temperature Current-Voltage (I-V)
characteristics of the two sets of contacts. Linear and rectifying nature of the
two sets of contacts i.e. ‘1’ & ‘2" and ‘2’ & ‘3’ ensure the suitability of the device for

the measurement of Iisur and Ipv respectively.
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Figure 7.3(a) I-V graph of contacts (1,2) and (2,3) respectively. (b) Measured Ipy
and numerically estimated Iisgr in Au/InP structure. For Iisug calculation, the
barrier height is taken to be 0.72 eV. The spectra are normalized to their peak
values
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A barrier height of the magnitude of 0.72 eV is measured from the forward
biased I-V characteristics which is reasonable. The capacitance across the
contacts ‘2’ & ‘3’ is also measured as 18.1 nF which provides a depletion width of
54 nm and a built-in electric field of approximately 120 kV/cm at the junction.
For the measured barrier height, the Iisue spectrum is numerically calculated
following the procedure described in chapter 2, and the same is plotted as red
curve in figure 7.3 (b). Further, the spectral dependence of Ipv is also measured
by using a Lamp-monochromator geometry and is plotted as black curve in figure
7.3 (b). These two curves clearly demonstrate the suitability of fabricated device

for the simultaneous measurement of Iiswe and Ipvin the range of 2 - 2.6 eV.

7.6 Simultaneous and independent
measurement of I;syr and Ipy

During the measurements, laser light with wavelength of A=532 nm (E,» =2.33
eV) uniformly illuminated the Au layer as schematically shown in figure 7.4. The
angle of incidence is kept at 60°. The magnitude of Iispe is maximum at this
angle which is predicted by the numerical simulations, explained in chapter 2
and is also observed in the experiments explained in chapter 3. In this
experiment, the incident laser beam undergoes two types of modulations before
being absorbed by the sample. One is the polarization modulation, induced by
using a Photo-elastic modulator (PEM-100 of Hinds make) operating at w,=50
kHz while the other is the intensity modulation, induced by a mechanical
chopper operating at much lower frequencies (w¢) varying from 172 Hz to 3 kHz.
The polarization induced current (Irsue) and the photo-voltaic current (Ipv) are

separately measured by using two independent lock-in amplifiers synchronized
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to PEM (Ref. 1) and mechanical chopper (Ref. 2) frequencies respectively. All the

measurements are performed at room temperature.

Lock-in
L Ref 2 7~ amplifier 2
polarizer
(4509) PEM

Q [1 my Lock-in
\O a W i amplifier 1

chopper

Ref 1.

PEM controller

Figure 7.4 Schematic of experimental set up to measure Iiswe and Ipv
simultaneously.

7.7 Results and discussion

Figure 7.5 (a) shows the dependence of Irsue on the phase shift/retardation (6)
between the parallel and perpendicular components of the linearly polarized
light. It is measured by switching off the mechanical chopper. A sinusoidal
dependence of Iisur on retardation confirms the spin-optoelectronic origin of
signal. A cyclic change in the polarization state of light, varying from the linear
to circular through the elliptical polarization state and vice versa, 1is

schematically depicted on the top of figure 7.5 (a).

205



NQO 00 0 QN

200 @) . Expt.
=
E
= 0
=
22
-200
300 K
42 mW
1 ) 1 g | . | i 1 T IR N RNTNT I N TN ST RSN H N R
0 90 180 270 360 0.0 0.2 0.4 0.6 0.8 1.0
8 (deg) P,

Figure 7.5 (a) Iisue as a function of 6, (b)Iisue as a function of the degree of
circular polarization (p,) at three laser powers only for the first quarter of sine

wave. On top of figure 7.5 (a), polarization ellipses corresponding to various
retardations are shown.

By noting the sign and magnitude of Iisme, one can unambiguously
measure the polarization states of light. It can be appreciated in a better way if

one plots Iisur as a function of degree of circular polarization (p,) where p, is

calculated from the phase shift induced by the PEM. Such a plot is shown in

figure 7.5 (b) at three representative laser powers. Here, p, is varied from zero to

one depending on the phase shift that changes from 0 to 90°. It makes only a
quarter of the complete sine wave shown in figure 7.5 (a). Note that a similar
plot with corresponding sign and slope will repeat for the next three quarters.

Hence, hereafter all the graphs are plotted for the first quarter only.

Now, if the chopper shown in figure 7.4 is also switched on, the laser will
be doubly modulated. However, the frequency of modulation by mechanical
chopper is much lower than that of the PEM module. Hence, no adverse effect on
the operation of ISHE detector is expected due to the dual modulation. It can be

appreciated from figure 7.6 that the dual modulation does not hamper the
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measurement of Iisgr apart from a reduction in the magnitude. The fall of
magnitude of Iisme under dual modulation mode does not depend upon the
frequency of mechanical chopper which was varied from 172 Hz to 3 kHz during

the measurements.

300 - 42 mW

Chopper off

Chopper on (172 Hz)

| L 1 L 1 s | L 1

00 02 04 06 08 1.0

P

Figure 7.6 ISHE plotted as a function of p;, in the presence and absence of
mechanical chopper.

The results can be explained more conveniently by the following Stokes
vector analysis. The stokes vector of light emerging from the combination of 450

linear polarizer, PEM and mechanical chopper is given by

(7.1)

O =

S=Illw.t
(@ cos(A(z))
sin(A(¢))

The output of the chopper is given by the II function, which is 1 if 0 < @t <
% and 0 if % < @t < 1. Since Ipv responds to the first component of the Stokes

vector, it is proportional to II(wct), whose Fourier transform is a sinc function.

Hence, it can be conveniently detected by a Lock-in amplifier synchronized to .
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On the other hand Iisue responds to the fourth component of the Stokes vector,
which is proportional to II(wct)sin (wp(t)). The Fourier transform of this function
has peaks at higher harmonics of wp, in addition to the peak at wp. This is the
reason why Iisuris measurable at op even under double modulation. Had it been
a sine function instead of II, the resultant ISHE signal would have been

observed at (wptw:) and not at wp.

7.8 Investigation of cross talk between the two
detectors made of a single chip

It is understood that, simultaneous measurement of the degree of circular
polarization and intensity of a laser beam is possible using the two pair of
contacts, only if there is cross talk between them. It is checked by performing
two simultaneous and independent measurements for Iisur and Ipv at 50 kHz
and 172 Hz respectively using the two experimental configurations described
earlier in figure 7.4. The results of these two measurements performed
simultaneously under the dual modulation mode are depicted in figure 7.7. As is
already explained, the signal measured at 50 kHz across the contacts ‘1’ and ‘2’

varies linearly with p, even under simultaneous measurement conditions as

shown in figure 7.7 (a). It is also known from table 1.4, that the conventional
semiconductors have at least four orders smaller spin Hall conductivity
compared to metals like Au and Pt. Therefore, no polarization dependent signal
is expected across the contacts ‘2’ and ‘3’, which is indeed the case as shown in
figure 7.7 (a). It confirms the absence of Iisur between this particular pair of

contacts. Similarly, Ipv is measured at 172 Hz across the contacts ‘2° and ‘3’ as
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shown in figure 7.7 (b). However, no photocurrent is expected to flow between the
contacts ‘1’ and ‘2’since these are formed on the gold metallic layer, and Au-layer
has a very low resistivity (3.7 mQ-! cm-1) at room temperature. It is indeed seen

in figure 7.7 (b) where no Ipvsignal is recorded across the contacts ‘1’ and ‘2’.

100 | (ﬂ) 50 kHz

| 300 K

14 mW
80 |
:E 60
NS L
f 40 |
—_ L
20 F
0

‘20 | 1 1 1 1 1 | 1 1 1 1 |
00 02 04 06 08 1.0 0 5 10 16 20
P P (mW)

Figure 7.7 Simultaneous measurement of the intensity and polarization state of
light, (a) A comparison of I;sye measured at 50 kHz across the contacts ‘1’&‘2’
and ‘2’&‘3’. and (b) A comparison of Ipv measured at 172 Hz chopping frequency
across the contacts ‘1’&‘2’ and ‘2’&‘3’ as a function of incident laser power

It ensures that no cross talk occurs between the two pair of contacts where
no Iisue/lIpv signal is generated across the respective pair of contacts 1.e. [2°&'3’]/
[1’&27]. It 1s shown in figure 7.7(b) where the magnitude of Ipv depends linearly
on the power of incident laser beam. This linear dependence provides an
excellent online calibration tool for the intensity of incident beam. It therefore
provides an unambiguous detection of the degree of circular polarization of laser
beam irrespective of any possible fluctuations in the intensity. Although, the

intensity of laser beam remains stable during our measurements, nevertheless,
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any deviation in the detection of the polarization state of laser beam caused by
small fluctuations in the intensity can easily be taken care under the proposed

configuration.

It is also important to comment on the frequency cut-off of the developed
detectors. A fast response of ISHE detector is essential to ensure a high speed of
communication and is an important figure of the merit. Note that the ISHE
detector developed here works very well at 50 kHz which is limited by the
operating frequency of PEM module. Similar to the conventional high speed
electronic devices, the frequency response of ISHE detector can easily be tailored
by using the available technologies. Frequency response of a photo-detector is
primarily decided by its capacitance and the transit time of electrons in the
device. The geometrical issues are critical to optimize the capacitance of a
semiconductor device to ensure its operation at high frequencies. Moreover, the
proposed device works without any bias voltage. Application of a reverse bias
across the contacts ‘2’ and ‘3’ might further improve the frequency response of PV

detector.

7.9 Outcome of the Chapter

A novel spin-optoelectronic detector for the simultaneous measurement of the
degree of circular polarization and intensity of a laser beam is developed. The
detectors is based on a unique device configuration where two pair of contacts
made on the AuwInP hybrid structure are used to measure the magnitude of
Iisue/Ipv signal simultaneously. It is also demonstrated that no cross talk occurs

between the two pair of contacts. The developed detector genuinely responds to
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the variations in the polarization state of light where the sign and magnitude of
ISHE signal systematically vary from linear to circular through the elliptical
polarization state and vice versa. Simultaneous measurement of the intensity of
laser beam nullifies the intensity dependence of ISHE signal and therefore
provides an unambiguous detection of the polarization state of a laser beam. An
unambiguous measurement of the ellipticity of emitted, transmitted, reflected, or
scattered light can provide useful information about the optical anisotropy of a
wide range of media. The proposed spin-optoelectronic detector can be very

useful in several advanced photonics and communication applications.
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Chapter 8

Summary and future perspectives

8.1 Summary of the current work

During the course of this thesis, transport properties of optically generated spin
polarized electrons in various III-V semiconductor bulk and quantum well
structures are investigated. It is successfully demonstrated that Inverse Spin
Hall Effect ISHE) can be an effective method to electrically detect these spin

polarized electrons in semiconductors.

This work starts with a numerical simulation of ISHE in
metal/semiconductor hybrid structures. Since the available literature on this
subject is very limited, the realization of such experiments are extremely
challenging. Therefore by numerical simulations, prior knowledge of necessary
experimental conditions like light wavelength, angle of incidence, optimal
combination of materials and their influence on the magnitude of ISHE signal is
obtained. Systematic numerical calculations based on the analysis of both energy
and spin relaxation phenomena for optically induced hot electrons, tunnelling

and thermionic transport effects at the metal/semiconductor interface and

212



circular dichroism for the light transmitted through the metal layer are carried
out.

Based on these theoretical predictions, Au/InP hybrid structure 1is
judiciously chosen. Moderately doped (n~ 3.6 x 1017 cm-3) InP epi-layers of high
crystalline quality are grown by MOVPE and the sample is fabricated using e-
beam evaporation technique. In this structure, a genuine ISHE signal is
obtained over a broad temperature range of 10 to 300 K. The spintronic origin of
ISHE signal is established based on its dependence on the angle of incidence and
degree of circular polarization. Temperature dependence of ISHE signal is
explained by considering a model based on the spin relaxation of photo-induced
hot electrons.

In the next step, ISHE signal is observed in bulk semiconductors at
oblique incidence without the involvement of a metallic layer. This extremely
challenging task is accomplished in a MOVPE grown GaAs thin film of high
crystalline quality. A clear signature of ISHE phenomenon is seen over a broad
temperature range of 10 to 300 K. By analyzing the polarization properties of
photoluminescence (PL) signal, the spin relaxation time of electrons in GaAs
is measured which is observed to vary from 2.47 ns at 10 K to 0.55 ns at 200 K.
By using this spin relaxation time, the spin diffusion equation is then solved to
find out the spin current density originating from the spin diffusion at the
surface of semiconductor. By coupling the results of ISHE measurements with
estimated spin current density, the magnitude of spin Hall conductivity is

estimated for bulk GaAs. To explain the variation of spin Hall conductivity from
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4.17 Q-lem! at 10 K to 12.3 Q-lcm! at 200 K, inclusion ofphonon and dynamic

impurity scattering in numerical calculations is found to be essential.

In case of quantum well systems, estimation of electron spin polarization
from the degree of circular polarization of PL requires a modelling of the band
structure. Based on 4 band k.p calculation, a relation is derived and a method is
proposed to estimate the electron spin polarization uniquely from simultaneous
analysis of heavy and light hole related transitions. The validity of this method
is experimentally verified by carefully conducting experiment in GaAsP/AlGaAs
tensile strained quantum well. Spin transfer efficiency from barrier to quantum
well layer is estimated by analysing the polarization properties of PL signal
emitted by both the barrier and quantum well in a GaAs/AlGaAs system. At 10
K, this efficiency turns out to be around 98 %, which reduces to below 5 % at
100K.Various possible reasons behind this kind of observations are discussed. A

clear ISHE signal is measured for GaAs/AlGaAs quantum well sample.

Finally, a proof of concept demonstration of a spin-optoelectronic device,
which can detect light intensity and polarization simultaneously in an integrated
optoelectronic plat form is also shown. The prototype device is fabricated based
on Au/InP hybrid structure, where a three terminal device is made by
incorporating two independent detectors on the same chip that are used to
measure the degree of circular polarization and intensity of a laser beam
simultaneously and independently. The working principle of the detector is
based on two independent fundamental phenomena occurring in Au/InP hybrid
structures, namely, Inverse Spin Hall Effect ISHE) and the Photo-Voltaic (PV)

Effect. The all-electronic compact device is fast, operates at room temperature,
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and opens up the possibility of many applications in an integrated optoelectronic

platform.

8.2 Future perspectives

Though spin Hall Effect and Inverse Spin Hall Effect are now established
phenomena, still a lot of research has to be done in this frontline area.
Particularly ISHE phenomena in semiconductors need a lot of attention as the
field of semiconductor spintronics is still not as mature as its metal counterpart.
A few future directions where the current research opens up new research

frontiers are listed below,

1. Spin Hall conductivity in semiconducting material is not yet fully
understood. Suitable models have to be built for including several
scattering mechanism like phonon and dynamic impurity scattering in the
calculation of spin Hall conductivity.

2. Photo-induced ISHE method can be used to estimate spin Hall
conductivity of bulk materials, which is expected to depend on the
crystallographic direction. It is supported by the fact that the vector sum
of Dresselhaus and Rashba spin orbit effect is highly direction dependent.
Systematic experimental work needs to be focused in this direction.

3. The effect of quantum confinement (quantum well, quantum wire) on the
spin Hall conductivity is not yet fully understood and the same needs to be
investigated.

4. Photo-induced ISHE in semiconductors has not yet been conducted in high

magnetic field environment. It is expected to be a method of choice to
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measure spin relaxation time, when the optical method of Hanle effect
fails, either because of the nature of the sample or due to experimental

limitations.

. Further improvement in spin optoelectronic devices, like increase in
sensitivity and improvement in frequency response is anticipated in
future. This will increase the functionality of the device and will lead to

practical applications.

. Finally, it can be said that Spin-optoelectronic technologies are still in
infancy, and a lot of innovative developments in this frontline research

area are expected.
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10. Appendices

Appendix A

Spin-Orbit interaction

The effect of relativistic effect in atomic and condensed matter physics, ensures
that, an electron moving in the atomic potential V(r) feels an effective magnetic
field (Befy) acting on its spin [Al]. This is the origin of spin orbit coupling in
semiconductor. The presence of Bef implies that the spin polarization of the carriers
undergoes relaxation due to the variation of B¢y with momentum. Traditionally, Bes
is characterized by the energy splitting it induces () between the electrons of two
different spin. In semiconductors, V(r) includes many other forms of potential other
than the atomic core, which are the source of inversion asymmetry. In an ideal,
defect free semiconductor nanostructures, three principal sources of inversion

asymmetry exist, which are explained as.

(i) Bulk inversion asymmetry (BIA)
This 1s the inversion asymmetry, related to the crystal structure of bulk
constituents of nanostructures, such as the asymmetry intrinsic to the zinc-blende

crystal structure.
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The effective magnetic field because of BIA is given by

(k)= 27, k(1 -2 Je k(62 -2 )i+ e o2 - Ay
It can be seen that the effective field is perpendicular to the wave vector k and its
magnitude depends upon the direction of k. Particularly, it vanishes for k along the
(111) and (100) symmetry directions and maximum for (110) direction. The spin

orbit interaction originating from this mechanism is popularly called Dresselhaus

spin orbit interaction.

(ii) Structural Inversion asymmetry (SIA)
SIA refers to the arrangements of semiconducting materials which are not inversion
symmetric, such as asymmetric quantum well, single interface hetero junctions or

Schottky barrier.

Qy,(k)=28|k,E. -k.E, i+ (k.E -k.E)p+ k.E, -k E, E| (A2)

This effective magnetic field is always perpendicular to the effective electric field,
irrespective of the crystallographic directions.

The relative strength of Qpia and Qgsia depends on the structure considered. In a
ideal symmetric quantum well system, SIA will vanish. Otherwise, both will

contribute to the effective magnetic field.

(iii) Native Interface asymmetry (NIA)

Another case of asymmetry arises even in otherwise symmetric quantum wells,
where the barrier and quantum wells have different compositions of both cation and

anion [A2]. This does not arise for the usual GaAs/AlGaAs quantum wells, because
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both have common anion. One of the example can be GaAs-InP system, where two
type of interference bonds are possible at the interface; Ga-P and In-As, neither of
which appear in the well or barrier material. The growth direction has profound
effect on the magnitude of NIA. As is well known, quantum wells grown along (001)
have alternating planes of cations and anions. Thus interface bonds are perfectly
oriented. On the other hand, quantum wells grown along (110) directions have
planes of mixed anions and cations. Thus it vanishes for (110) quantum wells.
Further, interface imperfections drastically reduces the NIA, as it mixes the

bonding type significantly.

In a realistic system, all of them are simultaneously present upto various
extent along with extrinsic contributions like potential arising from defects and
deformations and external electric field. The total effective magnetic field is given

as the vector sum of all these contributions.

ngf = QBIA + QS[A + QN[A + Qext (A3)
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Appendix B

Stokes vector and Muller calculus

To analyze the polarization state of light, several calculation methods have been
developed including those based on the Jones matrix, coherency matrix, Mueller
matrix, and other matrices [B1]. Out of these methods, the Mueller calculus is most
generally used to express the polarizing optical elements including linear polarizers,
wave plates and compensators [B2]. In this method, light of any arbitrary
polarization is described by a (1x4) column matrix called a Stokes vector and the
polarizing properties of the optical systems are described by a (4x4) square matrix.
The polarizing properties of a sample are also completely characterized by the

Mueller matrices.

Any arbitrary light beam, with frequency » and wave vector k, propagating
along z-direction can be represented as two independent orthogonal components,
Ex (z ,t) and Ey (z,t) that have different amplitudes and phases, given by [B3]

E (2,t)=E,, cos(at —kz+35,) (B1)

E, (z,¢)= E,, cos(a)t —kz+ 5})
The stokes vector such light beam is given by

S,

Sl
S =
SZ
S3

Where So represents the total intensity of the beam

S, =E, +E,

S1 represents the preponderance of linearly horizontally (x) polarized light over

linearly vertically (y) polarized light
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S =E, +E,,
Se represents the preponderance of linear +45° polarized light over linear —45°

polarized light

S,=2E E,  cosd, 6= bx-0y

Ss represents the preponderance of right circularly polarized light over left

circularly polarized light.

S, =2E, E, sin &

Hence, the following Stokes vectors are implied [B3].

Unpolarized light Linear (X) polarized light

S O O =
O O =

1

Linear (Y) polarized light Left circularly polarized light

—_—0 OO

The Mueller matrix M for a polarizing optical element is defined as the matrix
which transforms an incident Stokes vector S into the exiting (reflected,

transmitted, or scattered) Stokes vector S’. 1.e.

Sé mOl mOZ m03 m04 SO
S': Sl” — MS — mll le ml m14 Sl
S; m2l m22 m23 m24 SZ
S! m, m, m,. m, \S

3

w
w
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If the light beam is passing through a sequence of polarizing optical elements n=1,2,
..... , N, the resultant Mueller matrix is given by the right-to-left product of the

individual matrices My,

M=MM,... MMM, =]]M, (B2)

07 01

The Mueller matrix of some of the ideal polarizing elements with transmission axis

oriented vertically is given as follows

1 1 00 1 0 0 0
1 1 00 0 1 0 0
Linear polarizer 1 , Wave plate,retardance & )
210 0 0 O 0 0 cosd sind
00 0 O 0 0 —sind coso

When a polarizing optical elements with Mueller matrix M is rotated about the light
beam by an angle 0 keeping the angle of incidence fixed, the resulting Mueller is

given by M(0) = R(0) M R(-0).

Here R(0) is the rotation matrix given by [3]

1 0 0 0
—sin(2 B3
R(6)= 0 cos(20) —sin(28) 0 (B3)
0 sin(20) cos(26) 0
0 0 0 1
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Appendix C

Electron scattering mechanism in III-V

semiconductors

Electrons in semiconductors undergo different type of scattering mechanism, that
causes energy and spin relaxation. Depending on the energy of electron (Ee) and
temperature of crystal (T), some of the mechanism are dominant over others. In this
appendix, the scattering mechanism considered in this work are elaborated.
Expression for scattering time is given here. The corresponding energy and spin
relaxation times can be estimated by using equation — and — respectively.

(i) Ionized impurity scattering

Ionized impurity scattering corresponds to the scattering of electron by the ionized
impurity because of their screened coulomb potential. By considering Hydrogenic

coulomb potential of the impurities, the scattering time is given by

1 _NZ%'[In(l+y)-y/i+y)] (C1)
,(E) 1632728 Nm*E,””
8em*(kT)E,
where y =—h2€(2n ) <

Here, Z is the 1onic charge and Ni is the density of ionized impurity.
(ii) Deformation potential scattering

The acoustic mode lattice vibrations induces position dependent band gap in the

materials by deforming the crystal. The potential induced by these deformation is
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called deformation potential. Under this scattering mechanism, the scattering time
is given by

74 ps2 -1/2
E)=
O B )

(C2)

Here p is the density of the material, s is the velocity of sound and Ei is the

hydrostatic deformation potential.

(iii) Piezo-electric scattering

In ionized crystal, the atomic displacement caused by acoustic mode lattice
vibration induces another potential because of piezo-electric effect. Since the III-V
semiconductors are partly ionized, electrons get scattered by piezo-electric

scattering process. The scattering time because of this mechanism is given by

22’ e (C3)

E)=—"""" "~
Tpe( e) eZPZ(m*)kT e

Here ¢ is the dielectric constant and P is the piezo-electric coupling coefficient.

(iv) Polar optical phonon scattering

Due to the dipole moments formed by optical mode lattice vibrations, electrons get
scattered strongly in most of the III-V semiconductors. It is called polar-optical
phonon scattering and is the dominant mode of scattering at room temperature. The

corresponding relaxation time is given by
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k
‘o | -1
1 _ q p(k” J
Tror Zﬂkngoh\/z o

Where n(Ep) =[exp(-Ep/kT)-1]-1 is the probability that a phonon with energy Ep is

{H(Ep )Sinh'{iJm +[n(E, )+ l]sinh'{% - 1}1,2] (C4)

E
P

P

present. ko and ke« are the static and high frequency dielectric constant respectively.
The first term corresponds to the phonon absorption and the second term

corresponds to the phonon emission in the crystal.

(v) Inter-valley scattering
When the kinetic energy of the electron becomes larger than the separation energy
of I'-LL and I'-X valley, inter-valley scattering dominates the scattering rate. The

corresponding scattering time is given by

rl - ﬂfpcf [n(@)g(E, + - AE, )+ (n(w)+1)g(E, -0 - AE, )] ©

v

Where, Div is the inter-valley deformation potential, V is the number of identical
valley, p is the mass density, g (Ee) is the density of state at E., and AEiv 1s the inter-

valley separation energy.

References

C1. D.C. Look, Electrical characterization of GaAs materials and devices, John
Wiley & Sons, New York, (1989)
C2. M. Lundstrom, Fundamentals of Carrier Transport, Cambridge University

Press, London (2000)

241



	01_title
	02_certificate
	03_prelim_pages
	04_contents
	05_abstract
	06_tabfiglist
	07_chapter_1
	08_chapter_2
	09_chapter_3
	10_chapter_4
	11_chapter_5
	12_chapter-6
	13_chapter-7
	14_chapter_8
	15_misc

