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Abstract

This dissertation reports the first experimentalselation of spontaneous spin
polarization due to lateral spin orbit coupling @S) in side- gated (SG) quantum point
contacts (QPCs). The QPC devices are fabricatedin&s/InGaAs quantum well
structures using e-beam lithography. The low bganal InAs semiconductor was chosen
because of its large intrinsic spin-orbit couplifighe side gates are realized by wet
etching technique which is optimized to pattern @C devices. The width of the QPC
is varied from 200 nm to 500 nm, while the lengtlihe QPC is kept in the range 150-
200 nm. The gradient in the lateral potential aogrfnent in a side gated (SG) quantum
point contact (QPC) causes a spin-orbit couplin®@@y This LSOC induces a
spontaneous spin polarization of opposite naturthattwo edges of the QP@ the
absenceof any applied magnetic fieldVe have observed an anomalous conductance
plateau aG 70.5 (2é/h) (0.5structure) in the SG QPCs fabricated on InAs/InGEA%E
structures. The O&ructure moves up in perpendicular magnetic fald approaches the
normal conduction quantization &= (2€’h) in high magnetic field, whereas in-plane
magnetic field has no effect on it. The evolutionmagnetic field clearly indicates LSOC
is responsible for the 0.&tructure. We believe it is the asymmetry in thaficong
potential of the QPC that leads to a net spin pa#on giving the 0.5 structure. By
electrically modulating the asymmetry of the QPQ@foeement, we have succeeded in
making this structure appear and disappear. SUQFP@ can conceivably be used as a
spin polarizer or detector on demand by tuninggaie voltages. We also have proposed

a dual-QPC device to experimentally validate tha pplarization by electrical means.
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Chapter 1

Overview



The field of spintronicsis based on the manipulation of the spin and @harg
degrees of freedom simultaneously. The field ofatlietspintronics has already proven
enormously successful, and delivered functionalasvsuch as GMR read heads in hard
disks and MRAM of insulator spintronics. Despite #gnormous success of metal-based
spintronics, the emerging field ofemiconductor spintronics compatible with
conventional microelectronics, is recognized asniéet leap on information technology.
It holds promise for the development of all-semabactor MRAMS, very fast and low-
power spin FETs, and spin-based quantum computgtidj. The basic Physics research
is currently focused on the fundamental problemsemiconductor spintronics, such as:
all-electrical spin control via spin-orbit interamts, transporting spins between different
locations within conventional semiconductor envimamts, coherent manipulation of
electron spin at a given location, diluted magns@miconductors, and fixed or mobile
spin qubits for quantum computing [1, 2, 12].

The controlled creation, detection, and maniputatb spin-polarized currents by
purely electrical meanare the challenges facing semiconductor spintrofdigsin this
context, the spin-orbit coupling (SOC) is envisidres a possible tool fall-electrical
spin control in semiconductor devices without feremnetic elements or external
magnetic fields. SOC in the IlI-V semiconductotdithe spin degeneracy and may have
different physical origins. The Rashba SOC (RSO pfises from the asymmetry in the
confining potential of a two-dimensional (2D) elect or hole gas. The Lateral SOC
(LSOC) [4, 5] arises from an in-plane electric dieksulting from the lateral confining
potential of a quantum wire. The SOC can polariee ¢lectrons in the semiconductor.

The RSOCand theLSOCcan be considered as two ideal tools to achieigecthjective



since both can be varied situ by an external gate voltage. In this research waonle, of
the objectives is to study the influence of the S@Celectron transport in 1D quantum
point contact (QPC) made from semiconductor strnestwith large SOC.

Numbers of theoretical studies have proposed waysdduce spin polarization
in semiconductor channels using LSOC. It has beparted in Refs [4] and [5] that due
to LSOC opposite spins accumulate along the edigéee dateral confinement. Still there
is no experimental evidence of LSOC in a 1D syst€an this spin polarization due to
LSOC cause an anomalous conductance plateau inquaitum? We aim to study the
spontaneous spin polarization in QPC due to LSOC.

In a ballistic 1D system (e.g. QPC) conductionuarmtized in integral multiple of
2€?/h, where the factor 2 is coming from the spin degene of the electrons. A few
years after the discovery of the conductance qematntn, an additional plateau was
observed at GJ0.7 (2é/h) in the absence of any magnetic field in a AlG&BaAs QPC
[4]. Since then, this anomalous plateau has besarebd in many experiments, both in
GaAs electron and hole 1D systems [4,6,13-16], emtimonly referred as the0.7
structuré. Based on the characteristics of this 0.7 strec{such as, evolution of 0.7
structure in temperature, in parallel magneticdfiébrmation of the zero bias anomaly),
there have been many theoretical attempts to utashelsts origin. The most intriguing of
them are the spin polarization models [6-8] in Wh&tatic spin polarization of the
electrons has been predicted that gives a platesteirange (0.7-0.5) (2&). But, this
anomaly is not a universal feature since it is otwgerved in all devices. Its existence is
found to depend on gate voltage adjustments andehen the details of the lateral

confining potential [9, 10]. The intrinsic SOC imet GaAs electron system is very small.



And, therefore, the 0.7 structure observed in thantum wires or QPCs, fabricated on
the GaAs electron systems, cannot be explainesrinst of the LSOC.

The SOC in an InAs quantum well (QW) is very laf@j&]. The side gated (SG)
QPC devices fabricated on InAs QW structures ddfstrong lateral confinement. Thus,
the LSOC in the SG QPC is expected to be enhardedeover, the profile of the
confining potential in the SG QPC can be tuned fylyang bias voltages to the gates.
This gives an opportunity to manipulate the spitappation in the QPC. Can then the
QPC devices, fabricated on InAs QW structure, beduss a spin polarizer by totally
electrical means?

We have observed an anomalous conductance plabsamved a6 /70.5 (2€/h)
(we will latter call it as '0.5 structure’) on S@Q devices fabricated on InAs/InGaAs
QW structures. The origin of the 0.5 structurehis $pontaneous spin polarization due to
LSOC. The potential profile of the lateral confiment can be manipulated by applying
asymmetric gate voltage to the side gates of theQ®& device. The anomalous 0.5
structure can be made to appear or disappear ligtadj the bias voltages of the gates
that create the potential confinement of the SG HFQis is the first experimental
observation of the LSOC in semiconductor hetercsires.

This dissertation is organized as follows: In ftea 2, we will discuss on the
current theoretical and experimental status of $@&Cs and anomalous conductance
guantization due to spontaneous spin polariza@rapter 3 will focus on the growth of
InAs QW structures and their characterization.hlis thapter we will also highlight the
different fabrication steps of 1D nano-scale devicehe experimental and measurement

techniques will be discussed in the Chapter 4. hagfer 5, we will underline the



experimental results. We will discuss the experitaéyn observed 0.5 structure, its

behavior in both perpendicular and parallel magndields and the temperature

dependence of this anomalous structure. We witludis how asymmetry in the confining

potential affects the 0.5 structure. The new deviwd is proposed to detect the spin
polarization by transport measurements will alsaliseussed in this chapter. Finally, we
will summarize our results and give a brief comgami between our 0.5 structure and the
anomalous plateau observed by other groups. Int€h&pwe will give a brief outlook

of future work.
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Chapter 2

State-of-the-Art



2.1 Introduction

Spin electronics ospintronicsis based on the simultaneous manipulation of the
spin and charge degrees of freedom in a multitudeystems and aims to develop
electronic devices based on the control of thetelacspin. It holds promise for the
development of all-semiconductor MRAMSs, very fasddow-power spin FETs, and
spin-based quantum computation [1, 2].

In 1I-V semiconductors, spin-orbit coupling (SO@f}s the spin degeneracy of
the conduction band electrons without any extemmadjnetic field. Since, spin transport
is strongly affected by coupling of the spin antditad degrees of freedom, the spin-orbit
coupling (SOC) is visualized as a possible tool &brelectrical spin control in
semiconductor devices without ferromagnetic elesientexternal magnetic fields. SOC
may have different physical origins and can playital role in spintronics to realize
active spin devices like Spin-filters, Spin-FET.dtt this context, th&Rashba spin-orbit
coupling (RSOC) [3] and recently proposéateral spin orbit coupling(LSOC) [4, 5]
offer an interesting possibility since both of #8eSOCs can be varied by an external
electric field in semiconductor heterostructured gnantum wells.

SOC may cause the spontaneous spin polarizatioa kD system such as
guantum point contact (QPC). A deeper understandmfigdifferent SOCs and
spontaneous spin polarization may help to gendutitee usable devices based on spin
transport. In this chapter, we will discuss therent theoretical and experimental status
of different kind of SOCs. The current status @& #pontaneous spin polarization and the
anomalous conductance quantization observed in guEDtum point contact (QPC) will

also be discussed.



2.2 Spin Orbit Coupling

Spin orbit coupling (SOC) is a relativistic effegthich may arise in a
semiconductor and cause spontaneous spin polanzathe SOC may have different
physical origins. In the subsequent section SOC diffdrent types of SOCs will be

discussed.

I. What is SOC?
SOC is a relativistic effect which can be deriveahf the Dirac equation [6] and
expressed as
Heo = Ad.(Kx0V), (2.1)

2

4mzc?

where A = -

=~ -37%x10°A2, m, is the vacuum electron massz= p/#, c is the

speed of the light andr are the Pauli spin matrices . The potentid, in the
semiconductor may arise due to impurities, asymynatr the confinement well,
boundaries and also by external means. In Diraatemy the positive and negative
energy are separated by an energy ga&met’ ~ 1Mev and is known as Dirac gap. For a
slow electron {/c<<1) and a weak electric field (in Eq. (2.1) thedielrises due to the
voltage gradient), the SOC is very small becaudbefarge Dirac gap. In semiconductor
materials and structures with the approximatioa oo band model the equations of the
band theory are similar to Dirac equation and th@adenergy gap is replaced by the
energy gap between conduction and valence banchvigignly 1 eV or less in many llI-
IV semiconductors [7-9]. The SOC in narrow band gamiconductor thus enhance a lot

and thus make the SOC very prominent in semicoduct
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The voltage gradient in Eq. (2.1) gives rise teekattric field which appears as:

E= (Ejiv . (2.2)

e

The electrons, in their reference frame, feel éhattric field as an effective magnetic
field,

By =1/ c(\7>< E), (2.3)
which causes the spin orbit coupling. Thus, spigederacy of the conduction band
electrons of a IlI-V semiconductor can be liftedhwiut any external magnetic field due
to SOC. The static electric field that causes tECSesults from different physical
origins such as inversion asymmetry of the micrpgrorystal potential in the bulk zinc-
blende semiconductor and is known as bulk inversigymmetry (BIA). The second is
the inversion asymmetry of the macroscopic potérhiat confines the 2DEG and is
known as the structure inversion asymmetry (SlAje Voltage gradient along the edges
of the lateral confinement also causes a spin othipling which is known as lateral spin

orbit coupling (LSOC).

[I. Dresselhaus Spin Orbit Coupling

Bulk inversion asymmetry (BIA) causes a spin odatipling which refers to the
lack of an inversion center in the 1lI-V zinc-blendemiconductor structures. The
inversion symmetry in space and time, change theewactork into k. In addition, the
time inversion also flips the spin. Combining thés® symmetry operations one get a
twofold degeneracy of the single particle energeg (k,1) = E (k,1) and is common in

group-1V elements such as diamond, Si, Ge. Bulltié zinc blende structure does not
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maintain the inversion symmetry artel k,1) # E (,!). Thus, BIA lifts the spin
degeneracy for a given direction of the wave vektddresselhaus first pointed out BIA
[10] and the SOC that arises due this BIA is knewDaesselhaus SOC. For a quasi-two
dimensional case in a sufficiently narrow quantuell QW) grown in [001] direction,
the Dresselhaus SOC term can be written as [11, 12]

Ho = Bk, —k,a,), 4P
whereg is the characteristic parameter that is propoaiioa1/d* with d being the width
of the QW. Ford = 100 A it is found thaj ranges from 2 x 13°to 2 x 10° eV cm [8].
The Dresselhaus SOC is experimentally observed ulk tInSb by analyzing the
Shubnikov-de Haas (SdH) effect [13] and by an @ptimethod on the GaAs (110)
surface [14]. Since the Dresselhaus effect depestasigly on the crystallographic
direction, it is possible to find the directionwhich this effect is minimum [15]. These
optimal directions are, re_spectively, [1 2 0] add( O] for GaAs and InAs channels

realized from the 2DEGs in quantum wells with [@]Gs the growth direction.

[ll. Rashba Spin Orbit Coupling

The structural inversion asymmetry (SIA) in the fimng potential well of a 2D
electron system gives rise to an interface ele@ld E perpendicular to the plane of the
well. This inversion asymmetry field causes an eckd spin-orbit coupling, known as
Rashba spin orbit coupling (RSOC). The Hamiltortiaat describes the RSOC is given
as [3]

He=aloxK)z, (2.5)
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where g are the Pauli matricek,is the quasi 2D momentum vector and the Rashba
parameter that defines the strength of the SOC.

The RSOC causes the spin splitting without any reslemagnetic field and is
finite for a nonzerd. Due to the relativistic effect, the moving elecis feel the interface
electric field E as an effective magnetic fieBkE « k /i&). This pseudo magnetic field,
known as Rashba magnetic field, lies in the planthe® 2DEG and is perpendicular to
the electric field,E, and the wave vectok. The spins of the electron moving with the

wave vectok precess around the directid@.

z
E
spin
°R, /
/ 7 ky
Ky

(@) (b)

Fig. 2.1. Energy dispersion of Rashba spin-split subbara2[D case: black arrows
represent spin eigen states. (b) 1D case: spimd@pin-down electrons travel with
different Fermi velocities.

Due to RSOC the electron density of states sptd spin up and spin down

subbands with the energy dispersion relation (Eif) given by
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2
E(k) :h—k2 +ak, (2.6)
2m-

wherek magnitude of the momentum wave vector arfds the electron effective mass.
The Rashba parameteis defined as,

a=a"dE, (2.7)
with o* being the SOC parameter. The magnitude @épends on the confining potential
and ca also be controlled by external means (by applgaig voltage).

So, the spin degeneracy of a 2DEG is lifted kog O without any external
magnetic field. The spin splitting energy is givieyn 4z = 2akr at k # 0, wherekg (=
(2rm))Y? is the average Fermi wave vector and can be detechirom the 2DEG carrier
concentrationn. The Fermi surface of a 2DEG in the presence @hRa spin splitting
consists of concentric circles with ra#ii, andkg, (Fig. 2.1 (a)), the Fermi wave vectors
of the two spin split energy bands. In 1D, electrame spin polarized and travel with
different velocities in the same direction as shawfig. 2.1 (b). These two Fermi wave
vectors correspond to two electron gases with #ligtifferent carrier concentration.
and can be observed from the beating pattern inStmgbnikov-de Haas oscillations
(SdH) [16, 17]. The nodes in the beating patterouoat the half integer values of

Aglhw, [18], wherew = eB/m is the cyclotron frequency. The node index, N, is

derived as a function df/B as [17],

mA.(1 gm 1
N=—=2 =1+ += |, _
en (Bj [Zmo Zj ®

whereg’ is the effective electronig factor andus is the Bohr magneton. By plotting

againstl/B, spin orbit splitting energylz andg’ can be found. Then knowing the Fermi
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energyke from the total concentration in the SdH measurdntee Rashba parameter
can be determined. Typical valuescofanged from 18 eV-cm to 6 x 10 eV-cm for
InAs based QWs [7, 19].

The Rashba spin-orbit coupling and its manipulabgran external electric field
in 2DEGs at an asymmetric heterojunction or in synmanetric quantum well have been
well established from experimental studies of thating pattern in SdH oscillations [17,
20, 21]. Very recently, the evidence of the Raskfia precession has been reported in
strained bulk GaAs and InGaAs using ultrafast gbtiechniques [22]. Howevesp far
there has been no unambiguous experimental obsenvat the Rashba spin precession
tuned by electrical meansghe corner stone of the concept of the Datta-[pws BET
[23]. Attempts have been made to observe the Raghibaprecession with inconclusive
results in electron channels of widths large enosmglthat the channels are 2D [24, 25].
The 1D channel offers a unidirectional propagat@ve vectolk, and therefore thepin
guantization axiglefined by the Rashba magnetic fi#ld is well defined [61]. This is
not the case in a 2D system since the Fermi surfaca circle. Despite several
advantages, 1D or 1D ballistic systems have nat beed so far for studying the Rashba

spin precession.

IV. Lateral Spin orbit Coupling

The other kind of SOC, which has been proposed06f4, 5, 26], arises due to
the lateral confining potential known as laterahsprbit coupling (LSOC). Consider a
guantum wire with a current flowing in the x direct, y is the lateral direction and

2DEG is lying in the x-y plane (Fig 2.2(a)). Then@ining potential V(y), is defined in
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the y-direction where it is constant at the cewnfethe quantum wire and rises up along
the edges (Fig 2.2(b)). The electrons confined loghsa non-uniform lateral potential

well are moving with relativistic speed and thenspnd orbital degrees of freedom of the

electron are coupled together [6].

Vest(V)

L.

y

(a) (b)

Fig. 2.2. (a) Schematic of the 1D Quantum Wire . The bluevarshows the channel
direction, (b) Lateral confinement in 1D.

The SOC due to lateral confinement (LSOC) hasah@ {6, 27],

hZ

He =~
4mzc?

ﬁ.[EXEV(y)], 2.9)

where & are the Pauli matrices is the wave vectors, andly) is the lateral (transverse)
confining potential. The voltage gradient along duges gives rise to an electric field
perpendicular to the edge [see Eq. (2.2)]. Dudnéorelativistic effect, that electric field

causes a SOC along the edges with SOC energy [5],

h2

Veo =—
2m2c2

o,k,aV(y)/dy, (2.10)
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It is clearly seen from Eq. (2.10) that, the effeefpotential for spin upd; = +1)
and spin down electrongi{= -1) have different values along the two edges Q0 andy
= L). When the electrons are moving in the positivelirection aty = 0, the effective
potential is lower for spin-down electro(g, = -1) than for spin-up electrong; = 1)
(Fig. 2.3(a)). But ay = L the effective potential of spin-up electrons iwéo than spin-

down electrons for positivig (Fig. 2.3(a)). Thus, opposite spins are accumulatasy

2 / |
:‘% = =+gpin down /
\M‘—spln wp y
o —y> L 000 S s 10 15 20 25 30
site {(nm)
() (b)

Fig. 2.3.(a) Spin-up and spin-down electrons have diffeedfeictive potential along
the two edges, (b) different spin accumulates atbegwo edges [5].

the two different edges with electrons movingkindirection under longitudinal bias
voltage (Fig. 2.3(b)). The sign of spin accumulatise reversed when the electrons are
moving with k. So, LSOC can cause the spin polarization alorey étiges. The

numerical results in Refs. 4 and 5 suggested tbiat accumulation can occur in both
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square and parabolic confining potential and the apcumulation densitPy(y) is zero
for V = 0 andPg(y) increases ag increases.

The bottom part of Fig. 2.3 (b) shows the chargesig Ps(y) as a function of
lateral direction, y. The top part of Fig. 2.3 (B)the spin accumulation densiBg(y)
which indicates the two opposite spin accumulatesgathe two opposite transverse
edges. It is shown that the spin accumulation enrthddle of the channel is small and
oscillates which is due to the quantum interferelbetveen the spin-up and spin-down
components of the electron wave functions. It soaleported that in the presence of
random impurity the oscillations of the spin depsim the middle of the strip are
suppressed strongly [4, 5]. This is because thdamnimpurity scattering destroy the
guantum interference of the spin-up and spin-dolwaten wave functions in the middle
of the strip

A number of theoretical studies have proposed wwaysoduce spin polarization
in semiconductor channels using the SOC. The nmbsguing among them is the spin
Hall effect (SHE) which states that a transversa sprrent is created when a charge
current is flowing in the longitudinal direction different types of spins accumulates
along the lateral edges of sample due to the teamsvspin current [28-31]. This
phenomenon is very attractive in semiconductor tepiics as it predicts an effective
way of producing spin currents or spin polarizatiana semiconductor without using
magnetic material or external magnetic field. Twpes of SHE are predicted in theory.
One of them igntrinsic SHE that arises due to intrinsic SOC and occueneau the
absence of any impurity [28, 29]. The other oneexsrinsic SHE that arises due to

extrinsic SOC coming from impurity scattering [3R]. The intrinsic SHE discovery has
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generated a tremendous amount of interest in geareh community and there has been
a flurry of theoretical work in the area. The subjeemains highly controversial. The
extrinsic SHE was experimentally observed by Keitoal. in n-doped bulk GaAs [33].
Another work claimed to have experimentally obsdrirdrinsic SHE by measuring the
circular polarization of light emitted by p-n jurat LED [34]. But the direct observation
of SHE is still missing.

The LSOC implies that, under longitudinal bias agk, different spins
accumulate along the two opposite edges of the leastqip. This is very similar to SHE
but the spin polarization occurs due to a diffemaethanism. The experimental result of
SHE [33, 34] can be explained using this new theloryref [5], LSOC has predicted the
spin density distributiof®s~ 0.3 x 10° nm? eV* and the spin polarization as 0.8 x*10
which are in good agreement with the experimergsallts obtained from Ref [33]. In a
recent paper Hattori and Okamoto [26] proposed thatross wires transverse spin
separation and spin Hall effect can be observedtaussOC in the ballistic limit. Still

there are no experimental results regarding the@C.SO

2.3 Anomalous Conductance Plateau and Spontaneous pi%

Polarization in GaAs QPCs

In a 1D ballistic quantum point contact (QPC) tlmmductance is quantized in
unit of 2€°/h as:
G =n(2e?/h). (2.11)
Heren is the number of occupied energy subbands witlstidand energy bottom lower

than the Fermi energlfe and each subband is doubly degenerate [35, 3@. FEimi
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energy can be swept up or down by changing the gaitage in the QPC. So, as a

function of Fermi energy or gate voltage a staecamnductance behavior is observed in

QPC T=60mK

i in
T

=

CONDUCTANCE (2¢2/4)

GATE VOLTAGE (mV)

-6.2

Fig. 2.4. (@) Conductance quantization observed in a QPC faledcain
GaAs/AlGaAs Heterostructure in zero magnetic figd]. (b) The 0.7 Structure
observed in a QPC of length 400 nm fabricated oASBEGaAs hole system in
B = 0 [37]. The arrow points to the location of #gmeomalous plateau.

1D QPC. Figure 2.4(a) shows the conductance quaiaizin the absence of magnetic

field observed in a quantum point contact (QPC) lefigth 100 nm made on

AlGaAs/GaAs heterostructure [50].

After the disegv of the normal conductance

quantization in QPC, an additional conductanceeplatis observed at G0.7 (Z%/h) in

1D systems in many experiments in the absence dainete field [37-45]. This

anomalous plateau is in general referre@.@sstructure(Fig 2.4(b)).

This anomalous conductance plateau (‘0.7 strugtwas first reported in 1996 in

a QPC that is realized on GaAs/AlGaAs 2DEG [37].isltthen observed in many

GaAs/AlGaAs based short (QPC) and long quantumsavigh different geometry and



size [38-45]. This 0.7 structure recently appeared QPC made on a two dimensional

hole gas (2DHG) [46-48]. It is also found in 1Dlwamn nanotube [49].

T T T T ’
L (a) B - 0 T sample B
=
= ®
g | 80 mK ol ;
Sl : 91 g
N 0.21 2 0s
=11 043 =
41K 08 | e
1.6
4.1
0 4 y t g == %3 o5 54 )
-500 -450 -400 Gate Voltage V, (V)
Vg (mV)
() (b)

Fig. 2.5 (a) The temperature dependence of @hé Structurein an AlGaAs/GaAs
QPC of length 500 nm [51]. (b) Evolution of tAe7 Structurento a 0.5(2&h) plateau
in parallel magnetic field 0-13T [37]. The arrowdicates the evolution.

To pin down the origin of this 0.7 structure, theol@tion of this anomalous
plateau in temperature and magnetic field has te@mughly studied. The evolution of
this 0.7 structure with source-drain bias voltags hlso been studied. The behavior of
the 0.7 structure at different temperatures, olegkerin different experiments using
various quantum wires of different of lengths ames, is qualitatively the same. The
evolution of this anomaly with temperature is shawiig. 2.4 (b) and Fig. 2.5 (a) in a
temperature ranged from 70 mK to 4.1 K. The 0.7nzalyg is weak at low temperatures
but fully developed at higher temperature, whilee thormal quantization plateaus

disappear as the temperature is raigduls clearly indicates that the 0.7 structure id no
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associated with ballistic transporThe 0.7 structure shows a strong dependence on the
in-plane magnetic field. Figure 2.5 (b) shows tkieletion of the 0.7 structure as the in-
plane magnetic field is increased. As the paratiagnetic field is increased gradually,
the 0.7 structure decreases smoothly to the fudlgrzed state (Zeeman spin-split state)
at 0.5 (2&h) [37, 39-41]. Similar behavior of the 0.7 sturet in a parallel magnetic field

is also reported in the QPC devices created frotd@M46, 47].

0.8 |- -

T
25 mK
=
~_ 0.6 |- -
[¢3)
)
(@]

0.4 930 mK JL a

4T
a) 1 1 M 1 bl) M 1 2 1
-0.2 0.0 0.2 -0.2 0.0 0.2
Vbias (MV)

Fig. 2.6. Differential conductance g as a function of soutcan bias voltage observed in hole
QPCs made on p-type AlGaAs/GaAs heterostructunea(aemperatures 25-930 mK in zero
magnetic field. (b) at 25 mK in parallel magneteds 0 - 4 T [47].

An interesting feature of th@.7 Structureis the behavior of its non-linear
differential conductancg = dl/dV, where V is the source-drain bias voltage. As show
Fig. 2.6, a distinct peak is observed around zeyorce-drain bias voltage at low
temperature. The zero bias anomaly (ZBA) decreasdbe temperature is increased or
related to the disappearance of & Structureas the temperature is lowered (Figs.

2.4(b) and 2.5 (a)).
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In some experimental work, a conductance plateabserved at G = 0.5 (Zb)
in zero magnetic field [39, 44] on quantum wiredrieated from GaAs/AlGaAs
heterostructures with different geometries. The (@é/h) plateau was observed in zero
magnetic field along with the 0.7 structure in Gadsantum wires created on
AlGaAs/GaAs heterostructures using erasable elgtetio lithography and a positively
biased scanning probe tip [44]. Figure 2.7 indisateat the 0.5 plateau is best defined
when the potential is most symmetric and in thatagion the 0.7 structure moves toward
2€?/h. The 0.7 structure has the same temperature depem@es discussed above. The
0.5 plateau also survives at higher temperature iaciéases slightly with increasing

temperature from 150 mK to 3.0 K. A magnetic fipefpendicular to the plane of the

G (2e%/h)

0 02 04 06 08 1
Vtip(au}

Fig. 2.7. Conductance of quantum-wire device as a functionpobias voltage at 150 mK
for different potential landscapes. The green @dbr symmetric potential landscape. The
plots have been offset and linearly scaled aloagig-for clarity [44].

device up to 1.2 T shows no effect on both theah8 0.7 plateaus. Though in-plane

parallel magnetic field has been routinely usesttaly this anomaly, this is the first time

that a perpendicular magnetic field was used.
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In a very recent study, a tunable quantum dot leenlused to study tHe7
Structure[52]. By adjusting the bias voltages of variousegathat form the quantum dot,
it is possible to tune on and off the anomaly omtake it continuously evolve into a
normal integral conductance platead small magnetic field of 0.15T applied
perpendicular to the plane of the device suppresised.7 anomaly

It is noted that the anomalous conductance platbaus been observed in the
range (0.7- 0.5) (Z#) depending on the device. In the same deviceatimnalous
feature also depends on the gate bias voltageaddition, the 0.7 Structure is not a
regular feature of the ballistic conductance of QR 1D quantum wires. There are
many cases where it is absent.

The experimental observations of the 0.7 strucghiew the following main
features:

(1) The 0.7 structure is feeble at low temperahutebecomes prominent at higher
temperature (Figs. 2.4 (a) and 2.5(b)). The O.Uctire exists at temperatures when the
normal conductance plateaus disappear due to themmearing and indicatabat this
anomaly is not related with the ballistic transport

(2) In a parallel magnetic field this anomaloustgda smoothly evolved to the
Zeeman spin-split plateau at G = 0.5(Bg (Fig. 2.5 (b)),

(3) The formation of a zero-bias anomaly (ZBA) hetnon-linear differential
conductance. The ZBA disappears with an increasengperature in zero magnetic field

and also disappears with an increase in appliegllpemagnetic field (Fig.2.6), and
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(4) These anomalous plateaus do not appear oeattes and very much depend
on the bias gate voltages of the device. Hence,a structure strongly depends on the
details of the lateral confining potential [44, £2]

These experimentally observed features of the Sridcture inspired many
theoretical models to explain the origin of thisoaralous structure. The 0.7 structure
disappears with the appearance of the zero bianagqZBA) peak, which suggests a
relation between the appearance of the ZBA and fhetructure. The formation of ZBA
and its disappearance as the temperature is raisdn parallel magnetic field are the
characteristics of the Kondo effect in quantum db68% 54]. The Kondo model is based
on local moments or localized spins. But it is herdinderstand how this localized spin
can form in the open QPC device. Based on the dpmnsity functional theory (SDFT), it
has been shown that a 'dynamical' local moment withet of one spin forms in the
vicinity of the QPC barrier [55]. The Kondo resonargives rise to a dynamic unpaired
spin and should result idynamic spin polarization that cannot lead to static spin
polarization that can be detected in low-frequecmyductance measurements.

In attempt to explain the 0.7 structure, a sempieical model was proposed [56]
that considers a spin gap opening up as the efediasity in the QPC is increased by
adjusting the gate bias voltages. This results staéic spin polarization and a feature
near 0.5 2€/h) at low temperature is predicted. This model abows that as the
temperature is increased this feature moves smpoattd settles around 0.2ef/h). This
explains the temperature behavior of the 0.7 atrectThis spin-polarization model was
later adopted by others and put on microscopicrét®al grounds using DFT [57]. In

this theoretical work [57], two models were consatke (a) with exchange only and (b)

25



with exchange and correlations. The exchange owlgehpredicts a feature at 02Z{/h)
and suggests a fully spin-polarized ground statd, B the exchange and correlations
model, a metastable state is predicted as soomeasdrrelation is introduced. This
weakens the polarization and as a consequenceotiductance rises from 0.2€/h)
toward the normal conduction quantization and nemtsf the 0.7 structure. As the
temperature is raised, the metastable states bedberenally activated, and as a
consequence, the conductance decreases for a giokage. This explains the
temperature dependence of the 0.7 anomaly. A Gdenttion technique within DFT
has also been used and gives spontaneous spinzpttar [58]. The spin polarization
models, nevertheless, fail to explain the zero-lalasmaly. Moreover, the well-known
theory of Lieb and Mattis [59] forbids spin polaiion in the ground state of a 1D
system in the absence of magnetic field.

Based on strictly one-dimensional Luttinger liqld.) state, aWigner-crystal
modelhas also been proposed to explain@higstructureand its temperature dependence
[60]. In a 1D system the Coulomb interaction becenpeominent with decreasing
electron densityn. In the low density regime, the Coulomb energy ohates over the
kinetic energy of the electron and electrons occegyidistant position in 1D to
minimize the Coulomb repulsion. This is known asaWigner crystal. Therefore, the
ground state of a strictly 1D system with low elent density and strong electron-
electron interaction is a Wigner crystal. The elats occupy fixed positions on the
Wigner lattice and are antiferromagnetically codpl€he ground state is not thus spin-
polarized and is therefore in agreement with thebLand Mattis theorem. The low

energy properties of the system are described éyLthtinger liquid (LL) theory. The
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resistance of the 1D quantum wire is determinethbycharge and the spin excitations of
the systemR = R;+R,, whereR, is the resistance due to charge &jds the resistance
due to the spin excitations. At low temperature ¢batribution of the charge mode is
alwaysR,= h/2€?. At very low temperatures wheh<<J, the exchange energy, the spin
contribution to resistance vanishes so that thedectance isG = (2€%/h). At higher
temperatures due to thermal activatRpgrows and al>>J, it saturates aR,= h/2e”.
This theory predicts the conductance anomaly at(Re¥h) but fails to explain the
anomaly at 0.7 @/h). The thermal lengthl+, is inversely proportional to temperature
(Lt o iive/KT). Therefore, for a QPC or a short wire the delgeagth,L, is smaller than
the thermal lengthLi<<L t) for low temperatures. So, it is difficult to und&and how LL
theory can be applied to a QPC or a short quantine, wspecially at low temperatures
when the thermal length can considerably exceedéekiee length.

From the above discussion it can be concludedabaif nowthere has been no
satisfactory explanation of the origin of & Structureor other anomalous conductance
plateaus A complete understanding of the existence of tlaesenalous conductance
plateaus remains elusive

The spin-polarization model does, however, desarspecial attention. As it has
been stated earlier that, a QPC or a short quamtienis very likely not a strictly 1D
system; hence the theorem of Lieb and Mattis maybrapplicable to them. Moreover,
a static spin polarization has been experimentallynd to be associated with the 0.7
anomaly in a hole QPC [47]. In this work, the authmmade use of the large spin-orbit
interaction (SOI) in a hole gas. The SOI causes spiitting of the 1D subband along the

direction of thek propagation vector. As a result, carriers with apf@ospin travel with
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different Fermi momenta and have different cyclotarbits in external perpendicular

magnetic
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Fig. 2.8.(a) Magnetic focusing geometry showing injector detector QPCs and the
schematic trajectories of holes with two spin sta{®) Focusing peak measured at
different injector conductance;.G'he curves are vertically offset by -QM relative

to the top one. The G = 0.6&{?h) is also plotted without offset (dashed red) [47].
field. The experiment used two QPCs: QPCL1 as tieetor and QPC2 as the detector
of electrons in a magnetic focusing geometry (Ri@(a)). A current was injected
through QPC1 and the voltage drop was measuredsaQBC2. The transmission of
both the QPCs, QPC1 and QPC2, were set at the camhe value o6 = (2¢°/h)
and two voltage peaks were observed at two diffefenusing magnetic fields
corresponding to the two spirOne of the peaks slowly disappeared as the
transmission of QPC1 was lowered and is shown @ Ei8(b). This allowed a
measurement of the polarization of the injectedenir A polarization of 40+15%

was measured fdB<0.9Go. It should be noted that the appearance of thenalous

0.7 plateau and other similar anomalous plateaggines an energy spin splitting of
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the two spin bands comparable to or larger tharetieegy level broadening. In cases
where this condition is not met, the anomalouseglas cannot be observethe
origin of the spin splitting that causes the spoeius spin polarization remains an
unanswered, open questioBince the anomalous 0.7 structure and other simila
anomalous plateaus in the range (0.5-0.7¥/2€an be tuned to appear or disappear
by adjusting the bias voltages of the gates thedterthe potential confinement of the
QPCs, it seems likely th#lhe profile of this confinement plays a crucialerm this

phenomenon.
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Chapter 3

Semiconductor Microstructures
and
Device Fabrication
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3.1 Introduction

An ideal material for use in the study of spintis InAs based quantum wells
(QW) which have a very large spin orbit coupling@(S [3] along with a high mobility
in the 2DEG. In this research work, InAs/InGaAs @iuctures are used which are
grown commercially by Molecular Beam Epitaxy (MBBuch a QW structure is created
by sandwiching a thin layer of low band gap InAsys®nductor between two large band
gap InGaAs semiconductors. The electrons are tfagped in the growth direction and
are free to move in the other two directions. Sanhelectron system is known as two
dimensional electron gas (2DEG). The 2DEG in the &¥ctures are characterized by
standard Hall and SdH measurements. The 1D dewpedabricated on these QW
structures using e-beam lithography and other ¢aban processing steps. In the scope
of this chapter, we will discuss the MBE growthheique of the QW well structure,
formation of the InAs/InGaAs QW structures and teehnique for characterizing such
QW structures. We will also discuss, in detail, thdferent steps of the device
fabrication. In the last section, we will talk albdbe fabrication technique of the nano-

scale 1D single-QPC and dual- QPC devices.

3.2 Growth of InAs Quantum Well (QW) Structures

The choice of material is very important to worktire area of nano-spintronics.
Modern growth techniques, like Molecular Beam BEpitdMBE), make it possible to
grow semiconductors and several heterostructurés avwvery high degree of accuracy.
MBE grown InAs/InGaAs quantum well (QW) structurase used throughout this

research work. In this section, we will discuss tlniewth technique of semiconductor
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heterostructures, the layer sequence of MBE growAs/InGaAs QW structures and

characterization techniques employed to study QVWtsires.

3.2.1 MBE Technique

Molecular beam epitaxy (MBE), developed in 197021 is a popular technique
to grow compound semiconductors layer by layer wighy high precession. In MBE,
source material such as Gallium (Ga), Indium (Imd Arsenic (As) are evaporated onto a
heated crystal substrate inside an ultra high vac(luHV) environment to grow layers

of crystals. A schematic of a typical MBE is showrfFig. 3.1.
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Fig. 3.1 Schematic of a MBE system.

A typical MBE system has three main vacuum chamltlbesgrowth chamber, the
buffer chamber and the load lock. The load lockimply used to load and unload the

sample while maintaining a constant vacuum in thevth chamber. The sample is
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prepared for growing in the buffer chamber whiclalso used to store and characterize
the sample. Using the load lock, a sample substsal@aded into the growth chamber
where "vapors" from various heated sources aresiegbonto the substrate surface and
arrange themselves in a crystalline lattice basedhat of the substrate. The sample
holder is designed in such a way that it holdsshmple facing towards each material
source. It is also designed in a way to move tinepéain a continual azimuthal rotation
(CAR) for high quality layer growth. A cryopanelpaed by liquid nitrogen, is located
between the CAR and the chamber wall to absorlduakigases. Cryopumps are also
used to remove undesired gases and keep the prasistive chamber very low (~16
Pa) and thus ensure that the mean free path digam is larger than the geometrical
size of the chamber. This condition is vital in @rdo have a homogeneous film growth.
The parts of the MBE system that are heated (eugilides, sample holder) are made of
metals such as Ta, Mo, and pyrolytic boron nit{l@BN) which do not outgas impurities
and are chemically stable up to 1400°C.

The source materials are placed in effusion cellsickv are heated to a
temperature necessary to achieve the desired matdlix. Only ultra pure materials are
used as a source material. The material flux thavets to the heated substrate surface
where the deposited material arranges itself tonfa crystalline structure. Small
variations of the effusion cell temperature canngfgathe beam flux on the order of one
percent. Therefore, by changing the cell tempeeatue growth rate of the compound can
be controlled. It is possible to switch on/off team flux to within a fraction of a second
by closing or opening the shutter in front of tliigon cells. Precise control of crucible

temperature and shutter on/off times are neededdtirdefined layers with sharp atomic
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boundaries, such as we require for our InGaAs sasnplowever, when growing GaAs
on a GaAs substrate, we do not require preciselatgu of the molecular beam flux
since Ga flux has a sticking coefficient of 1 oe thaAs substrate, meaning that all Ga
atoms that reach the substrate stick to the surf@aocethe other hand, As atoms have
almost zero sticking coefficient on a GaAs substreowever, the sticking coefficient of
As increases and approaches 1 with the increa@aatoms onto the substrate so that
depositing a monolayer of Ga onto the substraté alldw the As atoms to stick very

easily, permitting us to grow GaAs layers.

[/ /s

Output D

Output
Output

Time Time Time

Fig. 3.2.Growth layer detected by RHEED.

One of the useful tools embedded with MBE systemeftection high-energy
electron diffraction (RHEED) analyzer which is ugedmonitor the growth layer. The
output of the RHEED starts oscillating with the \gtb of the layer. At the beginning,
when there is no growth, it shows particular outpuénsity. When the growth is in
progress RHEED output intensity starts oscillatemgl give back the starting intensity

pattern when one monolayer of growth is comple®ath a process is shown in Fig. 3.2.
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3.2.2 InAs Quantum Well (QW) Structures

Using MBE it is possible to make different heterostures (such as
GaAs/AlGaAs) with a very high degree of precessibns also possible to grow QW
structures (such as InAs/InGaAs) using such eg@tdarchniques with high accuracy. To
grow a QW structures a thin layer of low band gamisonductor (e.g. InAs) is
sandwiched between two large band gap semiconducoadled barrier layers (e.g.
InGaAs), thus constructing narrow quantum well (Q¥tfuctures (Fig. 3.3). Electrons
trapped into these QWs are restricted to moveargtbwth direction (i.e. z-direction) but
are free to move in the other two directions. Saclsystem is known as a two

dimensional electron gas (2DEG).

Ec

Y 1 X

InAs

Fig. 3.3.Band Alignment in InAs QW structures.
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The energy levels of the QWs can be found by cemsid a square well
potential. The electrons waves are simply staneiages and the lowest energy levels

can be written as:

o B

”_ZmZDF’n:LZ’S ...... (3.2)
where n is the quantum numbers designate diffdeardls, d is the thickness of the
potential well in z-direction. Electron motion ihet other two directions (parallel to the
heterointerfaces) is not restricted and the wawetfan for such electron can be written
as:

W(r) = f(2)ek*ky = f(2)ekr (3.2)

and the energy eigenvalues of these electrons are,

P72 +h2k:

Xy ZmEy (3'3)
Hence, the electron energy in the 2DEG is,
o n?kZ +1h°k? (3.4)
- om] " '

Xy
where E is given by Eq. (3.1) and corresponds to an enstdpsband. The density of
states of these 2D sub-bands can easily be obtasiad an approach similar to that of
3D electrons. In k-space, the number of statesetWden k and k+dk is given as

_ 2x27kdk

dN
(2m)*

, (3.5)
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where the extra factor of 2 in the above equatmmes to accommodate spin degeneracy

of the electrons. Therefore, combining Eq. (3.4 &v. (3.5) the density of states is

found to be,

dN _ m,
=" m; . (3.6)

A A
i
>
D H
<
i R < S
¢ DOS C k

Fig. 3.4.2DEG density of states.

It is seen from Eg. (3.6) that the density of faiéeach sub-band depends only on the
2DEG electron’s effective mass, a constant for eadfband. Total density of statBs

(E) of all the sub-bands is superposition of all thesatributions and has a staircase

shape, as shown in Fig. 3.4.
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3.2.3 Two-Dimensional Electron Gas (2DEG) and its l@aracterization

The SOC in InAs QW is very large which makes thédehostructure an ideal
material to study in the area gbintronics[3]. In this study, InAs/InGaAs QWs are used
where the 2DEG is formed in the InAs layer. Thes®ctures are grown on semi
insulating InP substrates by MBE (Fig. 3.5) and emenmercially available. The QW
structure shown in Fig. 3.5 (a) is obtained fronrl#ohnson, Naval Research lab as part
of the collaborative effort and the wafer is caleedRL wafer. Figure 3.5 (b) shows the
InAs/InGaAs QW structures bought froimelligent Epitaxy Technologywhich we called
a Cond.1 wafer). The layer sequences of these Q\¢tstes are shown in Fig. 3.5. A

thick InAlAs (300 nm) buffer layer is first growmdhe substrate to accommodate any

InAs (2 nm) INAs (2 nm)
INg.52Al0.46AS (20 Nm) INg.52Al 0 46AS (20 Nnm)
N 05353 47As (13.5 nm) INgs8Gag.47AS (13.5 Nm)
INo 56Gag.4AS (2.5 nm) INg 56Gag.4AS (2.5 nm)
Ing5Alg 4gAS (6 Nm) INg.52Al0.46AS (6 NM)
N+ Ings52Alo.4sAs Supply n+ Ings52Alp.48As Supply

Layer Layer (7nm)
INgsAlo4sAs Buffer Ino.s2Alo.48AS
(300 nm) Ruffer
InP Substrate InP Substrate

(a) (b)

Fig. 3.5 MBE grown InAs/InGaAs QW structure: (a) NRL wafer
and (b) Commercially bought Cond-1 wafer.
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lattice mismatch. The next layer grown is n-dopedlAs (7 nm) which is called the
supply layer as electrons are supplied to the QM fthis layer. To separate this supply
layer from the active layers, a 6 nm spacer layemdoped InAlAs is grown. The 2DEG
is formed in the InAs (pink Layer in Fig. 3.5) whi¢s only 3.5 nm thick in the case of
Cond.1 wafer (Fig. 3.5 (b)) and 2 nm thick in tlase of NRL wafer (Fig. 3.5 (a)) and is
sandwiched between two large band gap InGaAs layérs top InAs layer (2 nm) is
called the cap layer which is separated from thveadnGaAs layer by 20 nm InAlAs
layer. The cap layer prevents the wafer from sw@rfaxidation and/or other physical
damages.

Before fabricating the QPC devices, it is very impot to characterize the 2DEG
in the wafer. By using standard Hall and SdH measent techniques (described below),
commercially grown InAs/InGaAs 2DEG QW structureaynbe characterized and the

electron concentration, n, and mobilttymay be calculated.

|. Classical Hall Measurement:

Consider a magnetic field, B, applied perpendictdathe direction of the current
(J) flow in a conductor. The magnetic field exertsransverse force-¢vxB) on the
charge carriers pushing them to one side of thedwttor as shown in Fig. 3.6.
Equilibrium is established when the magnetic foixdalanced out by the transverse
electrostatic force created due to the deflectetgehbuild up along the side. E.H. Hall

first described this effect, known as Hall effent1879.
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Fig. 3.6 Schematic view of the Hadixperiment.

At the equilibrium, the transverse or the Hall agk is given as,

E, =E, =R,J,B, (3.7)
whereEy is the Hall voltage, J is the current density, Bnds the Hall coefficient. Since

J= vgng and if all the carriers have the same drift vaigdine Hall coefficient is given

as,

Ry = Me: (38)

In the classical Hall regimey = dR/dB,that is, at small magnetic fielR, is the slope of
the magnetic field vs. transverse resistance pia. (3.7 (b)). Therefore, knowinBy
from the plot, it is easy to find the 2DEG concatitmn, n, using the following relation,

1 1

n= R, = S(dR/dB) (3.9)
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By knowing the 2DEG resistivityy,, at zero magnetic field, it is easy to find the

mobility, 4, of the 2DEG as,

_dr/dB
U= .
P

(3.10)

At low temperature a 2DEG shows a series of steptall resistance instead of a
straight line as in the classical case. Accordmdé(laus von Klitzing [4], winner of the
Nobel prize for Physics in 1985 for discoveringsheguantum steps, this resistance is

quantized in steps df/n€, where n is an integer. This phenomenon is nowknas

Quantum Hall Effect.

300
| Wafer: NRL 12500
250 F 1=1.92-10° n (SdH measurements) 9
| n=1.99-10° n’ (Hall measurements) 12000
o0l MA35LMN:s |
12082 um ]
R T=42K 11500 o
G 1501 | z
e | ©
100k ] 1000
50 -4 500
(b) ]
0 1 1 1 1 " 1 " 1 1 1 0
0 1 2 3 4 5 6 7 8

Fig. 3.7 (a)Hall bar device fabricated on InGaAs/InAs QW (NRisjng the Raith 150 e-
beam lithographyb) SdH oscillation observed on InGaAs/InAs QW struetufNRL) as a
function of magnetic field at 4.2 K.

Il. Shubnikov- de Hass Measurement

At zero magnetic field, the 2DEG electron energgiven by Eq. (3.4) as,
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nk; +n’k;
E=—X Y +E,.

2m,,

We now consider a strong magnetic field appliedbeedicular to the x-y plane. The

electron trajectories will be circles about the metee field lines with orbital frequency,

W =— . (3.11)

Due to the applied magnetic field, the motion & &ectrons in x-y plane is quantized

with energy,
E, :(i +%jhwc (3.12)

where j=1,2,3..... . Hence, the energy levE|sare called Landau Levels (LL) and thus,

the total 2DEG electron energy in a magnetic fig)d
.1
E:En+(J+Ejha)c. 13)

At zero magnetic field, the 2DEG density of stat@sa particular sub-band is
step like (Fig. 3.4). In a non-zero magnetic fild density of states splits into sevefal

function-like steps, which are separated from onettzer in energy byiaw. (Fig. 3.8).

The degeneracy of a LL is given ﬁ% , Which is proportional t® so that by altering,

both the splitting energfic., and LL degeneracy??, can be changed. In an ideal

case, the density of states are a sharp functiemefgy, but in reality they are broadened
due to scattering process (such as phonon scaftem crystal defects. If the magnetic

field is increased, the LLs start moving to higkaergies and eventually cross the Fermi
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energy levelE., which is the maximum energy state for the ocali@kectrons. Thus,

the Landau states are emptied and the electrotisiHfemselves in the next lower level.

DOS

0 E

Fig. 3.8 Density of states of 2DEG in the first sub-bandniagnetic field.
The dashed line is the DOS in the first sub-bartlaut magnetic field.

With increasing magnetic field, the energy incrsasatil the next LL is emptied. This
causes an oscillation of the resistivity near ti@nity of E. known as Shubnikov-de

Hass (SdH) oscillations [4, 5].

250
200

150

XX

R.(Q)

100

50 4

T T T T T
0.1 0.2 0.3 0.4

1/B(1/Tesla)

Fig. 3.9. SdH Oscillations are periodic in 1/B.
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Interestingly, these oscillations are periodic WifB (Fig. 3.9). The period?ys,

of these oscillations are related to the 2DEG coimagon as,

hn
Pie ZE - (3.14)

180

L Wafer: Condl
n=2.06-10"° m’ (SdH measurements)

n=2.21-10"° m* (Hall measurements)

2000
150 |-

1=0.9 um
L T=4.2K
g ol - 1000 ¥
o« ©
60 |-
- 500
30
-0
0 1 1 1 . 1
0 2 4 6 8
B(M
Fig. 3.10 SdH and Hall measurement on Cond.1 wafer.

I n,=3.67 m’/V-s
120 |

1500

Table 3.1. Carrier concentratiom, mobility, 4 and the mean free pathof different

wafers used in this research work.

Wafer T= 42K
n (m?) 1 (M?IV.s) | (um)
Condl1-F 2.17x10% 4.14 1.01
Cond1-010 2.21x10® 3.67 0.9
Cond2-F 2.21x10' 3.77 0.925
NRL 1.99x10'° 3.51 0.82
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Therefore, by knowing the periodicity of the oktibn (Fig. 3.9), the concentration and
the mobility of the 2DEG can be calculated. In ttasearch work several InAs/InGaAs
samples have been used. We have characterizeldeat wafers by standard Hall and
SdH measurements. Fig. 3.7(b) shows the SdH anbriEdsurement plots on NRL
wafer and Fig. 3.10 shows SdH and Hall measurewemnied out on Condl wafer. The
carrier concentratiom, the mobility,p and the mean free pathof the 2DEG of these

wafers calculated from these characterization tegtas are shown in Table 3.1.

3.3 Device Fabrication

Micro-fabrication using photolithography is welltaklished and widely used in
the industry to make integrated circuits, MEMS asaells and many other micro devices
[6] while Electron Beam Lithography (EBL) open tHeor to fabricate nano-structure
devices. In both cases, many steps are involvetkuice fabrication, such as cleaning,
spinning resist, etching, metal evaporation, anngatlicing and bonding. Processes for
fabricating devices on GaAs based wafers (e.g. GdG8As heterostructures) are well
known [7, 8], but fabricating devices on InAs baseafers is very uncommon and thus
extremely challenging. In this section, severalifaiion processing steps on InAs based
samples will be discussed. All the fabrication stegre done in the clean room
environment except for the metal deposition and ARMWypical fabrication process is

shown in Fig. 3.11.
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- D

(a) Clean Wafer (b) Spinning Resist (c) EBL openati
= =
(d) After Development (e) Metal Deposition (f) Aftieift-off

Fig. 3.11 Different processing steps in a typical device itadiron.

53




3.3.1 Wafer Cleaning

InAs 2DEG wafers are first prepared for device if@iron by cleaning and dicing
them into 5mm/5mm pieces using Tempress Wafer &criModel no: 1713-10C sn
1267-C). A single piece is then put into a beakewarm acetone (~50C) for 15
minutes with the additional assist of ultrasoni¢hbfor 1 minute. It is then rinsed in
isopropyl alcohol (IPA) and blown dry using §as. Cleaning essentially removes all the
unwanted dirt particles and resist sitting on tbhdace and thus ensures the successful

fabrication and the reproducibility.

3.3.2 Resist Spinning

Resists are special kind of polymers dissolved ligioids that are sensitive to electrons
or ultraviolet light (UV). For electron beam lith@gphy (EBL), typically polymethyl
methacrylate (PMMA) resist, dissolved either in gale or Chlorobenzene are used. A
QPC device has large features (such as metal madiation trench) and small features
(Side Gate for QPC). For processing different fieetudifferent kind of resists with
different thickness are used for proper exposuded@velopment. Commercially, PMMA
of different concentrations and molecular weights available [Fig. 3.12] [9]. The
thickness of the PMMA can vary by choosing différepeeds (rpm) of the coater along
with different concentration of the PMMA. Also sping time can control the thickness

of the resist.
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495PMMA A Resists
Solids: 2% - 6% in Anisole
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Fig. 3.12 PMMA resist thickness varied with the spin speedalt as with the
concentration [9].

For example, the thickness of the 6% PMMA resissdlived in anisole is 3000 A
when the spin speed is 4000 rpm when the spinimmg is 45 sec while keeping all other
parameter same, 2% PMMA dissolved in anisole gavéisickness ~1000 A. For a given
concentration and spin speed, the thickness carafed by choosing different spinning
times. In general a larger spinning time definésianer resist.

Depending on the fabrication process, monolaydri-tayer resists with different
thicknesses and concentrations are used. For egafoplprocessing an isolation trench a
thicker resist (950 4% PMMA dissolved in Chlorobene (C4), thickness ~ 2200 A) is
used for 60 sec with 5000 rpm while for a side dgaiRC trench a resist thickness of
about 800A is needed. The smaller thickness forlatter processing step helps to get
good focus needed for good writing and such thisknie achieved by using 150 2%

PMMA dissolved in Anisole (A2) or Chlorobenzene jG&eping the spinning speed
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4000 rpm for 40 sec. But for processing the padstdhpads and known as ohmics), bi-
layer resists are used for mainly two reasons:etoaglarger thickness which is usually
equal to or greater than the metal thickness (thihtbe deposited after exposing and
developing) and to get a good undercut while dguetp Both of these reasons help to
get a good metal lift-off. The first layer thatspun for metal pads is 495 15% PMMA
dissolved in Anisole (A15) and is thicker than gezond layer which is 495 3% PMMA
dissolved in Chlorobenzene (C3). The number 49thdgfthe molecular weight of the
PMMA. Both layers are spun with 5000 rpm speed@0rsec. The total thickness is

found to be greater than 4000 A.

Table 3.2 PMMA used in different fabrication process.

Process | Layer PMMA | Mol. Spin Spin | Thick. Baking | Baking | Baking
Weight Speed | Time | (nm) Type Time Temp.
(x 1000) | (rpm) | (sec) (Sec) | (°C)
Ohmics Bi-layer| A 15+ | 495 5000 60 400 90 180
C3
Isolation | Mono- | C4 950 5000 60 150-200 % 90 180
=1
Trench | layer B
I
SG Mono- | C2 150 4000 40 <90 90 180
Trench | layer

The top PMMA layer is thicker and heavier while thattom layer is thinner and lighter.
During the electron beam lithography (which will iscussed in the next section) high

energy electrons penetrate both the PMMA layers wihall forward angle. But, as the
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beam reaches the substrate, it is backscatter&dlavge angles. So, some extra parts in

the bottom layer are exposed due to this backsoegte/NVhile developing PMMA from

the exposed parts are washed away. In the lifpiaf€ess, the chemical that dissolved the

PMMA can slip through the undercut part of the PMMAd help to achieve a good lift-

off. The sample is baked on a hot plate at 180Y®@@s after each spinning. The different

resists needed for different processing stepswaremarized in Table 3.2.

3.3.3 Electron Beam Lithography

Electron beam lithography (EBL) [10] creates paiseby scanning a beam of

electrons across a resist covered sample in cod@bticate patterns as small as few tens

of nanometers. A block diagram of a typical EBLteys is shown in Fig. 3.13 [10]. The

i H.Y. powar supply 'v’ oleciron gun
' |lens power supplies :
, :
: blanking ampliiar H
: :
: [ calumn
| pattern ganerator
|
DA convertars ¥ |
daflection amplifiars L Y finallens
I electron detector
| registration wnit
. airlock
| laser inlerleromaler 81808 | ehambar
slage controllar BED!
compuler vacuum system

pattarn data storage

vibration isolation tabla

Fig. 3.13.Block Diagram of a typical EBL [10].
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electron beam is produced by tungsten tip accelératith high voltage. There are

several sets of magnetic and electrostatic lense=sept in the EBL system to collimate

and deflect the beam onto the right spot. For adgexposure, the beams need to be
focused properly and the aperture as well as tlggmation alignment needs to be

corrected.

Raith-150 e-beam writer is used to fabricate aldlvices needed in this research
project. It works with a Gaussian type of electbmam. The sample covered with resist
is loaded into the stage using the load lock fatgpaing. On the stage the sample is
attached with a metal clip. After loading, globalocdinate of the sample is defined so
that one can write at the exact place on the samijplerespect to this coordinate. The
beam current is then measured using Faraday cuphwhiused later to calculate the
dose. The beam is then moved to one corner ofséimeple by recalling the global
coordinate. The next step is to prepare the e-beampatterning by adjusting the focus
properly and fine tuning the stigmation and apertalignment. The focusing is said to be
good if a small round spot of ~20 nm diameter camirnt on the sample. It can then be
fine tuned by aperture alignment and stigmatiore White field is usually set as 1Qin.

If the pattern is more than 1Q0n, then the e-beam needs more than one write fald.
the proper matching of the adjacent write fields,atignment procedure is done before
writing using the small burnt spot (~ 20 nm) and grocedure is known as three-point
alignment.

After having a good focus and making the three{pallgnment, the dose and
other parameter need to be set for patterning.dbise is defined as,

Dose = Be@mrrent x Dwell time,
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where dwell time is the time for exposing one poBy making several test patterns the
dose for big patterns is set as 2iG/cnt.s when 60 micron aperture is used along with
10 KV accelerating voltage. Aperture, that contited beam current, is an important
parameter for exposing a pattern and in generabitpger aperture defines small writing
time. Therefore, for writing big features 60 micraperture is used to minimize the
writing time. One disadvantage of higher apertsrthat the sharp corner of the feature is
rounded off and known as proximity effect. This mding off usually happen due to the
large angle backscattered electron from the surfébe forward electron beam that is
penetrating the resists has high energy and swetilesed angle. But when it reaches the
semiconductor surface it creates low energy batiesed electron that cause the
proximity effect. One way to minimize this problemto use high energy electron (i.e.
using higher accelerating voltage). The step sm&i(num incremental interval) is
another important parameter which then needs tsébeso that areas can be exposed
using raster scanning (vertically oriented beam edothrough regular modes). Usually
the step size is kept 1/1®f the minimum feature size. If the step size dsparable
with the feature size the sharp corner of the feabtan not be patterned properly. For
small patterns 7.5 micron aperture is used alonify winaller dose[{L00 puC/cnt.s)
keeping the accelerating voltage as 10 KV. Setsilhghe parameters, the design of the
pattern (created by GDSII editor) is then recalfemm the list and set the position

coordinate to write the pattern with respect todglubal coordinate.
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3.3.4 Development

The device is patterned by exposing the PMMA bycteten beam during the
EBL. The cross-linking of the exposed part of PMMy&comes weak during such
exposure. Development is the process by which ttppsed part of the PMMA is
removed chemically. The chemical mixture that sedi to develop is called as
developer To develop InAs based samples, mixture of MiBkethyl iso-butyl keton)
and IPA (Iso- propyl Alcohol) with the ratio of MK IPA: 1:1 is used as a developer.
For developing big features patterned on InAs wdfexds and isolation trench) the
development time is 60 seconds while for smalluezt (SG trench) the development

time is 50 seconds.

3.3.5 Ohmics and Markers: Deposition and Lift-off

The first EBL operation is markers and ohmics. Maskare usually a cross
structure which are used for the alignment in therlay exposure. Ohmics are each 200
pm x 200um feature (pads) on which different layers of netale deposited after EBL
operation and used as source/drain, voltage prakegell as gate pads (controlling bias
voltages). Usually, bi-layer resists are used fatimg ohmics and markers. Typically,
A15 resist (1% PMMA with 100 K molecular weight on Anisole) istspas the bottom
layer with C3 (83 PMMA with 495 K molecular weight on Chlorobenzeras) a top
layer. The bilayer is used to get a large thickn&fseesist and to get a large undercut

during the development process which in turn htdpget a clean lift-off.
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Fig. 2.14.0Ohmics after Lift-off.

The deposition system (Cooke Vacuum Products, COEEB-FR-S-DC) has a
Temescale four pocket e-gun and a resistive baatvihout breaking vacuum one can
deposit five different types of metals. High vacu@mBx10’ Torr) is created before
deposition. Different types of alloys and metalghwdlifferent thicknesses are used on
InAs based wafers to get good ohmics [12, 13, Thjee types of metals are used for
ohmics and markers in the devices that are faledcah InAs/InGaAs wafer and used in
this research work. The metals used in the ohmiedlal2 nm, Ge 20 nm and Au 400
nm. Among thoseNi is used to adhere to the semiconductor surface@Gatias a
smaller molecular size which is diffused while aalimey. AndAu, the thickest layens
also diffused to ensure a good ohmic contacts dk ageto provide the surface for
bonding. The deposition rate for different metais different, such as, for Ni and Ge the
deposition rate is 2 A/Sec while for the Au the ation rate is 10 A/Sec. Ni and Ge are
deposited using e-gun evaporator while Au is depdsusing the resistive boat. The

ohmic recipe is summarized in the Table 3.3.
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Table 3.2. Ohmic Recipe

Layer Metal Thickness (nm)| Deposition Rate Current
(A/Sec) (mA)
1 Nickel (Ni) 12 2 65

2 Germanium (Ge 20 2 55

3 Gold (Au) 400 10 120

After metal deposition, the sample is dipped intarmw acetone which removes the
PMMA as well the metal from the unexposed area.(Bid@4). Typically, the acetone

temperature is kept a70°C and the sample is dipped into acetonelf®minutes

3.3.6 Etching

Chemical etching is used to remove part of the $argyers from the wafers.
The wafer is patterned by EBL and developed, leptle exposed surface free of resist.
Wet or dry etching is then used to remove layasmfthe exposed part of the wafer. For
InAs based wafers, the etching process is notegtiblished and it is extremely difficult
to control. Both dry and wet etchings are posdibtdnAs based wafers [15-19]. The dry
etching offers a better width to depth aspect réattmat is, during dry etching the lateral
etching is much smaller compare to the wet etchihg, the main disadvantage of the
dry etching is that the walls of the trenches apsé smooth. The wet etching gives a
smoother trench wall. Thus, we have chosen weirggabver dry etching. Only the wet

etching is involved in this fabrication process.

62



I. Isolation Trenches

Devices are isolated from the rest of the wafefiran other devices on the wafer
by etching an isolation trench into the 2DEG lageuence. Isolation trenches are
patterned by EBL on the wafer covered by C4 rgdit PMMA with 950 K molecular
weight on Chlorobenzene). It is then developed patlerned parts are free of resist
which allows the chemicals to attack the surface.

Phosphoric acid based [16] or Acetic acid based ¢t €hants are usually used
for chemically etched InAs and InAs based wafens.agetic acid based etchant is used
to etch the InAs/InGaAs wafer, whose structurenisvan in Fig 3.5. The recipe of which
is Acetic Acid: HO,: H,0: 15:20:125. It etched the InAs portion very fa@sbnm/s) but

the etching process slows down with the presenoghelr atoms (like Al or Ga) in InAs.

- Isolation Trench .

Fig. 3.15 Isolation Trench defines a Hall bar Device.
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Table 3.4. Etching recipe for InAs/InGaAs wafer shown ig Bi.5.

Wafer Etching Etchant Rate Time

(nm/min) | (Sec)

InAs/InGaAs | Isolation 120
(Fig 3.5) Trench Acetic Acid (15): H,O, (20):H,0(125)
Side gate 80 67
Trench

In Fig. 3.5, it is shown that the InAs 2DEG is 3B mleep from the surface.
Therefore, for good isolation, one needs to etdovibehe 2DEG. In practice, we etch
down to buffer layer to avoid any leakage, otheevilse devices will not be isolated from
each other and from the rest of the wafer completEhe overall etch rate is about 80
nm/min. A typical Hall bar device is shown in F§15 which is defined by cutting the

isolation trench. The recipe for etching the ifolatrench is summarized in Table 3.4.

ll. Side Gate Etching

A side gate is simply a piece of 2DEG borderedsbyation trenchesSince it is
difficult to make non-leaky Schottky gates on InAgJe gates are used to create the 1D
devices. Side gate (SG) etching is similar to taaition etching but requires better

control. With the precise control of time and etth# is possible to keep the trench
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Raith 150 300nm EHT=1000kV  Siy ate :9 May 2007
Mag= 2000KX  F— WD= Smm  UserName=QTEST Time 153852

(@ (b)

Fig. &.16. (a) Optical micrograph of trench of a Side Gate@) QPC fabricated
using the Raith 150 e-beam lithography. (b) SEMgmof QPC trench.

width and depth at desired level. The etchant tsedalize the SG trench is the same as
depicted in the previous section but the etchingetis 67 seconds. The depth of the
trench is found to be ~ 100 nm (Fig. 3.16). The ofside gates offers a number of
advantages: (1) It is fairly straightforward to atiee a side gate using e-beam lithography;
(2) there is no need for metal deposition anddiftare needed for conventional gates;
and (3) the shape of a side gate can be easilgeatkfiThe recipe for the side gate trench

is shown in Table 3.4.
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3.3.7 AFM

Atomic Force Microscopy (AFM) is a powerful form a$canning probe
microscopy (SPM) that performs its imaging function measuring a local property of
the surface being inspected, such as its heightab@bsorption, or magnetic properties.
An AFM has a cantilever tip that touches the sw@fadile scanning (raster scan). A
repulsive ionic force from the surface causes thd@ilever to bend and the deflection is
detected by a detector and gives the profile of sheface [20, 21]. This type of
measurement is called the contact mode and th&utesoof the imaging depends on the
tip length and radius. A very good tip has a lengft/b-10 um with the radius being 10
nm. Using an AFM, a typical image is collected oaeperiod of ~ 30 s, but now it is

possible to obtain an image in less than 20 ms [21]

7

Fig. 3.17AFM image of a quantum point contact (QPC) deviace depth

measured by using the AFM.

A Veeco CP-Il AFM is used in this fabrication preseto scan the devices to
determine the depth and the width of the isolati@mch. Most importantly, the AFM
gives the width and depth of the SG trench of tHC® as well as the QPC channel

width. Fig 3.17 shows a typical image and the scanprofile of a QPC device.
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3.3.8 Annealing

Annealing is a heating process through which théame the ohmics thermally
diffuses into the semiconductor in order to malgwad ohmic contact with the 2DEG. It
is relatively easy to anneal metal on InAs basefewas it has very small Schottky
barrier. In this fabrication process, a rapid th@rmnnealing (RTA) system (A G
Associates, Heatpulse 210T RTA) is used. For saonealing times (1 sec to 5 min)
RTA is very useful. The RTA gives the facility tarseal in a wide range of temperature

from 300C to 1100C. For the Ohmics in our case, the RTA is dorngs&C for 60 s

3.3.9 Scribing, Packaging and Bonding

The final step for device fabrication is to cut franx5mm wafer into two small
units using a Tempress Wafer Scriber (Model nat3t¥0C sn 1267-C). Each unit

usually has two devices. One of these units is thaed to chip carrier using GE varnish.

-
o=
:
N

Y77\

Fig. 3.1&. Device glued and bonded in the chip carrier.
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It takes usually one hour for the glue to dry. Otilemnd Gate pads are then bonded with
the chip carrier using a bonder made by Kulicke &otfa. Usually, an Au or Al wire is

used for bonding. In Fig. 3.18, a complete devioed®d with a chip carrier is shown.

3.4 Nano-Scale QPCs

Fabrication of 1D nanoscale devices on InAs/InGgAantum well structures is
very challenging. In the last two sections, we hdiseussed the growth technique of the
material and the characterization needed for tloskwalong with different fabrication
steps. In this section we will discuss the devitesle on InAs/InGaAs QW structures. In
order to study lateral SOC in 1D systems, we habeidated 1D QPC devices on such
QW structures since it has large SOC. We have datad both single-QPC and dual-

QPC devices on such structures.

% 2300 nm

- = 320.0 nm
=320.0 nm| i "

o
4

ith 150 3001 El 10.00 kv SignaIA e Raith 150 200nm EHT=10.00 kv ignal A=InLens Date :12 Jun 2007
Mag= 2000KX F—] WD= 5mm User Narne = QTEST Time :15:38:21 Mag= 3035KX WD= 5mm User Name = QTEST Time :12:38:14

(@) (b)

Fig. 3.19 (a) SEM of a Side Gated (SG) single-QPC and (b) SE&Mdual-QPC device
fabricated on InAs/InGaAs QW structures using tla&lR150 e-beam lithography.
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3.4.1 Single-QPC Device

A single-QPC device fabricated using EBL by thetRdi50 e-beam has a Hall
bar geometry. QPC devices of different dimensiawvell as with different orientations
on InGaAs/InAs QW structures are fabricated. Usyal single-QPC device has two
contact pads (ohmics) for source and drain, fontax pads (ohmics) for voltage probes
and two Ohmics for gates. The QPC or the activé @iathe device is patterned at the
center of the Hall bar and are created by a pasidg gates (SG) defined by isolation
trenches cut by wet etching. Fig. 3.19 (a) showesSEM image of a QPC device which
has a length of the order of 100 nm. The widthhef¢hannel is ~ 200 nm. By applying a
negative bias voltage to the SG, a 1D conductiaanihl is created. The arrow shows

the direction of the channel.

3.4.2 Dual-QPC Device

Dual-QPC devices are also fabricatrdnAs/InGaAs QW structures by EBL
on which there are two QPCs in series (Fig. 3.19 dbthe center of a longer Hall bar.
Each QPC is crated by a pair of SG defined by watieg. Separation between the two
QPC is kept less than a micron (less than the rfreanpath of electron). There are four
gate pads to control these two QPCs independddylyapplying the gate voltages to the
corresponding gate pads, it is possible to narrbev width of the channel without

affecting the other gate and vice versa.

69



References

1. A. Cho, 'Film Deposition by Molecular Beam Techniqggles Vac. Sci. Tech.
Vol. 8, pp.S31-S38, 1971.

2. A. Cho, J. Arthur, Molecular Beam EpitaxyProg. Solid-State ChepVol. 10,
pp. 157-192, 1975.

3. E. A. de Andrada e Silva, G. C. La Rocca, and EsBai,Spin-orbit splitting of
electronic states in semiconductor asymmetric quanwells Phys. Rev. B55,
16293 (1996).

4. K. v.Klitzing, G. Dorda, M. PeppeNew Method for High-Accuracy
Determination of the Fine-Structure Constant Baged)uantized Hall
ResistancePhys. Rev. Leté45, 494 (1980)

5. M. A. Paalonen, D. C. Tsui, A. C. Gossa@ljantized Hall effect at low
temperaturesPhys. Rev. B5, 5566 (1982).

6. Sami Franssilantroduction to MicrofabricationJohn Wiley & Sons, 2004.

7. A. Baca and C. Ashh¥abrication of GaAs Device$EE, 2005

8. Ralph E. WilliamsModern GaAs Processing Methodstech House Publishers
1990.

9. PMMA data sheet, MICROCHEM.

(http://www.microchem.com/products/pdf/PMMA Data 8Shpedi).

10. Mark A. McCord, Michael J. RookSElectron Beam Lithography” Handbook of
Microlithography, Micromachining and Microfabricatn: Volumel, ed. P. Rai-
Choudhury, SPIE Press Monograph, 1997

11.Raith Handbook.

70



12.J. B. Boos, W. Kruppa, D. Park, B. Molnar, R. BadsGoldenberg, B. R.
Bennett, and J. MitterederPd/Pt/Au and AuGe/Ni/Pt/Au Ohmic contacts for
AISb/InAs HEMTS Proc. Eighth Int'l Conf. IPRM, pp. 354-357, 1996

13.C.R. Bolognesi, E.J. Caine, H. Kroemkenproved charge control and frequency
performance in InAs/AlSb-based heterostructurelfedfect transistorsEEE
Electron Device LetfVol. 15 no. 1, pp. 16-18, 1994.

14.Y. Zhao, M. J. Jurkovic, and W. I. Wan@haracterization of AuGeandluTe-
based ohmic contacts on InAs n-channel high elaatmobilitytransistors J.
Electrochem. Soc., Vol44, no. 3, pp. 1067-1069, 1997.

15.A. F. Morpurgo, B. J. van Wees, T. M. Klapwijk, Borghs,Submicron
processing of InAs based quantum wells: A new,\hgglective wet etchant for
AISh Appl. Phys. Lett70(11), 1997.

16.Yu. G. Sadofyev, A. Ramamoorthy, J. P. Bird, SJéhnson, Y.-H. Zhang,
Infrared Light Induced Beating of Shubnikov-de H@asillations in MBE grown
InAs/AISb Quantum Well3. Crystal Growth 278, 661 (2005).

The acetic acid based etching recipe is also redédiom Mark Johnson of NRL
as part of the collaborative effort.

17.Shigehiko Sasa, Takatoshi lkeda, Masato Akhoriugtts Kajiuchi and Masataka
Inoue,Novel Nanofabrication Process for InAs/AlGaSbh Heséuctures
Utilizing Atomic Force Microscope Oxidatipdpn. J. Appl. Phys. Vo8, 1064

(1999).

71



18.G. Nagy, R.U. Ahmad, M. Levy, and R. M. Osgood Mtr.J. Manfra and G. W.
Turner, Chemically assisted ion beam etching of submiceatufres in GaSb,
Appl. Phys. Lett72(11), 1998.

19.C. Gatzke, S. J. Webb, K. Fobelets and R. A. Strgdinh situ Raman
spectroscopy of the selective etching of antimanil&aSh/AISb/InAs
heterostructuresSemicond. Sci. Technoll3(1998), p: 399-403.

20.G. I. Binning,C. F. Quate, and Ch. Gerbatomic Force Microscopéhys. Rev.
Lett. 56, 930 - 933 (1986).

21.A. D. L. Humphris, M. J. Miles, and J. K. Hobl#s mechanical microscope:

High-speed atomic force microsco@ppl. Phys. Lett.86, 034106 (2005).

72



Chapter 4

Experimental Techniques
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4.1 Introduction

All the measurements involved in this dissertatir® low noise transport
measurements done at low temperature. aheneasurements (f = 33 Hz) have been
carried out by the standard lock-in technique. Mdghe experiments are done at liquid
helium temperature (4.2 K) but some of the expemimeare carried out at mK
temperatures which are achieved by a dilution gefator. In this chapter, we will
discuss the operating principle of the dilutionrigdrator and the details of the

measurement techniques.

4.2 Dilution Refrigerator

Dilution refrigerator uses a mixture dfle and*He gases to achieve a temperature
as low as 2mK [1]. It is an essential tool for allow temperature measurements in
research laboratories. In 1951, H. London propésetse only’He gas in the refrigerator
to cool down to well below 4.2 K. Th#He gas was simply pumped out to reach the
lowest temperature which was 0.3 K. But, in 1962 6hdon proposed a refrigerator that
used®He/*He for refrigeration and in 1965 the firsie/He dilution refrigerator operated
down to 0.22 K [5]. Dilution refrigerators are naavailable commercially which can
operate between the 2mK to 1K. In this researctkwapMINDIL-OD70- 30mK dilution
refrigerator manufactured by Air Liquide is usedheTprinciple and the operation of the

dilution refrigerator will be discussed in the fmNing sections.
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l. Principle of the Dilution Refrigerator

When a mixture ofHe and*He is cooled below a critical temperature of 0.86 K
the liquid separates into two phase: one phasielisim *He and the other ifHe (Fig.
4.1). The density oHe is lower tharfHe which makes th#He-rich lighter ‘concentrated
phase’ float on th&He-rich heavier ‘dilute phase’. As the temperatire, 0, the lighter
concentrated phase becomes pitie. On the other hand, tHele-rich heavier dilute
phase is almost 94%e with the remaining 6%He. This finite concentration dHe,
even at very low (~ 0 K) temperature (Fig. 4.1)aysl a crucial role in the dilution

refrigerator mechanism. The lighter concentrateasptofHe can be considered as

15 _ WORMAL FLUD -
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Fig. 4.1. The phase diagram of a liquid helium mixture asfuaction of the
percentagexj of *He in the mixture. Phase separation takes placewéraperature is
below the tri-critical point ~ 0.86 K.
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liquid whereas the heavier dilute phase (9% with 6% of°*He dissolved in it) can be
considered as the “vapor’ phase #fe. It is thus possible to obtain cooling by
continuously moving’He atoms downward from the concentrated phase gadilute
phase — which is equivalent to the evaporation riegle used inevaporation

refrigerator.

ll. Operation

A schematic of the MINDIL-OD-30mK Air Liquide dilun refrigerator is shown
schematically in Fig. 5.2. The mK cooling occurdte mixing chamber where mixture
of ®He and*He separates into two phases: the bottom lay&Hésrich (~94%'He and
~6% °He) and the puréHe layer float on théHe rich layer. Cooling is achieved by
transferring®He atoms continuously froffHe rich phase to the dilute phase (~949¢
and ~6%°He). After each circulation, the temperature isdosd when théHe moves
from high pressure area to low pressure regione dntinuous circulation oHe is
done by a pump that operates at room temperatuoe.operating a dilution refrigerator
continuously, it is necessary to provide a condersel-2 K to liquefy the room
temperature gas entering the refrigerator. Wherréfrigerator begins operation, ‘e
pot at about 1 K is used to condense’He-*He mixture in the dilution unit. It does not
cool the mixture sufficiently to form the phase hdary but simply brings it close to 1K.
But the condensation 6He/He mixture in MINDIL-OD-30mK dilution refrigeratois
not obtained in a usual 1K pot. Instead the coraléms is done after pre-cooling in the

Joule-Thomson stage by a compressor which is Iddahind the pump (Fig. 4.2).
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Further cooling takes place at the still (kept aD.#5 K) where the incoming
mixture is cooled by the still before it enters beat exchangers and the mixing chamber.
Phase separation takes place below the tri-cripioalt of ~ 0.86 K. The relative volumes
of the components ofHe-'He mixture are determined in a way so that the @has
boundary occurs inside the mixing chamber and tleeadl liquid surface lies in thstill.
They are calculated from the known volumes of tleathexchangers and the mixing

chamber.

-— injection : 0.3 <P <3 bars

Pumping : P=+0.01mB

Sealed circulation Compressor
pump

Joule Thomson Stage
4K ==1K

STILL
T=1085K

i

Mixing Chamber
T=+£10mK

Fig. 4.2 Schematic of a MINDIL-OD70- 30mK dilution refriggor.
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During continuous operatioftHe has to be removed from the dilute phase and re-
supplied to the concentrated phase. This is donpunyping awayHe from the liquid
surface in thestill, where at 0.75 K*He evaporates preferentially (Fig. 4.2). The
evaporating’He are pumped through a room temperature pump ampressed before
passing it through an impurity-removing cold tragg 77 K) and returning it to the
cryostat. The condensation Hfle is then achieved by using the compressor. *Hee
then enters thstill heat exchanger at about 0.75 K and passes thgayginal other main
heat exchangers before entering the mixing chantbeat exchangers are mainly small
diameter coaxial tubes with the inner tube usechioy the compresséeéHe returning to
the mixing chamber whereas the outer tube catie¥te leaving the mixing chamber
In the mixing chamber th#He atoms, due to an osmotic pressure gradientsesothe
phase boundary and proceeds in reverse order thrthug outer tube of the heat
exchangers, all the way up to teell where the liquid column ends. The process thus
continues in a cycle while creating low temperatar¢he mixing chamber. The sample
chamber is placed very close to the mixing chami#r proper thermal contact to have
a temperature as low as possible for measuremBmesdilution refrigerator used in this
research work is made by AIR LIQUIDE (Model: MINDIRD70-30mK) and the lowest

temperature achieved by this refrigerator in obri$a22 mK.

4.3 Experimental Setup

Most of the experiments presented in this dissertadre done at liquid Helium

(LHe) temperature, i.e. at 4.2 K using a standdti@ kryostat. Some of the experiments
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are performed at mK temperature using the MINDILFOEBOmMK insert and AIR
LIQUIDE dilution refrigerator. The Dewar can be a@tied for both the MINIDIL and
LHe insert.

A superconducting magnet is fixed into the Dewarclitan provide a magnetic
field up to 8 T which is powered by an AMI model0M4@manufactured by American
Magnetics Inc) magnet power supply system. It ceovide a magnetic field in both
positive (+ z direction) and negative (- z direndidirection. The sample in the MINIDIL
insert is placed at the holder that has a fixeshglperpendicular to the magnetic field
direction. The LHe insert has two sample holders:one orientation the sample is
perpendicular to the magnetic field and in the othe sample is parallel to the magnetic

field. The LHe insert used in the experiments ig/\&mplée-. This insert has a supporting

" AN [ T hed -
e

| supporting Rod

Sample Holder

Fig. 4.3.Bottom part of the LHe Insert.

! Designed and fabricated at CEA, Saclay, France.

79



rod, two sample holders and a 12 pin connectomi@king the electrical connection with
sample. The two sample holders are perpendiculaath other. Therefore, samples can
be experimented on both in parallel and perpenadicalagnetic field just by switching
the sample position (Fig. 4.3). Close to the santygkler there is a thermometer to

measure the sample temperature. This probe caadbedcdown to LHe temperature in a

very short time.

Sample Holder Still

MixiTg Chamber

/ Heat Elxchanger

Fig. 4.4.(a) MINDIL-OD70-30mK Insert. (b) Tail of the MINIL Insert.

The important parts of the MINDIL insert are showrFig. 4.4. It has a dilution
unit consists of mixing chamber, heat exchangeraagtlll. The sample holder lies close
to the mixing chamber where the cooling occurs umlilation conditions to achieve the

minimum temperature to carryout experiments on sample. The inner part of the
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dilution unit is kept under vacuum by a can calleel inner vacuum can (IVC). The IVC
is designed in a way that it can fit into the bailehof the superconducting magnet. The
temperature is controlled by the TRMC temperatuoatoller which also measure
temperature of the Still and the Sample. Using tbrmmperature controller, the sample

chamber temperature can be varied from 20 mK tg1.5

4.4 Measurement Techniques

The measurements described in this dissertatioe haen carried out by a high
sensitivity lock-in technique. Most of the instrum® used in the measurement are
commercially available. They are AMETEK (Model 52Tual phase lock-in amplifier,
Keithly 2000 multimeter, Hewlett Packard 3325B ftioe generator, AMI model 135
liquid Helium level meter, Agilet E 3642A DC powsupply and AMI model 420
magnet power supply. There are few instrumentsh sasca DC power supply and a
sample connection box which are home built. Thesmesanent circuits are rather simple.
Different measurement circuits have been used fiierdnt experimental measurements
along with different measurement techniques. Befstating any measurement, the
guality of the device needs to be checked. We clieelkcontact resistance between the
pads of the device. The gate leakage of the desic@so checked to ensure proper
isolation. In the following sections we will disauthe quality control of the device and

the conductance measurement techniques.
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l. Device Quality Control

It is necessary to have a good ohmics of the deficethe experimental
measurements. It is, therefore, very importantieck the ohmics of the device before
starting any measurement. Figure 5.5 (a) showgieabpnicrograph of a SG QPC device
on which we have eight metal pads (ohmics). Thes @ad fabricated in a way that they
are in good contact with the 2DEG and thus havesdrmae ohmics (for more details
please recall Chapter 3). The SGs are isolatedutiing the trench by wet etching from
the rest of the device and the wafer which candrgrolled separately by using the gate
pads. The sample is glued in the chip carrier &edcontact pads are bonded with the
chip carrier pads (Fig. 4.5 (b)). The chip carrgethen mounted in the sample holder of

the Insert and thus the electrical connection indévice is established.

Gate PadsS

Fig. 4.5.(a) Optical micrograph of a SG QPC device. S/Dasents the
Source/Drain pads (b) The QPC device glued anddabadgth Chip Carrier.
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To check the contact resistance between the pasisiadl current is established
between the contact pads, which is measured bykaitousing a standard resistance
connected in series with the sample. The voltage Oetween the pads is also measured
by another lock-in. Measurements of resistancedaree at 300 K and 4.2 K; resistance
for good ohmics is expected to decrease as temperajoes down. The contact
resistances at different temperature among the phtle device, shown in Fig. 5.5 (a),
are given in Table 4.1. The resistances among #lds pndicate that the ohmics of the
device are good. Moreover, at 4.2 K between soantkthe side gates, there were no
signals. These indicate that the gates are complsigated from the device which is

essential to operate a side gated QPC device.

Table 4.1.Contact resistance of ohmic pad pairs of the S Qévice of Fig. 5.5(a) at
300 K and 4.2 K.

Ohmic contacts measurements (Device: Cond1-010)3-D3
Contacts R (KQ) at T =300 K R(Q)atT=4.2K
S-D 3.5 1.6
S-5 3.7 1.4
S-1 7.2 3.0
S-3 9000 No Signal
S-4 6000 No Signal
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After the ohmics check, the other measurementtefeést is to check whether the
side gates leak across the trenches in the saifipdeside gates are completely isolated

from the rest of the device by an isolation trenidese gates must be completely

Ry=1 20
T=42K
/vvv\ 15+ Leakage on NRL7 D3
I‘- V|->| 10}
Gate
05

0.0
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FIG. 4.6. (a) Circuit used for gate leakage current measentnmA function generator,

FG, is used as a variable d.c. source. The 2DE¢nsected to the ground via ohmic
contact pads. (b) Leakage current as a functiagaté voltage, ¥. The side gates don't

leak and completely isolated from the rest of theick.

isolated in order to create a 1D conduction chanfikeé circuit used for gate leakage
check is shown in Fig. 4.6(a). We use a functionegator (Hewlett Packard 3325B) to
apply adc drive voltage on the gates while the 2DEG is gdmthvia ohmic contacts.
The leakage measurement shown in Fig. 4.6(b) slaomabsence of gate leakage current
through the 2DEG which means the gates are of gpadity. The measurement is

carried out at 4.2K.
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. Conductance Measurement

The conductance of the 1D channel of different SBCQlevices fabricated from
various InAs/InGaAs wafers is also measured. Figure(a) shows the optical image of
the QPC device and Fig. 4.7 (b) shows the SEM inaigiae SG QPC. The channel
width of the QPC is controlled by the gate voltalighe lithographic width of the QPC is
large (~ 500 nm), a high negative gate voltageeeded to narrow down the channel. The
more negative the gate voltage, the narrower ttarmdl width is. If the lithographic
channel width is small (~250 nm), the channel isaly depleted due to surface charge

depletion and a positive gate voltage is needeghém up the channel.

SN 040

Date :9 May 2007
Time 115:53:54 ‘

EHT=1000kV  Sign
D= 5mm

Raith 150
Mag = 20.00 KX User Name = QTEST

Fig. 4.7.(a) Optical micrograph of a SG QPC device. (b) SEMge of the
QPC device.

The main idea of the conductance measurementiigetsure the current into the
QPC channel after applying a small bias voltageveeh source and drain and measure
the voltage drop across the sample while chandieggiate voltage. The conductance
measurement circuit is shown in Fig. 4.8. A smadisbvoltage (10QuV) is created

between the source and drain of the sample whicongrolled by the output voltage of
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the internal oscillator of the Lock-in (AMETEK 52)L0A current is thus established into
the device which is measured by a standard resistd®, (usually 1K resistor) that is
connected in series with the sample. The voltagp dcross the standard resistangg, V

is measured using the Lock-inl (LI1). Thus the entrthrough the sample is known by

Voltage Attenuator
50 kQ 50 kQ 10Q

_/\/\/\/\__/\/\/\/\

Vo

4.7 nF—_ I

VOSC T l v

T LI1
o v

NAQ

A 4
«+—| T
I

LI2

awes
<
wn

ANAQ

NAQ
4—

A >

Fig. 4.8.Block diagram of the conductance measurementitstcu
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dividing the voltage drop across the standard te@st®, \k,, With the standard resistance,
Ro. The Lock-in, LI1, is connected to the Keithly 20@ultimeter. The voltage droprV
across the sample is also colleted by another limckl2, which is then connected to
another multimeter (Keithly 2000). The gate voltage be applied to both the gates
together or individually using a Hewlett Packard el 3325B) function generator (FG).
This FG can supply £5 V which is usually variedngsia very small frequency (0.003
Hz). The additional voltage is supplied (if need&mlthe gates by using the DC Power
supply which is connected to the FG in series. Dkepower supply has four different
units and each unit can supply £3 V. The FG is ected to the DVM (Keithly 2000).

All these instruments are controlled by the compuieg GPIB bus. As the gate voltage

25

Conductunce vs. Gate Voltage

) / -
15 /

1.0

| T=42K
Device: Cond1-010-3-D3
0.0

-5 -4 -3 -2 1 0

G(2€’/h)

Fig. 4.9.Conductance of the 1D QPC channel as a functidheofate voltage.

changes, the current and voltage drop across thplsahanges, so do the conductance.

The conductance is measured as a function of ttee\gdtage. Before taking data, the
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gate voltages need to sweep several times betweerdpletion and the maximum
possible conductance to reach a stabilized comditidt the beginning of the

measurement, there are lots of impurities thatrdmurte to the conductance. But, when it
is stabilized, we get no or less contribution frahe impurities. The measured

conductance as a function of gate voltage is shavig. 4.9.

All these data points are collected by the computng a special computer
program which is accomplished by LabVIEW softwafbe external magnetic field is
supplied by a superconducting magnet that can geomagnetic field up to 8T. This
magnet is controlled manually by the AMI (model #28agnet power supply and also

individually controlled by the computer via a GHIBs.
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5.1 Introduction

The conductance in a one-dimensional system, e@.QPC, is quantized in unit
of 2e%/h. In this chapter, we will report an anomalous amidnce plateau that is
observed in the 1D side gated (SG) QPC deviceshware fabricated from various
InAs/InGaAs QW structures. The side gates in th€ @Re defined by isolation trenches
cut by wet etching and the 1D channel in the QPCrésated by side gating. All the
experimental measurements involved in this reseanrk are low noise low temperature
transport measurement. We measure the ballistidwztance of the constriction as a
function of the gate voltage. Most of the experitsesre done at 4.2 K while a few are
carried out at mK temperature using a dilutionigefrator. In the following sections, we
will briefly discuss the conductance quantizatiorlD QPC and present the behavior of
the anomalous plateau in perpendicular and paraikgnetic fields. This anomalous
conductance plateau can be made to appear or deapyp creating an asymmetry in the
confining potential. The effect of the asymmetrytbe anomalous plateau will also be
discussed. Based on the effect of asymmetry inlbeSG QPC, we propose a new
device, called as Dual-QPC device, to detect the pplarization due to the lateral spin-
orbit coupling (LSOC) by transport measurements. Wé also discuss the working
principle of the dual-QPC device and discuss tiseltebtained from such a device. We
will compare our 0.5 structure with the well knowr/ structure observed by other

groups on GaAs based QPC. We will summarize thdtseim the end of this chapter.
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5.2 Conductance Quantization

Ballistic transport occurs when both the length andth of the 1D system are
smaller than the electronic mean free path andrelex propagate without any dispersion
and scattering. It has already been discussed apt€h2 that théallistic conductane,

G, of such 1D system is quantized and is given byLimdauer formula,
2
G=(E%JN , (5.1)

where N = 1,2,3... is the number of occupied modesisubbands with the subband
energy bottom lower than the Fermi enekpyand each subband is doubly degenerate
due to the spin of the electrons [1, 2]. When thi@ slegeneracy is removed, e.g., by a
strong external magnetic fielB, the conductance is quantized at integral values o
0.5(2%h). By applying a gate voltage, the channel widthtttd QPC can decrease

(increase); this causes the separatiiotihe 1D subbands to increase (decrease) and thus

QPC T=60mK

v, ()

Fig. 5.1 Ballistic conductance as a function of gate vatdgough a split-gate QPC
fabricated on GaAs/AlGaAs heterostructure [3].
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the subbands can cross the Fermi energy. The sdblcamtribute to the conductance in
unit of 2%h, resulting in conductance quantization. Figure Shbws the measured
conductance of a 1D ballistic conductor createdh®y split-gate technique on a QPC
made on GaAs/AlGaAs heterostructure.
In this research work, we measure the conductahdbeolD side-gated (SG)

QPC devices fabricated on the InAs/InGaAs QW stmest (Fig. 5.2 (a)). A side gate is
simply a piece of 2DEG bordered by isolation trexgctvhich is cut by wet etching. Since
it is difficult to make non-leaky Schottky gates lo\s, side gates are used to create the
1D channel of the QPC devices. We expect to cneatecal and symmetric trenches by

wet etching which cannot achieve all cases.

T=47K /
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Fig. 5.2.(a) SEM micrograph of a Side Gated QPC. The dapkets, indicated by the
blue arrows, are the trench cut by wet etchingtaeded arrow represent the channel. (b)
The 0.5 structure observed on such QPC.
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We find that the two trenches that define the QRCnat always symmetric: one
is wider than the other in some cases. It is alstocertain whether these trenches are
exactly vertical, symmetric to each other or hasme asymmetry between them. The
trenches act as the hard walls of the lateral oorgi potential in the QPC. So, the
confining potential may be symmetric or asymmetigpending on the etching process
and is very difficult to control.

An anomalous conductance plateau is observe® a7 0.5 (2%h) in zero
magnetic fieldon such SG QPC devices realized on InAs/InGaAs nsated is called the
0.5 structure. Figure 5.2 (b) shows the measured conductance As 8G QPC device
as a function of the gate voltage. The conductopinched-off at -3V. The plot shows a
normal conductance plateau @t= 2e’/h. In addition to that an anomalous plateau is
observed at G ~ 0.52h). We believe this anomalous 0.5 structure occuestd LSOC
and is not an artifact. It is reproduced in sev&@l QPC devices fabricated on different
InAs/InGaAs wafers. The 0.5 structure is also ne¢ do impurity scattering. This 0.5
structure is reproduced after several cooling sychdso, it has a strong magnetic field
dependence. The detailed behavior of the 0.5 streiah magnetic field will be discussed

in the following section.

5.3 Magnetic Field dependence of the 0.5 Structure

To explore the origin of the 0.5 structure, we gmpmagnetic field perpendicular
to the plane of the device. This perpendiculadfigleates an additional confinement, the
magnetic confinement. In high perpendicular field® electrons are confined and are

traveling along the middle of the channel (far frime edges of the lateral confinement).
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So, the electrons moving through the middle ofahannel do not feel any LSOC which
is purely an edge effect and one, therefore, espaatormal conductance behavior in
high perpendicular magnetic field. The parallel metge field, along the current

direction, should not have any effect on the Orbicstire. The behavior of the 0.5
structure in perpendicular and parallel (in-planmggnetic field will be discussed in the

following subsections.

l. 0.5 Structure in Perpendicular Magnetic Field

We have observed the 0.5 structure in various QB@cds fabricated on different
InAs/InGaAs wafers at zero magnetic field. Thstfget of QPC devices were fabricated
on NRL wafer that has a low mobility1 (= 3.51 nf/V.s) in the 2DEG. Figure 5.3 (a)
shows a SG QPC device, NRL9-D4, fabricated on tR& MWafer (Please see Chapter 2
for the details of the wafer) on which we observe 0.5 structure at mK temperatures
without any magnetic field. The lithographical widif the QPC is around 600 nm while
the length of the device is around 200 nm. Theag bottom trenches (darker area in
Fig. 5.3 (a)) define the 1D channel of the QPC. Tdetrench has a width of 350 nm
while the bottom trench'’s width is around 365 nime TD channel (blue arrow in Fig. 5.3
(a)) is oriented in the [100] crystallographic dtien to reduce the Dresselhaus SOC. At
zero magnetic field, the 1D channel is completapldted at -7.0 V. We have applied a
magnetic field perpendicular to the 1D channel abderve the evolution of the 0.5

structure which shows a very interesting pattern.
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Fig. 5.3.(a) SEM image of the NRL9-D4 device. The blue arsiwws the direction of
the 1D channel. The black arrows show the trenttesdefine the QPC, (b) Evolution of
0.5 structure in perpendicular magnetic field. Thagnetic field increases from left to
right. The gate voltage axis (x-axis) corresporalshe black curve (zero magnetic field
plot). All the plots except the zero magnetic figbt (black curve) have been shifted
along the x-axis for clarity.

Figure 5.3(b) shows conductance traces from deMiR€9-D4 at various fixed
magnetic field as a function of gate voltage froni @n the left and 5.5 T on the right.
The voltage axis (x-axis) in Fig. 5.3 (b) corresp®no the leftmost (black) curve which
represents the conductance plot at zero magnetid. fThe pinch off voltage for the
conductance plot at zero magnetic field (the leftr(black) curve in Fig. 5.3(b)) is -7.0
V. All the other conduction plots, shown in Fig35b), are also depleted around the
same voltage. All the plots, except the black draae been shifted along the x-axis (to
the right) for clarity. The red curve is shiftedmad the x-axis by 0.9 V, the green curve is
shifted by 1.25 V and the dark blue curve is sHitg 1.75 V.

At zero field, an anomalous conductance plateaeapatG (70.5(2é/h) (black

trace in Fig. 5.3 (b)). We will refer it as '0.5&tture’. It is clearly observed that in high
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perpendicular magnetic field this 0.5 structure l'ee® towards the higher conductance
value and approaches the normal conductance pléBeae?/h) (Fig. 5.3 (b)). AtB =0
T, the 0.5 structure has a conductance less ti&ef/h) but reaches t@ = 0.5 (2€/h)

at B = 1.5 T. It moves further up with the increasenagnetic field and at B = 5.5 T the

conductance value of this structureGs= 0.9 (2€/h).

B(M

Fig. 5.4.The 0.5 structure moves up in perpendicular magtieid and approaches
to G~ 2€/h. The red line is a guide to the eye. The bluevels the plot of
magnetic length as a function of magnetic field.

The conductance valuesg 6 of the 0.5 structures are plotted as a functibn o
magnetic fields in Fig. 5.4. The black squaresig b.4 are the conductance value of the
0.5 structure at different magnetic fields. It iearly observed that the conductance
values, G@s, increase as the (perpendicular) magnetic fieldaised and approach the
normal conductance staté € 2e%/h) in a high perpendicular magnetic field at B = 6.0

This indicates that the electrons are confinedha mhagnetic confinement and thihe
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0.5 structure originated from lateral spin orbitwaling (LSOC) The blue curve in Fig.

5.4 is the plot of magnetic length as a functiomaifgnetic field, which is defined as,

L = (ijl - (5.2)

wheree is the electron charge amlis the magnetic field. The magnetic length defines
the strength of the confinement and will be disedss the discussion section.

The 0.5 structure also survives at LHe tempergiu2 K). Figure 5.5 shows the
cond1-010-1-D3 device fabricated on the cond1-Oafewin which we observe the 0.5
structure at 4.2 K without any external magneteddii The device has a lithographical
length of 160 nm and width of 460 nm. The trench tie width of about 550 nm which
larger than the NRL9-D4 device. The pinch-off fbe tzero magnetic field conductance
plot (Black trace in Fig 5.6) occurs at -11.0 V.€eTdrevice is parallel to the cleaved edge

so that the 1D channel is oriented in the [110$tajographic direction.

Raith 150 1um EHT = 10.00 kV Signal A Date :9 May 2007

Mag= 2000KX |—————WD= 5mm User Name = QTEST Time :15:53:08

Fig. 5.5.SEM image of the Cond1-010-1-D3 device. The bluevashows the
direction of the 1D channel.
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The behavior of the 0.5 structure in high perpemdic magnetic field has also
been reproduced (Fig. 5.6) in Cond1-010-1-D3 dewicd.2 K. We apply a magnetic
field from O T to 8 T. The 0.5 structure reachesht® normal conductance plateau at 8.0
T. The evolution of the 0.5 structure is same ith@ond1-010-1-D3 and the NRL9-D4
device. Since, the trench width of the trench (8&t) in this device is greater than the
NRL9-D4 device (~350 nm), a more negative voltageaeded to deplete the device. All
the traces are depleted at slightly different galéages which are close to —11 V. In Fig.
5.6, the gate voltage axis (x-axis) correspondleéa@ero magnetic field conductance plot
(the leftmost black trace) which depletes at -10/98 he other plots are shifted along the
x-axis for clarity. The red curve is shifted alotig x-axis by 0.5 V, the green curve is

shifted by 1.25 V, the dark blue curve is shiftgdll?5 V and the light blue curve is

—B0T
—B2.0T

B4.0T
15 ——p6oT —

B8.0T

1'0 //
05

A// / ‘ Device: Cond1-010-1-D3
0.0 LL A L n 1 N 1 . 1

-11 -10 9 -8 -7

V (V)

20

G(2€e%h)

-6

G

Fig. 5.6 The behavior of the 0.5 structure in perpendicuteagnetic field is
reproduced in Cond1-010-1-D3 QPC device at 4.2 ie ihagnetic field increases
from left to right. The x-axis scale correspondshe black curve. The conductance
plots are shifted alona the-axis
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shifted by 1.75 V. It is found that, the conducehbecome smaller initially (between 0.5
T to 1.0 T) but increases and approache2€/h in a high perpendicular magnetic field.
The anomalous plateau reaches the conductanceoffuie 2€/h at B = 8.0 T, which is

the first observed plateau in the case of normatlaotance quantization.

Sample: Cond1-010-1-D3

Fig. 5.7 The 0.5 structure moves up in high perpendiculagmetic field. The
black squares are 0.5 structures in different magfields taken from the data
shown in Fig. 5.6. The red curve is the guide todie.

The black squares in Fig. 5.7 are the conductaatiee\of the 0.5 structures in different
magnetic field, taken from the data shown in Fig. %t shows clearly the evolution of

this anomalous structure towards the normal corheet quantization.

. 0.5 Structure in Parallel Magnetic Field

The behavior of the 0.5 structure indicates thist dinomalous conductance arises
due to the LSOC in the confinement potential of @fC. This premise is confirmed by
parallel magnetic field experiments. The magnesldflies in the x-y plane (and thus is

called in-plane field), where x is the current diren and vy is the lateral direction. The
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field is applied in the current direction (x-direet). The experimental results of the in-
plane magnetic fields, obtained from Cond1-010-1efice, are summarized in Fig. 5.8
(b). The SEM of the Cond1-010-1-D2 device is shawrrig. 5.8 (a). The length and
width of the device are 230 nm and 220 nm respelgtivihe width of the trench is
around 400 nm. Since the QPC channel width is gersll, positive gate voltage needs

to apply to open up the channel.

25
[ T=4.2K ///
—B0.0T
o | p— BO.5T
| ——B1.0T
—B15T
15

2 —— B30T
& B4.0T
N
8 ol ——ssor
o ——B6.0T
——B7.0T
05 H.
- // | Device: Cond1-010-1-D2
0.0 1 L L L
2 1 0 1 2 3
v.»)
(a) (b)

Fig. 5.8 (a) The SEM image of the Cond1-010-1-D2 devicee Tdéd arrow shows the
direction of the 1D channel. The darker region egponds to the trenches that define the
QPC, (b) the behavior of the 0.5 structure in paramagnetic field observed in
Cond1-010-1-D2 sample at 4.2 K. The field is agplparallel to the current direction.
The conductance value of the 0.5 structure remaighanged in magnetic field.

The anomalous conductance is observe@ at 0.58Q€/h) on Cond1-010-1-D2
device fabricated on Cond.1-010 wafer. The in-plaagnetic field applied in the current
direction has no significant effect on this anoralstructure. The plots are not shifted.
The left most trace (Black) is at zero magnetiddfigvhich depleted at -2V. The

conductance plots are measured at different magfields spacing O and 7 T. The
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conductance value of this 0.5 structure does nahgé with the increase of magnetic
field, but the structure becomes well defined with introduction of the magnetic field
(Fig. 5.8 (b)) as some of the impurities washed yawadth the introduction of the

magnetic field.

] /

T=42K
—20T
. —3.0T
< e—
£ 10 4.0T
[
o
0.5
e T / ] Device: Cond1-010-1-D4
Mag= 2000KX f—————WD= 5m 0.0
1 " 1 " 1 " 1
-11 -10 9 -8
Ve(V)
(a) (b)

Fig. 5.9 . (a) The SEM image of the Cond1-010-1-D4 devicee fidd arrow shows
the direction of the 1D channel. The darker regiorresponds to the trenches that
define the QPC, (b) the behavior of the 0.5 stmectin parallel magnetic field
observed in Cond1-010-1-D4 sample at 4.2 K. Thiel fie applied in the current
direction. The conductance value of the 0.5 stmgctamains unchanged in in-plane
magnetic field.

The behavior of the 0.5 structure in parallel maigngelds is reproduced on
another QPC device (Cond1-010-1-D4) and showngn %B. The SEM of the device is
shown in Fig. 5.9 (a). The lithographical widthtbe QPC is around 360 nm while the
length of the device is around 200 nm. The widthhef trench is 530 nm. The width of
the trench can be compared with the Cond1-010-b&&ce (550 nm). So, the pinch-off
voltage of these two devices is almost same. Thehpoff voltage for the Cond1-010-1-

D4 device is -11.2 V while Cond1-010-1-D3 devicepisched-off around -11.0 V. So,
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the width of the channel and the trench define haweh voltage is needed to deplete the
conduction channel.

Figure 5.9 (b) shows the conductance plot in diiférin-plane magnetic fields
ranging from B = 2 T to B = 4 T. An anomalous stue is clearly observed at G ~

0.5(2é/h) and the structure does not move up as theainepiagnetic field is raised.

I1l. Discussion

The evolution of this0.5 structure in perpendicular and in in-plane magnetic
fields has been presented in the above two sectidmes0.5 structure moves up as the
perpendiculamagnetic field increases and approaches the naonauctance plateau at
G = (2€%/h) in high magnetic fieldsSec. 5.2). The 0.5 structure, however, does not

move up with the increasing of in-plane magneedfiSec. 5.2.1).

\W

Fig. 5.10 The black curve represents the Lateral confinénmethe SG QPC.
The middle of the strip the potential is flat amsks quickly along the edges.
The red curve shows the magnetic confinement ateaben the perpendicular
magnetic field is applied to the QPC.

Veit(y)
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The evolution of the 0.5 structure in high perpeotiir magnetic field can be
explained by postulating the magnetic confinemeygolhesis. The SG QPC creates a
strong lateral confinement. The confining potenisaflat in the middle of the channel
and rises quickly along the edges (Black curveig 5.10). The voltage gradient along
the edges gives rise to an electric field perpandicto the edge. Due to the relativistic

effect, that electric field causes a SOC alongetthges of the lateral confinement known

0 5 10 15 20 25 30
site (nm)

Fig. 5.11 Spin polarization in the lateral confinement [gpin accumulation is
plotted with respect to the lateral axis (sitejhm top part of the figure. It shows that
opposite spin accumulates along the two opposigesdThe bottom part shows the
charge accumulation with respect to the lateratdioate.

as lateral spin orbit coupling (LSOC). In a themadtpaper, published in 2006, Xing et
al. showed that spontaneous spin polarizationscauar due to LSOC and opposite spins
accumulate along the two edges in the lateral nenfent [4]. Their numerical result is
shown in Fig. 5.11. Similar results were also ré&gbiby Yongin Jiang and Liangbin Hu,

in a separate paper [5], published almost the sime, which also claimed that
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spontaneous spin polarization occurs in the lateoafinement and that opposite spin
accumulate along the two different edges. (For ndetails see sec. 2.1.1V of chapter 2).
There is no net spin polarization nor spin accutmian the middle of the lateral
confinement. So, this LSOC is clearly an edge &ffeet us consider the current is
flowing in the x direction and y is the lateral ebtion in the side gated QPC. The
confining potential is created along the y directaue to the side gates. In the QPC, the
magnetic field is applied perpendicular to the ylgne along the z-direction which
creates a magnetic confinement in the lateral doeqRed curve in Fig. 5.10). The

energy of the electron can be approximated as,

E lk )= [n +%)m + hzzr:g : (5.3)
For simplicity, we assume the lateral confinementparabolic confinement with bare
frequencya. That is,wthe frequency of the electrostatic confinementim absence of
magnetic field. The electrons are moving freelyhia x-direction in the QPC with energy
i%kZ/2m . TheQ in Eq. (5.3) can then be defined as,
Q2= +uf

with, ca = eB/m , is the cyclotron frequency. The blue curve ig./.4 is the plot of the
magnetic length as a function magnetic field arel tiegnetic length is defined in Eq
(5.2). In a strong magnetic field, the magneticfoement is such that the channel width
of the QPC is comparable to twice of the magnetiggth. When the channel width is
more than the twice the magnetic length, the aeestrmoving in the channel are

completely confined in the magnetic confinement aredfar from the edges of the lateral
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electrostatic confinement. Since, LSOC causeshremolarization only along the edges
in the lateral confinement, the electrons trappedhe magnetic confinement in high
magnetic field do not notice any edge effect and cen expect the normal conductance
guantization Thus, the 0.5 structure moves up irpgraicular magnetic field and
approachesG = (2¢’h) in high perpendicular magnetic field. The plot iig.F5.4
indicates a channel width of around 25 nm at whlah 0.5structure approaches =
(2€’/h). This seems to be a reasonable value.

This hypothesis is confirmed by the in-plane maigrfetld (parallel to the current
direction) measurements which show that in-plangmatc field has no effect on 0.5
structure $ec. 5.3.1). In such a case, the magnetic fields do not eraay confinement
in the lateral direction and thus the 0.5 structisrenaltered in high parallel magnetic
field. Therefore, it can be concluded théte 0.5 structure originates from the
spontaneous spin polarization due to LSOQGis is the first experimental observation of

the LSOC in 1D system (QPC).

5.4 Temperature dependence of the 0.5 Structure

The temperature is also a very important parantetémvestigate in studying the
origin of the 0.5 structure. The above results hslvewn that the 0.5 structure survives
over a large range of temperature, from 100 mK.Bokl The temperature behavior of
the 0.5 structure in NRL9-D4 device is recordeavhich the temperature is varied from
150 mK to 1.1 K (Fig. 5.12). Our dilution refrigéoa does not allow further increase in
temperature. Using the LHe insert, we observe Ouetsire at 4.2 K in Cond-1-010-D3

device. We check the behavior of the 0.5 structuréhis device in a temperature range
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from 6 K to 13 K. The results of these two expemisealong with a discussion will be

presented in the following subsections.

I. Results
Figure 5.12 shows the temperature dependence @& 3h&ructure in the range of
150 mK to 1.1 K. These data are taken from NRL9d&¥ice. Temperature has no
significant effect on the 0.5 structure in the ndfge. The voltage axis (x-axis) in Fig.
5.12 corresponds to the red curve at 150 mK tenoeravhich depletes at -7.6 V. The
other plots in Fig. 5.12 have been shifted in a tealgave the same depletion voltage. In

the temperature range of 150 mK to 1.1 K, the anousastructure remains unchanged as

shown in Fig. 5.12.

15

—— T150mK
T450mK
— T600mMK
T750mK
10 =——T900mK
—— T1100mK

G(2€%h)

0.5

Device: NRL9-D4

-6

0.0

Fig. 5.12 The conductance plots at different fixed tempgebn NRL9D4
device. The measurements are taken in the tempernatouge from 150 mK to
1100 mK. The x-axis corresponds to the red cundbatmK which deplete at
-7.59 V. All the other plots are shifted to the sapmnch-off voltage.
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The 0.5 structure also survives at 4.2 K (Fig. .2(The behavior of the 0.5
structure at higher temperatures (6.0 K to 13.0irkKfthe Cond1-010-1-D3 device is
plotted in Fig. 5.13. The black trace in Fig. 5d@responds to the conductance plot at
6K. The pinch-off voltage for this plot is -11.5 XIl the other plots have been shifted to
have the same pinch-off voltage. At 6K, the anomsiplateau appears at a conductance
value of G < 0.5 (Z#h). This structure moves up, approaching G = Ré¥/lf), when the
temperature is increased further (see the plotesponding to 8 K). Between 8K and
10K, the conductance value of the anomalous streictaes not change. The 0.5 structure
disappear at a temperature T ~ 13K that corresptmnesergy ~ 1.1 meV which is of the

same order as the LSOC energy.

20
—T6.0K
——T8.0K
15 T10.0K
——T13.0K
=10
[6)
Q
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05
OO 1 ) 1 ) 1 )
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Fig. 5.13 The 0.5 structure at different higher temperatiireermal smearing
is observed at T ~ 13 K. The x-axis correspondléddlack curve at 6K which
deplete at -11.5 V. All the other plots are shiftedhave the same pinch-off
voltage.
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Il. Discussion

Figure 5.12 shows measurements of the conductanddRL9-D4 device at
different temperatures ranging from 150 mK to 1.1 e unchanged conductance
plateau at 0.5 (Zh) within this temperature range (150 mK to 1.likdicates thathe
LSOC energy is higher than the thermal enefigye 0.5 structure is also observed at LHe
temperature which survives even higher temperataréemperature less than 13 K).
Figure 5.13 shows the conductance plots at higlrapératures (6 K to 13 K). So, it can
be said thathe 1D subband energy separation is greater tharcamparable to the
thermal energy up to 13.KBoth the 0.5 structure and the normal conductgatau

persist up to ~ 13 K.

5.5 Effect of Asymmetry on the 0.5 Structure

The 0.5 structure observed in the SG QPC fabricatedhAs wafer originated
from the spontaneous spin polarization due todkerdl spin orbit coupling (LSOC). But
the exact mechanism that creates the 0.5 strucsuget unknown. So far we have
presented the results obtained from NRL9-D4, Cddtd-D2, Cond1-010-D3 and
Cond1-010-D4 devices in sections 5.3 and 5.4. Weyaihe same voltage to both the
gates of those QPC devices to obtain those resitis.side gated QPC is defined by
trenches cut by wet etching. From the SEM images®iQPC devices, we find that the
SG trenches are not always equal. This happensodwet etching that attacks different
part of the wafer in slightly different ways. Thire, the lateral confining potential well,
created by the hard wall of the SG trenches, magyb@metric or there may have a built

in asymmetry in the potential profile. By applyidgferent gate voltages to the gates of
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the QPC, the built in asymmetry in the confininggmtial can be enhanced or reduced. In
some QPC devices, the 0.5 structure is absent wéwere voltage is applied to both the
gates and the potential profile may be symmetrithese cases. By applying different
voltages to the gates of such QPCs, the 0.5 steictan be made to appear. The 0.5
structure is, therefore, related to the asymmaetryhe confining potential well. In the
following subsection we will present the resultstiog¢ influence of asymmetry of the

confining potential on the 0.5 structure. A discosf the results will also be presented.

l. Result

Figure 5.16 shows the conductance quantization mmedon Cond2-F1-D4 QPC
device as a function of the sweeping gate voltdge. 1D channel in the Cond2-F1-D4
QPC device is created by the two gatéd:and G7. The black trace in Fig 5.16 is the
plot of the conductance quantization when asymmieggtween the gates is very small. In
this case we apply -4.9 V @&4 and -5.2 V or57. So, the asymmetry between the gates
is 0.3 V. Both the gates are connected togethéngdunction generator which supplies
sweeping voltage ranged from 0 to — 5 V. The trstoewvs no 0.5 structure and a weak
plateau aG = 2e%/h. This situation represents the symmetric conditiothe confining

potential.
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—G4:-4.9V + Sw. Volt; G7: - 5.2 V + Sw. Volt
—G4:0V; G7: -7V + Sw. Volt
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1.0

0.5
L // ’ Sample: Cond2-F1-D4
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G(2e’h)

Sweeping Voltage V (V)

Fig. 5.14 Conductance a function of sweeping voltage medsureéCond-2-
F1-D4 device. The black trace represents the synorgste voltage condition
where almost the same voltage is applied to battg#tes. The red curve is the
conductance when -7.0 applied to Gate 7 but Oapied to Gate 4.

The red trace in Fig. 5.16 represents the asymenptofile in the confining
potential. We apply zero gate voltage to the gafeand - 7.0 V to the gat&7. The
function generator is connected to both the gatesveep the voltage between 0 to -5.0
V. In this case, an anomalous structure is obseatdgd = 0.5(2%h) along with the
normal conductance plateau @t= 2¢°/h. So, by creating asymmetry in the confining

potential the 0.5 structure can be made to appear.
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Fig. 5.15 Conductance plot measured in Cond-1-010-3-D2 dewE a
function of sweeping gate voltage at various pesigjate asymmetries.

We have made the 0.5 structure appear in Cond24QPC device by applying
asymmetry to the gates in one sense (Fig. 51%6).possible to make the 0.5 structure
appear by applying opposite sense of asymmetrigeg@ates?lo answer this question,
the asymmetry is studied in the Cond1-010-3-D2 @evlhe device has two gates: Gate
A and Gate B. Both the gates are connected togéthéine function generator. The
asymmetry is created in the confining potentialapylying different DC voltages (from
the DC voltage source) to the gates. The confimagential will have a positive
asymmetry when Gate A = 0 V and Gate B > 0 V amggative asymmetry when Gate
A >0V and Gate B = 0 V. In Fig. 5.17, conductamdethe QPC is measured as a
function of sweeping gate voltages under differ@stmmetric conditions. The positive
asymmetry is increased from 0 V (left) to 6 V (thght) with the increment of 1V as

shown in Fig. 5.15. The leftmost trace in Fig. 5rEpresent the zero asymmetric
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condition (Gate A = Gate B = 0 V), where the O0fudure is very feeble. But the 0.5
structure become prominent as soon as the posByexmetry is imposed. From Fig.
5.15 we see that when the positive asymmetry is(&ate A =0V and Gate B =2 V),

the anomalous structure has appeared and hasritieatance valu& = 0.5(2%h).
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—Asy=0.0V

Asy=-1.0V
Asy=-20V
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Fig. 5.1¢ Conductance as a function of sweeping gate voltagzond-1-010-
3-D2 device at various negative gate asymmetris. @5 structure is absent
in the negative asymmetry range from O V to 6.0 V.

The 0.5 structure can be created by establishingsgmmetry in the confining
potential in one sense (e.g. creating positive asgtry in Cond-1-010-3-D2 device as
shown in Fig. 5.15).

Figure 5.16 shows the conductance plots when thative asymmetry is applied
to the gates of the same Cond-1-010-3-D2 devicéhdnnegative asymmetry case, we
change the potential profile in the confining paignn the opposite way as the positive

asymmetry (Now Gate A > 0 V and Gate B = 0 V). Tiegative asymmetry also
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increased from 0 V to 6.0 V. Figure 5.16 showsdadberductance plots as a function of
sweeping gate voltage at different negative asymeednditions. The plots in Fig. 5.16
give no indication of the 0.5 structure even at tiegative 6 V asymmetric condition

(Gate A=6.0V and Gate B=0V).

2.0

I Asym: negative 9.0 V
15 Asym: positive 9.0 V

N / /
0.5
T=42K
F Sample:Cond1-010-3-D2
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3 4

G(2€’/h)

Sweeping Voltage V (V)

Fig. 5.17 Conductance plot measured in Cond-1-010-3-D2 e@ewas a
function of sweeping gate voltage at both posit@® V asymmetry and
negative 9.0 V asymmetry. The 0.5 structure isgres both asymmetries.

The negative asymmetry is then further increasedhensame device (Cond-1-
010-3-D2). The 0.5 structure is finally observedewhhe asymmetry is —ve 9.0 V (Black
trace in Fig. 5.17). Therefore, the 0.5 structuae be created by applying both positive
and negative asymmetry. Figure 5.17 shows two ottadoe plots that have opposite
asymmetry. The black trace in Fig. 5.17 correspdaodke negative asymmetry ( Asym:
—ve 9.0 V) which shows an anomalous conductandeaiaat G = 0.56€¥/h). The red
curve in Fig. 5.17 represent the positive asymmesityation (Asym: +ve 9V) which

shows an anomalous plateau at G = 0.82(2 These results clearly show that the 0.5
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structure can be created by applying both posiawel negative asymmetry to the
confining potential. The two conductance plotsig. 5.17 are not exactly the same. This
is because the asymmetries in those two casesgydifferent. Also, the asymmetry in

the confining potential may not be mirror imagesath other.

I[I. Discussion

The side gates of the QPC are created by wet gtclimch in turn define the
hard wall of the confinement potential. The wetetg is very much process dependent
and is very hard to control. The confinement po&tntell created in this way may have
a symmetric configuration or have a built in asyrtmyelt is hard to determine which
way it creates the asymmetry.

In sec. 5.2.1ll, it has been already discussed dlatto LSOC spontaneous spin
polarization occurs in the lateral confinement apgosite spin accumulates along the
two edges. But we observe an anomalous plateau~a0® (2%h) which indicates that
only one type of spin contributes to the transpogsurement.

In Cond2-F1-D4 device no 0.5 structure is obsewbkdn same voltage is applied
to the two side gates of the QPC (Black trace o Bil4). So, the lateral confinement
created by the side gatingggmmetric And, in the transport measurement both types of
spin contribute equallyThe 0.5 structure is then made to appear by applyery
different gate voltage to the two gates of the QREd trace in Fig. 5.14). This QPC has
two gates: Gate4 and Gate7. The Gate 4 is kepVawliile a voltage is supplied to
Gate7, -7 V is applied from the DC source alondhwlite sweeping voltage (0 V to -5 V)

from the function generator. So,@t= 0.5 (2%h) the asymmetry is close to -10 V. This
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large negative gate voltage changes the potentifilgp on the edge at gate G7.
Therefore, on that edge spin accumulation may bhareced or reduced. But, at the other
edge, where opposite spin might accumulate, neteffeseen as there is no gate voltage
applied. Therefore, in the lateral confinement of the QP@e &ind of spin dominates
over the other and thus, the 0.5 structure is obsethrough transport measurement.
Figure 5.15 shows the conductance plot as a fumctidthe sweeping gate voltage
at different positive asymmetries, from which itaear that the 0.5 structure appears
after creating an asymmetry in the confining paosniWhen the asymmetry is zero or
small (The left two traces in Fig. 5.15), the OtBusture is very feeble but becomes
prominent with the increase of positive asymmetsge( the conductance plots that
correspond to positive asymmetry 3 V to 6 V in FHdL5). But, the negative asymmetries
in the range from 0 to 6.0 V do not indicate th& $tructure (Fig. 5.16)The potential
profile of the lateral confinement is symmetridhins negative voltage asymmetry range
(negative 0 V to negative GM)his explains the absence of any 0.5 structureign 516
Interestingly, when the negative asymmetry is iase&l to 9 V, the 0.5 structure appears
(Black trace in Fig. 5.17). In this case, we creat@ugh asymmetry in the confining
potential well to make one kind of spin dominatesiothe other.Therefore, the 0.5
structure can be made to appear by applying bositpe and negative asymmetry in the
confining potential wellSo, by applying a large positive asymmetry, etawdrwith one
type of spin (say, spin-up) are made to dominater t¢ive other type of spin (say, spin-
down) and by applying negative asymmetry, electroitis the opposite spin (spin-down)

are made to dominate over the other (spin-up). &fbes, if the spin-up electrons
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contribute to the 0.5 structure in the case oftp@sasymmetry, the spin-down electrons

contribute to the 0.5 structure when negative asgtnms applied.

5.6 Detection of the Spin Polarization

The 0.5 structure can be manipulated by creatiagadymmetry in the side gated
QPC fabricated on InAs/InGaAs QW structures. Fréma discussion of the previous
section, it is possible to create the 0.5 structlue to spin-up electrons by changing the
asymmetry in the confining potential in one sersgy/( positive asymmetry) and the 0.5
structure can also be created due to spin-dowrretexcby changing the asymmetry in
the opposite sense (say, negative asymmetry). Basédese facts, we have proposed a
device, called as Dual-QPC device (Fig. 5.18), txpeeimentally validate the
spontaneous spin polarization due to LSOC by tramspeasurements. In the following
two sub-sections we will discuss the working dstaif the proposed dual-QPC device

and the experimental results obtained from thaicgev

d N i b
Raith 150 2000m EHT=1000kV  Signal A= InLens Date :12 Jun 2007
Mag= 3035KX |—] WD= 5mm User Name = QTEST Time :12:38:14

Fig. 5.18 SEM image of a Dual-QPC device fabricated ondlamAs/InGaAs QW
structures.
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l. Dual-QPC Device

The dual-QPC device consists of two identical SGCQ series (Fig. 5.18).
Each QPC has two side gates realized by wet etciwhgth can be controlled
independently. The channel width of the QPC is -0 3tm and the length is
approximately 200 nm. The distance between the@®€ is around 1 micron. We call
the left QPC as QPC1 and the right QPC as QPC2.JP€s can be characterized
separately to find out the gate voltages and asymgnu@der which the 0.5 structure is
observed. Then one sets the gate voltage and asyyoh®@PC?2 that corresponds to the
0.5 structure. By changing the asymmetry in botlysMapplying positive and negative
asymmetry) on the QPC1 the output conductance heillplotted. If the 0.5 structure

observed in those two QPCs are due to the same Eay spin up), then the output

4 : & . i P i 4 : & . i is i
Raith 150 200nm EHT =10.00 kV Signal A= InLens Date :12 Jun 2007 Raith 150 200nm EHT=10.00kv Signal A= InLens Date 12 Jun 2007
Mag= 3035KX F—] WD= 5mm User Name = QTEST Time :12:38:14 Mag= 3035KX  |—| WD= 5mm User Name = QTEST Time :12:38:14

(@) (b)

Fig. 5.19 Working principle of the dual-QPC device: (aJdJPC1 and QPC2 allow
the same kind of spins; we expect full transmissfbhIf QPC1 and QPC2 allow
opposite spins there will be no transmission inideal case.
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should also give the 0.5 structure plateau (we expdl transmission). But if they are
due to opposite spins, then we expect a substairogl in the conductance of the 0.5

plateau (Fig. 5.19). This is basic working prineiplf the dual-QPC device.

[I.  Result
The SEM of the dual-QPC device is shown in Fig85Tlhe channel of the device
is closed due to surface charge depletion. To @jpetine conduction channel, a positive
voltage needs to apply to both the QPCs. A larggtipe voltage is applied to both the
gates (+ 9.0 V in this case) of the QPC1 to corepleipen up the channel. The QPC2 is
then characterized by measuring the conductanceacafiad the conditions under which

the 0.5 structure is observed. The conductancectaization plot is shown in Fig. 5.20.

T=42K
QPC2
Asym: 5.0V /_/\
~ 05 \/
<
‘o
o
O
OO L 1 1 1 1 1 1 1

1 2 3 4 5 6
Gate-B Voltage, V_,(V)

Fig. 520. Characterization of the QPC2 keeping the chanh¢he QPC1 open.
QPC2 has two gates: Gate A and Gate B. Conductainitee QPC2 is plotted as a
function of the Gate-B voltage.
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The QPC1 is kept wide open by applying + 9V to hibih gates so that the conductance
of the QPC1 corresponds @~ (2¢*/h). The QPC2 has two gates: Gate-A and Gate-B.
From the DC voltage source +5 V is applied to tlee&B while Gate-A is kept at zero
voltage. The function generator is connected td li8ate-A and Gate-B and is swept
between - 3.5 V to +1.5 V. The conductance of tiRCQ is plotted as a function of the
Gate-B voltage and is shown in Fig. 5.20. The @6&csure is observed when the total

voltage on Gate-A is zero while the total voltagéSate-B is +5.0V.

0.7

| i

G(2e’h)

ad
N )

10 11 12 13 14 15 16
V,(v)

Asym: positive 15.0 V
Asym: negative 15.0 V

Fig. 5.21. QPC2 is fixed at ~0.5 (2#) while output conductance is plotted as
a function of the gate voltage in the QPCL1. Thelblaace corresponds to the
conductance at positive 15.0 V asymmetry and tbdreee corresponds to the
conductance at negative 15.0 V asymmetry.

QPC2 is then set at the conduction valie 0.5 (2%h) by applying zero gate
voltage to Gate-A and +5.0 V to Gate-B. Then welyfgoth positive and negative

asymmetry to the QPC1 and measure the output ctartiecin both cases. Figure 5.21
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shows the output conductance as a function ofdts gate voltage, ¥ The red trace in
Fig. 5.21 is the case when positive 15 V asymmistgpplied to the gates of the QPC1.
There are two gates in QPC1: Gatel and Gate6.

In the case of positivel5V asymmetry, Gatel is k@ V while +ve 15 volt is
applied to the Gate6. The function generator isnected to both the gates and sweeps
between -4.5 V to +0.5 V. The black trace in Figl5shows the conductance when
negative 15 V asymmetry is applied to the QPCL1this situation, Gatel is kept at
positive 15 V and Gate6 is kept at 0 V. The funttgenerator is connected to both the
gates and sweeps between -4.5 V to +0.5 V. In ba#es, a very wide 0.5 structure
plateau is observedBut the expected drop in the conductance in thepateau in one

case is absent.

1. Discussion

We first set the gate voltages in QPC2 so thaptasents the 0.5 structure. This
0.5 structure is the contribution of one kind ofinsgsay spin-up).After that the
conductance of the QPC1 is measured at differepbsife asymmetry voltage. Figure
5.20 shows the conductance plots obtained from Q&GYve 15 V asymmetry and —ve
15 V asymmetry. In both cases, we observe a ldajegu at 0.5 @/h) and the expected
drop of conduction in one case has not been obderve

By applying voltages to the side gates, it shodgbssible to adjust the widths of
the two QPCs of the dual-QPC device together agpeddently. The QPC1 and QPC2 in
the preliminary dual-QPC device shown in Fig. 5ai8 separated by 900 nm. Moreover,

the channel widths in these two QPC are aroundr30Cand the channels are initially
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closed due to surface charge depletion. The areeba these two QPC is also closed
due to the same reason. A large positive voltageésled to open up the channel widely.
We find thatthe two QPCs are not independent of each othke gate voltage of one of
the QPC has an effect on the other QPC. When aegehthe gate voltage in the QPC1,
the conductance channel in QPC2, which is fixe@ at0.5 (2%h), is also changed. The
area between the two QPCs act like a quantumadat the area of the dot is changing
with changing the gate voltage of any of the QFPRus, the output conductance of the
QPC1 at different asymmetry condition is not onlyedto QPC1l alone; rather
conductance of the QPC2 and the conductance ofgtietum dot contribute to the
output conductancelherefore, we have not observed the expected irdpe output
conductance of the QPC1 in one of the asymmetmditions (either in positive 15 V
asymmetry or in negative 15 V asymmetry).

The oscillations in the conductance in Fig 5.21 @byserved due to the quantum
dot that is created in the central region betwdentivo QPC (see Fig. 5.18). While
changing the gate voltages in the QPCs, the ardseajuantum dot also changing. While
changing the area, the Fermi energy sweeps thrthalenergy levels in the quantum

dots which causes the rise and drop of the condoetim the plateau area.

5.7 Comparison: Our 0.5 Structure and the 0.7 Strcture

Observed by Others

The 0.5 structure, which is observed in our expenits, is clearly different from
the 0.7 structure or other anomalous plateaus wbdeoy different groups. We have

observed the 0.5 structure in a SG QPC fabricatethAs QW structures whereas the
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0.7 structure and/or other anomalous plateaus aleserved on GaAs based 1D systems
(see chapter 2, sec. 2.3). The 0.7 structure isldeat low temperature but becomes
prominent at higher temperatures [Ghe 0.5 structure persists over a large range of
temperatures from 70 mK to ~ 13 Khe evolution of the 0.5 structure in magnetstds
clearly indicates that it is originates from th@sganeous spin polarization due to LSOC.
In a parallel magnetic fieldhe 0.7 structure smoothly evolved to the Zeeman splib-
plateau at G = 0.5(Zgh) [6, 7]. In our case, we have observed €hB structure at G =
0.5(2€/h) in theabsence of any external magnetic fiafthithe parallel magnetic fields
has no effect on the 0.5 structufieig. 5.8) The 0.7 structuralisappearsin a small
perpendicular magnetic fieldi8]. In our case, the 0.5 structusvolvestowards the
normal conductance plateau at G = 0.5{% in perpendicular magnetic fielgFigs. 5.3
and 5.6). An anomalous conductance platead at0.5(2%h) was also reported in Ref.
[9] along with the 0.7 structure, where the auth@gorted gperpendicular magnetic
field (up to 1.2 T) showedo effecton the anomalous structures. They also obsenadd th
the 0.5 plateauis best definedvhen the potential of the lateral confining wedinnost
symmetricand in that situation 0.7 structure moves towaefh. Chung et. al. [8]
reported that by adjusting the gate bias it is {pbss$o tune on and off the 0.7 anomaly or
to make it continuously evolve into a normal inedgronductance plateawe are able to
make the 0.5 structure appears by applying bothtipesand negative asymmetry in the

confining potential well.
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5.8 Summary

An anomalous conductance plateau is observed at0.5 (2%h) in SG QPC
made on InAs/InGaAs QW structures and is known .&ss@ucture. The 0.5 structure
moves up in perpendicular magnetic field and apgrea the normal conductance
plateau atG = (2%/h) in high magnetic fields (Figs. 5.3, 5.6). In awst, the in-plane
magnetic field has no effect on this structure ¢Fi§.8 and 5.9)The evolution in the
magnetic fields clearly indicates that the origihitbe 0.5 structure is the spontaneous
spin polarization due to LSOC.

The 0.5 structure exists over a large temperaange, spanning 70 mK to at least
10 K. This anomalous structure smeared out at testyoe T ~ 13 K.The thermal
smearing indicates that at T ~ 13 K, the thermadrgg, KT, is comparable or greater
than the 1D subband energy separation.

By electrically manipulating the asymmetry of thenfining potential well, the
0.5 structure can be made to appear and disappe&ary.14). This indicates thdhe
asymmetry in the confining potential of QPC leanls tnet spin polarization giving the
0.5 structure.lt is also possible to create this anomalous &iracby applying both
positive and negative asymmetry in the confiningeptal well (Fig. 5.17).This
indicates that opposite spins cause the 0.5 stradtuthe cases of positive and negative
asymmetry.

Based on the above idea, we have proposed a dewaceed a Dual-QPC, to
experimentally validate the spontaneous spin padéion that arises due to LSOC by
transport measurement. The dual-QPC device ha®)B\O in series. If the two QPCs in

the device are set in a way that both of them alloe/same type of spin, we expect to
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observe the 0.5 structure. But, if the two QPCvallipposite spins, then a drop in the
conductance in the 0.5 plateau is expeciée results from the preliminary device (Fig.
5.22) show no indication of the drop in the conduace in the 0.5 plateau as we change
the asymmetry in one of the QPC in both positivd aagative waysThis happens
because the two QPCs of the dual-QPC device arecooipletely independenthey
influence the conductance of each othEne spontaneous spin polarization can be
detected directly by transport measurement if wealrle to manipulate the two QPCs in
the dual-QPC device independently.

The magnetic field (see sec: 5.3) and the temperaependence (see sec: 5.4) of
the 0.5 structure clearly indicate that our 0.5cuire (observed in InAs QPC) is different

than the 0.7 structure observed on GaAs QPC bgréift groups (see sec: 5.7).
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The results presented in the Chapter 5 demonstnatein InAs SG QPC we
observe the 0.5 structure, an anomalous conductaiateau atG = 0.5 (2%h). The
origin of the 0.5 structure is the spontaneous gpilarization due to LSOC. We have
shown that the 0.5 structure can be made to ampehsappear by applying both positive
and negative asymmetry to the lateral confiningeptial well. Finally, we have proposed
a dual-QPC device to detect the spin polarizatioectly by transport measurement. We
have not succeeded to detect the polarization. iBig possible to detect the spin
polarization in number of ways.

First of all, we would like to improve the desightbe dual-QPC device to detect
the spin polarization directly via transport measoents. The dual-QPC device has two
QPCs in series in which the QP@ust function independently. In other words, we
should able to manipulate the gates of the two Qs&parately without influencing each
other. This condition can be achieved by separatiegwo QPCs further apart (~ut).

In that way, the length of the channel betweenttWee QPCs will increase automatically.

The channel will also be made wider (> 500 nm).s[hbe area between two QPCs will
remain open with the application of gate bias \g@ta The QPCs in dual-QPC device
will then be set in a way that either both of theit allow the same kind of spin or they

will allow the opposite spins. We would expect ardisturbed 0.5 structure when the
QPCs will allow the same kind of spin otherwiseuastantial drop in the conductance of
the device— no transmission in the ideal case. TWwaswould be able to detect the spin
polarization due to LSOC using the dual-QPC device.

Another possibility is to detect the spin polanaat by a magnetic focusing

technique. We propose a new device to detect tinepsparization based on the magnetic
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focusing technique. There will be two QPC in theswsndevice: one will act as Injector
and the other will act as Detector. The schenddttbe device is shown in Fig. 6.1. Due
to the strong LSOC in the SG InAs QPC, the elestrare spin polarized and have

different momenta. Therefore, the electrons hafferént cyclotron orbits in

Fig. 6.1 Schematic of injector and detector QPCs aadrtjectories of electrons
with two spin states.

magnetic field. A current will be injected througte injector and the voltage drop will
be measured across the detector. We would expectvbltage peaks at two different
focusing magnetic fields corresponding to the tyin sstates, when the conductance
value of both the injector and detector will beGat 26%/h. With the lowering of the
conductance of the injector, one would expect & slisappearance of one of the peak.
The controlled creation, detection, and manipaiatf spin-polarized currents by
purely electrical meanare challenges facing semiconductor spintroniasalBy, the SG
QPC can be used as 100% spin polarizer and andlyzaurely electrical meansvhich
are the essential tools to implement several sexdigctor spintronics devices, such as

spin filters and the Datta-Das spin-FET.
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