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Mesoscopic quantum interference experiments in InGaAs and GaAs
two-dimensional systems

Shaola Ren
(ABSTRACT)

The study of quantum interference in solid-state systems yields insight in fundamental
properties of mesoscopic systems. Electron quantum interference constitutes an important
method to explore mesoscopic physics and quantum decoherence. This dissertation focuses
on two-dimensional (2D) electron systems in d—Si doped n-type Ing g4 Gag 36 As/Ing 45Alg 55As,
2D hole systems in Si-doped p-type GaAs/Aly 35GagesAs and C-doped p-type GaAs/
Alg24Gag 76As heterostructures. The low temperature experiments study the magnetotrans-
port of nano- and micro-scale lithographically defined devices fabricated on the heterostruc-
tures. These devices include a single ring interferometer and a ring interferometer array in
2D electron system, Hall bar geometries and narrow wires in 2D hole systems. The single ring
interferometer yields pronounced Aharonov-Bohm (AB) oscillations with magnetic flux peri-
odicity of h/e over a wide range of magnetic field. The periodicity was confirmed by Fourier
transformation of the oscillations. The AB oscillation amplitude shows a quasi-periodic
modulation over applied magnetic field due to local magnetic flux threading through the in-
terferometer arms. Further study of current and temperature dependence of the amplitude
of the oscillations indicates that the Thouless energy forms the measure of excitation ener-
gies giving quantum decoherence. An in-plane magnetic field was applied to the single ring
interferometer to study the Berry’s phase and the Aharonov-Casher effect. The ring inter-
ferometer array yields both AB oscillations and Altshuler-Aronov-Spivak (AAS) oscillations,
the latter with magnetic flux periodicity of h/2e. The AAS oscillations require time-reversal
symmetry and hence can be used to qualify time-reversal symmetry breaking. More impor-
tantly, the fundamental mesoscopic dephasing length associated with time-reversal symmetry
breaking under applied magnetic field, an effective magnetic length, can be obtained by the
analysis of the AAS oscillations over magnetic field. A theoretical model for confined bal-
listic system is confirmed by experimental data fitting. The AAS oscillations are barely
resolved above 0.16 T and their amplitude decays with increasing magnetic field. The AB
oscillations exist till above 2 T and their amplitude doesn’t show the monotonic decay with
increasing magnetic field. The different behavior of the AAS and AB oscillations originates
in the different symmetries, respectively temporal and spatial, that they are sensitive to.
The p-type 2D GaAs system has strong spin-orbit interaction (SOI). Antilocalization in a
Hall bar geometry was analyzed by the 2D Hikami-Larkin-Nagaoka (HLN) theory to obtain
the spin coherence time and phase coherence time. The 2D hole systems we studied have low
density and high mobility, quite different from the 2D electron systems. These high-quality
2D hole systems demonstrate semi-classical ballistic phenomena in mesoscopic structures
preferentially to quantum-coherence phenomena.

This work received support from DOE DE-FG02-08ER46532.



Acknowledgments

I wish to express my thanks to my advisor Prof. Jean J. Heremans who gave me insightful
guidance and tremendous freedom in my research and study. Without his support, I could
not be able to pursue what I am interested in. I wish to thank Prof. Victoria Soghomonian
whose insightful suggestions led to the publications of my work and what I present here. I
wish to thank Donald Leber for the help with the RIE. I wish to thank all the committee
members, Prof. Jean J. Heremans, Prof. Levon V. Asryan, Prof. Victoria G. Soghomonian,
and Prof. Vito W. Scarola for serving on my committee. I wish to thank Dr. Yao Zhang who
helped me transfer helium for my experiments. I am thankful to all of my lab colleagues,
Dr. Yao Zhang, Dr. Yong-Jae Kim, Dr. Martin Rudolph, Lingling Xu, Dr. Qifan Yuan,
and Yuantao Xie, for the discussions we have shared and the help they have provided over
the years. I would like to thank the following for financial support throughout my doctoral
studies: the graduate school for a 2010 Ph.D. fellowship, and the Department of Energy
Office of Basic Energy Sciences, Division of Materials Sciences and Engineering under award
DOE DE-FG02-08ER46532. Some of the materials growth was supported by the National
Science Foundation under award DMR-0520550 and DMR-1207537.

1ii



Contents

1 Introduction 1
1.1 2D electron system and 2D hole system . . . . . .. ... ... .. ... ... 2
1.2 Aharonov-Bohm effect, Aharonov-Bohm and

Altshuler-Aronov-Spivak oscillation . . . . . . . .. .. ... ... .. .... 2
1.3 Berry’sphase . . . . . . .. 4
1.4 Aharonov-Casher effect . . . . . . . . ... ... 5)
1.5 Thouless energy . . . . . . . . .. )
1.6 Weak localization and weak antilocalization . . . . . .. .. ... ... ... 6
1.7 Universal conductance fluctuations . . . . .. ... .. ... 8

2 Fabrication 9

2.1 Photolithography . . . . . . . . . . 9
2.1.1 Preparation . . . . .. . ... 9
2.1.2  Photolithography . . . . . . . . ... ... 12
2.1.3 Wetetching . . . . . .. .. ... 13

2.2 E-beam lithography . . . . . . . . . . ... 14
221 Patterndesign. . . .. . ..o 15
2.2.2 Preparation . . . . .. ... 17
2.2.3 E-beam lithography and SEM . . . . . ... .. ... ... ... ... 17
2.2.4  Inductively coupled plasma reactive-ion etching (ICP RIE) . . . . . . 20

2.3 Contacts and wires . . . . . . . ... 21

2.4 Depositing a thin film on sample’s surface . . . . . .. ... 24

v



3 Measurement setup 27

3.1 Overview . . . . ..o 27
3.2 Cooldown . . . . . .. 29
3.3 Techniques of measurements . . . . . . . . .. ... ... ... .. 31
3.3.1 Instruments and programs . . . . . . . .. ..o 31
3.3.2 Improving performance of a sample . . . . . . . .. ... ... .. 34
4 Electron interference in InGaAs/InAlAs 36
4.1 Introduction . . . . . . . .. 36
4.2 P122 n-type InGaAs/InAlAs, sample pattern design and devices . . . . . . . 37
4.3 Overview of experiment . . . . . . . .. ... L 42
4.4 Single ABring . . . .. 44
4.4.1 A general view of AB oscillations of a single ABring . .. ... ... 44
4.4.2 AB oscillations of a single AB ring at low magnetic field . . . . . .. 47
4.4.3 AB oscillations of a single AB ring at higher magnetic field . . . . . . 50
4.4.4 Current and temperature dependence of the AB oscillations in single
ABring . . ... 50
4.4.5 Spin-orbit Interaction and linear Rashba coefficient o . . . . . . . . . 54
4.4.6 Applying in-plane magnetic field to single ABring . . . . . . .. ... 26
4.4.7 In-plane Zeeman effect induced Berry’s phase and Aharonov-Casher
phase change in single ABring . . ... ... ... .. ... ..... 56
4.5 ABringarray . . . . ... 66
4.5.1 Overview of AB and AAS oscillations in AB ring array . . . . . . .. 66
4.5.2  AAS oscillations at different magnetic field regime . . . . . . . . . .. 70

4.5.3 Magnetic dephasing length Lg(B) and time-reversal symmetry breaking 76

4.5.4 Phase coherence length in an AB ring array . . . . .. ... ... .. 79

4.6 Mounting LED to improve device performance . . . . . . . . ... ... ... 80

5 Hole system in p-type GaAs/AlGaAs 82
5.1 M423 and 94121 hole systems . . . . . . . ... oL 82



5.2 Pattern design and fabricated devices . . . . . . .. ... 84

5.3 Results and discussion . . . . . . . . 87
5.3.1 Hall bar and wires on material M423 . . . . . . . . . .. . ... ... 89

5.3.2 Hall bar and thin wire on material 94121 . . . . . . . . . . . . . . .. 99

5.3.3 Antidot array on material 94121 . . . . . . . .. ..o L. 102

6 Conclusions 104
Bibliography 107

vi



List of Figures

1.1
1.2

2.1

2.2
2.3

24

Schematic experiment to demonstrate the AB effect, modified from [1]. . . . 3

Schematic image to demonstrate weak localization in a disordered system with
randomly distributed scatters, two opposite directed backscattering loops A;
and A; are depicted. . . . ... 6

Fabrication process sequence diagram. For some blocks if the process is good
enough the forward path is used, otherwise the backward path is used. Some-
times, the dashed line sequence alternates the corresponding solid line sequence. 10

Sample cutting process . . . . . . . ... 11

Photo-lithography machine in a cleanroom with safe yellow light, it contains
a movable stage, a UV light source, a microscope view system and a control
module. . . .. 12

Schematic of the photolithography process, sequentially from (a) to (f), (a) a
cleaned sample material; (b) AZ5206 is spun on the sample surface; (c) mask
is contacted on the sample, and they are exposed to UV light for a while;
(d) development is done, pattern is transfered to sample temporarily; (e) wet
etching is done, pattern is transfered to sample permanently; (f) AZ5206 is

lift-off from the sample’s surface. . . . . . . . ... 15
2.5 A pattern designed by DesignCAD. . . . . ... ... ... ... ... .. 16
2.6 E-beam lithography setup, it’s an SEM integrated with an electron beam

control module. . . . . . . .. 18
2.7 ICP RIE etched edge, the darker area is the etched part, the edge is defined

well. . e 21
2.8 Home made annealing station. . . . . . .. .. ... . 000 22
2.9 A full-fledged device and a coin, the coin is used to give an eye guide for the

size of device . . . . . .. 23
2.10 Circuit for contacts testing . . . . . . . .. ..o 23

vil



2.11

2.12

3.1

3.2

3.3

3.4

4.1
4.2
4.3

4.4

4.5

Schematic procedure of depositing a pattern on sample’s surface, sequentially
from (a) to (c). (a) define a pattern on resist by photolithography or e-beam
lithography, (b) deposit intended material onto sample’s surface, (c) lift-off
resist, and pattern is transfered to sample’s surface. . . . . . . ... ...

A thermal evaporator. . . . . . . . ...

Measurement system. In the left photograph, the Janis dewar and associated
electronic instruments to supply power and magnetic field, measure the sample
and monitor the system are shown. The right photograph shows the *He
system (home built). . . . ...

(a) Schematic graph of the intersection view of the cryogenic system. (b) The
inner probe with a sample mounted on its tip. In experiments, it is inserted
into the central tube of the setup shown in (a). . . .. ... ... ... ...

A typical cooldown trial of an n-type heterostructure device, resistance versus
temperature. . . . . ... 0L Lo

Constant current source, consisting of a low noise lock-in amplifier and a set
of high resistance resistors. Switch is used to select a different resistor (1 M(2,
10 MQ or 100 MS?) to obtain a different current. The 10 kS resistor and its
shorting switch are used to test the current value when necessary. . . . . . .

Schematic structure of P122 n-type InGaAs/InAlAs. . . . . ... ... ...
The designed pattern is used for a device named “R082410”. . . . . . . . ..

The design pattern of the single AB ring, this is the central and essential
part of the real pattern, the omitted outer part can be varied according to
different photolithography pattern. The central light purple shadowed ring is
design as electron conducting channel with width 300 nm, which is the AB
ring effectively. This design is used for a device named “R082410”.. . . . . .

The designed pattern of a 5x5 array of AB rings, This design is for the
device “InGaAsL CoFe2b”. The upper part shows the whole view, the lower
part emphasizes the ring array. For each ring, the dimensions are the same
dimension as Fig. 4.3, other size information is detailed in text. . . . . . ..

The designed pattern for a device named “R20110929a”. Each ring has the
same dimension as in Fig. 4.3. The yellow middle bar separates the ring array
into two groups. Combining with the photo-lithography pattern, these two
groups can work independently. . . . . . .. ..o

viil

25
26



4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13
4.14

4.15
4.16

4.17

The design of the array part of the device “R20110929a”. Each ring has the
same dimension as in Fig. 4.3. The left and right ring arrays can perform in-
dependently. In the real device, the left ring array is covered by ferromagnetic

CoFe. .

The SEM image of an AB ring with dimension slightly different from Fig. 4.7.
This image was obtained from a sample after e-beam lithography but without
dry etching. A gold layer is sputtered on the PMMA pattern. . . . . . . ..

The SEM image of an AB ring array, its dimension is the same as Figure 4.4.
This image was taken from a sample after dry etching. . . . . ... ... ..

The SEM image of AB ring arrays, its dimension is the same as Figure 4.5
and 4.6. This image was taken from a sample after dry etching and with
the left part covered by CoFe which is deposited by thermal physical vapor
deposition. . . . . . . . .

Schematic view of device “R082410”. The pattern on the Hall bar is the
same as Fig. 4.2 rotated by 90 °, the “L” shaped Hall bar was fabricated by
photolithography. The distance between leg 2 and leg 3 is 160 pum, and the
width of the Hall bar is 80 pm. . . . . . . . . . .. ... L.

Schematic view of device “InGaAsL CoFe2b”. The pattern is the same as
the upper part of Fig. 4.4 rotated by 90 °, and Hall bar was fabricated by
photolithography. The distance between leg 2 and leg 3 is 40 pum, and the
width of the Hall bar is 50 pm. . . . . . . . .. .. ... oL

Schematic view of device “R20110929a”. The pattern is the same as Fig. 4.5,
and Hall bar was fabricated by photolithography. The distance between leg 2
and leg 3 is 40 pm, and the width of the Hall bar is 50 gm. . . . . . . . . ..

Measurement configuration of a Hall bar. . . . . . . . ... ... ... ....

Schematic view of the 4-terminal measurement configuration of a single AB
ring. A perpendicular magnetic field is applied. . . . . . . .. ... ... ..

A schematic electron interferometer which can perform AB effect. . . . . . .

Measured Aharonov-Bohm magnetoresistance oscillations at 0.4 K, as ring
resistance R(B) versus B. Panels (a) and (b) show the ring magnetoresis-
tance over smaller ranges of B than panel (c¢) which emphasizes a view of the
modulation with B. . . . . . . . . ...

Aharonov-Bohm magnetoresistance oscillations around B = 0 at 0.4 K. Panel
(a) shows the raw data, Panel (b) shows the data after background removal.
Panel (c) contains the Fourier transform of (b), where h/e and h/(2e) modes
are indicated in the frequency spectrum. . . . . . .. ... .00

X



4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

Black solid oscillatory line: the autocorrelation function in B of the Aharonov-
Bohm oscillations in Fig. 4.10(b). Red open circles o : the maxima of the
autocorrelation function, as a guide to the autocorrelation function envelope.
Blue line with open squares [J : the fit to the autocorrelation function en-
velope, using the red open circles. The use of a finite range of B leads to
deviations between fit and data at higher AB as discussed in the text.. . . .

Modulation in the amplitude of Aharonov-Bohm oscillations simulated by us-
ing the 3 discrete frequencies deduced from the Fourier tansform in Fig. 4.10(c):

49

376 1/T, 408 1/T, 447 1/T, with intensities 13.2 2, 21.6 Q, 5.89 Q respectively. 50

The ring magnetoresistance at 0.4 K over B from -0.6 T to 0.6 T. The
Aharonov-Bohm magnetoresistance oscillations (not fully resolved on the scale
of the graph) ride on universal conductance fluctuations. The inset shows a
selected narrow range of B around 0.57 T to resolve the oscillations. . . . . .

The excitation current dependence of the Aharonov-Bohm magnetoresistance
oscillations at 0.4 K (data from the same sample as before, yet a different cool-
down than for Figs. 4.9, 4.10 and 4.20). From top to bottom, the excitation
current (rms values) is 5 nA, 10 nA, 20 nA, 50 nA, 100 nA, 200 nA and 500
nA respectively. Curves are offset, actual R(B=0)~25kQ. ... ... ..

The T dependence of the Aharonov-Bohm magnetoresistance oscillations at
20 nA (data as in Fig. 4.21 from the first sample, yet a different cool-down
than for Figs. 4.9, 4.10 and 4.20). From top to bottom 7" is 0.4 K, 0.6 K,
0.8 K, 1.0 K, 1.2 K, 1.4 K and 1.6 K respectively. Curves are offset, actual
R(B=0)=25Kk0. . . . .

The excitation current and 7T dependence of the amplitude of the Aharonov-
Bohm magnetoresistance oscillations (open squares [ and filled circles o rep-
resent data from the first sample at different cooldowns). Panel (a) shows the
excitation current dependence at 0.4 K with a logarithmic scale on both axes.
Panel (b) shows the 7" dependence at 20 nA with a logarithmic scale on the
vertical axis. . . . . . . ..

Fourier spectrum of Shubnikov-de Haas oscillation in the heterostructure In-
GaAs/InAlAs (Hall bar) at 0.4 K. The two peaks marked with “spin down”
and “spin up” are the two frequencies of the Shubnikov-de Haas oscillations
when plotted versus 1/B. The inset shows the Shubnikov-de Haas oscillations
up to 9 T. . Lo

A schematic graph of the tilted setup. . . . . . .. . .. ... ... ... ...

95



4.26

4.27

4.28

4.29

A schematic view of an AB ring with spin-orbit interaction. E is the effective
electric field given by SIA of heterostructure. The inset depicts the spin
splitting at Fermi surface due to SOI. In the dashed box, electrons propagate
in two directions, the electrons’ states can be described by the two circled
positions in k space at the inset, and Bgoy is the effective magnetic field from
SOI. The spin direction is parallel to By, due to the Zeeman effect, By, is the
total magnetic field one electron feels. This graph only describes the case for
one spin direction with a counterclockwise motion. . . . . . . . . . . ... ..

Schematic demonstration of AC effect. (a) and (b) demonstrate the same
physics. For clarity, non orthogonal states for spin up and down are both
shown in (a) and (b). Taking (a) as an example, it’s a typical AB ring.
Two electron waves propagate from the entrance point to the exit position
through the left and right arms. The electron propagates through the left arm
with spin up, the state is denoted as wﬁ The electron propagates through
the right arm with spin down, the state is denoted as Q/Ji. k,/— denotes
the propagating directions, k£, means counterclockwise, £_ means clockwise.
o/~ denotes the spin directions, ¢ means spin up, ¢~ means spin down. The
magnetic moment g is determined by spin . The effective vector potential
is determined by p x E, where E is the effective electric field due to SOI. ¢"
accumulates negative AC phase when it reaches exit point, Q/Ji accumulates
positive AC phase when it reaches exit point. . . . . ... .. ... .. ...

Measurements in a tilted setup as depicted in Fig. 4.25. The tilt angle g
varies between 6° and 90° from top to bottom. In-plane magnetic field is
By = B, /tanf. The curves background was removed and curves’ vertical
positions are offset for clarity. (a) are results around 0 T, (b) are results
around 0.15 T. Shadowed stripes on curves indicate a group of AB oscillations.
As we discussed in [48], strong correlation is within a region of 0.007 T for B,
averagely. There is no meaning to compare oscillations horizontally, only but
vertically in each shadowed stripe. The total field is greater than 0.5 T in the
regions marked with solid boxes. The value 0.5 T is obtained by setting the
Zeeman energy to equal the Thouless energy. . . . . . . . . ... .. ... ..

The figures are related to the 90° curve in Fig. 4.28(a). (a) depicts the relation
of @perry + ¢ac and 0 (Eq. 4.5). In (b), the red solid curve shows the value of
co8(PBerry + Pac), With ¢perry + Pac obtained in (a); the black line with dots
shows the normalized oscillation amplitudes obtained from the 90° curve in
Fig. 4.28(a), corresponding to the right vertical axis. . . . . .. ... .. ..

x1



4.30

4.31

4.32

4.33

4.34

4.35

4.36
4.37
4.38
4.39

4.40

The figures are related to the 90° curve in Fig. 4.28(b). (a) depicts the relation
of @perry + ¢ac and 0 (Eq. 4.5). In (b), the red solid curve shows the value of
co8(PBerry + Pac), With ¢perry + Pac obtained in (a); the black line with dots
shows the normalized oscillation amplitudes obtained from the 90° curve in
Fig. 4.28(b), corresponding to the right vertical axis. . . . ... ... .. .. 64

Fourier spectrum of the measurements in Fig. 4.28. (a) is for Fig. 4.28(a), and
(b) is for Fig. 4.28(b). These Fourier spectrum curves are offset vertically for
clarity. . . . .. 65

(a) Mach-Zehnder (MZ) interferometer, based on trajectories in spatially sep-
arate arms. (b) Sagnac-type interferometer, based on exact time-reversed
trajectories (for clarity, trajectories are shown spatially non-overlapping). . . 67

Schematic graph to show local flux and non-local flux, the red ring area is
electron path, the green central area excludes electrons. . . . . . . . .. ... 67

AB effect in a chain of rings, the first ring splits the original electron beam
into two branches, before they travel to the second ring, these two branches
unite into a new electron beam. Solid dark blue lines depict one most likely
electron path, dashed red lines depict another choice of electron path. . . . . 68

A schematic description of AAS oscillations in an AB ring. The solid green
line and dashed red line indicate the two directed paths of electrons, they
are time-reversed states of each other. A magnetic field is applied uniformly
across the rings’ surface. . . . . . . ... oo 69

Schematic view of the measurement configuration of a 5x5 AB ring array. . 70
AB oscillations in a 5x5 AB ring array at magnetic fields from 0.2 T to 1.4 T. 71
AB oscillations in a 5x5 AB ring array at magnetic fields from 1.4 T to 2.3 T. 72

AAS and AB oscillations in a 5x5 AB ring array at magnetic fields from -0.1
T to 0.2 T. AAS oscillations are stronger in panel (a) than panel (b). . ... 73

Fourier transformation of AAS and AB oscillations in the interferometer array.
Fourier spectrum in (a) is for magnetic field -0.02 T to 0.02 T, (b) 0.02 T to
0.06 T, (¢) 0.06 T to 0.10 T, (d) 0.10 T to 0.14 T, (e) 0.14 T to 0.18 T, (f)
0.32 T to 0.36 T, (g) 0.84 T to 0.88 T, (h) 1.32 T to 1.36 T, (i) 1.80 T to
1.84 T and (j) 2.16 T and 2.20 T. As the magnetic field increases, the AAS
oscillation component in Fourier spectrum becomes less, and invisible finally,
however, the AB oscillation component is almost unchanged. . . . . . . . .. 74

xii



4.41

4.42

4.43

4.44

4.45

5.1

5.2

5.3

5.4

5.9

5.6

5.7

(a) R(B) versus B at low B spanning 200 G; (b) After removing the WAL
positive magnetoresistance background from (a), AAS and AB oscillations
clearly appear. (c) Fourier transform of the data in (a) with two peaks clearly
marked out: the h/e peak corresponding to AB oscillation and the h/2e peak
corresponding to AAS oscillation. . . . . . .. ...

Fourier component amplitudes (arbitrary units) versus B (B—values deter-
mined as explained in the text). (a) AAS (h/2e) Fourier component versus
B, illustrating the decay of AAS oscillations with increasing B. (b) AB (h/e)
Fourier component versus B, illustrating the lack of monotonic decay of AB
oscillations with increasing B. . . . . . . .. ..o

Calculated values of [ 5 according to different models, {1 is Eq. 4.8, {2 is Eq. 4.9,
3 is Eq. 4.10, f4is Eq. 4.11, {5 is Eq. 4.12 (curves for Eq.4.9 and Eq.4.10 mostly
overlap for the present paramters and cannot be distinguished on the graph).
The data labeled with f shows the values calculated from experimental data
according to Eq. 4.13. Details about the method are explained in the text.

The fit to Eq. 4.14 to extract phase coherence length [4. The inset shows the
Aharonov-Bohm magnetoresistance oscillations used for the Fourier trans-
form, itself depicted as the black solid line in the main graph. The red line
with open circles depicts the fit to Eq. 4.14. . . . . . .. ...

An LED is mounted on the device “R082410”. . . . . . . . . . . . . . . ...

Schematic structure of M423 Si-doped p-type GaAs/Aly35Gaggs. The 2DHS
layer is located 100 nm beneath the surface. . . . . . . .. ... .. ... ..

Schematic structure of 94121 C-doped p-type GaAs/Aly24Gag76As. The 2DHS
layer is located 136 nm beneath the surface. . . . . . . . ... ... ... ..

Optical microscope view of the device made from M423 and measurement con-
figuration. The darker part is conducting, the light-colored parts are etched
out by wet etching. A schematic measurement configuration and crystal di-
rections are shown aswell. . . . . . . . ..o

Optical microscope view of the wires patterned on the chip. The 10 par-
allel wires appear as 10 lines in this image as the resolution of the optical
microscope is unsufficient. . . . . . . ..o

SEM view of part of the wire pattern with dimensions. The darker parts are
etched out by ICP RIE, the light-colored part is conducting. . . . . . . . ..

Optical microscope view of the device made from 94121 and measurement
configuration. . . . . . ..o

SEM view of the narrower wire on the 94121 device. . . . . . . . . . . . . ..

xiil

75

5

78

80
81

83

83

84

85



5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17
5.18

5.19

5.20

5.21

A design of antidot array, each square is an antidot. The side length of each
square if 0.5 pm, the spatial periodicity of this antidot array is 1.2 um, the
separation between antidot is 0.7 ym. The whole design can cover more than
160 pm x 80 pm area, this view is part of the whole pattern. . . . . . . . ..

Optical microscope view of the pattern in Fig. 5.8 on a Hall bar after e-beam
lithography. . . . . . . . . .

SEM view of the antidot array, the pits are the antidots. As stated in Fig. 5.8,
each antidot has a size of 0.5 pm x 0.5 um, the spatial periodicity of this
antidot array is 1.2 pm. . . . . . . ..o

Shubnikov-de Haas oscillations on a Hall bar on material M423 along direction
[011] at 0.4 K. The inset graph shows the measurement setup, the red lines
indicate the corresponding filling factors. . . . . . . . . . .. ... ... ...

Shubnikov-de Haas oscillations of a Hall bar on material M423 along direction
[011] and on wires along direction [233] below 2 T at 0.4 K.. . . . . . . . ..

Fourier transform of the SbdH oscillations in Fig. 5.12. . . . . ... ... ..

Temperature dependence of antilocalization of a Hall bar along [001]. Tem-
perature varies from 0.4 K to 3.0 K, each curve is offset for clarity. The actual
value of R, is about 200 Q at B=0. . . . . . . . . . . ... ... ... ...

Metallic behavior of resistivity of M423 at low temperatures. . . . . . . . ..

One HLN fit for the data of antilocalization on a Hall bar n material M423 at
0.4 K. o s,

Temperature dependence of 7gp and 7. . . . . . . ...

Intra-subband scattering rates K; and K5 versus temperature 7. The red line
is a parabolic fit of temperature. . . . . . .. ...

Inter-subband scattering rates Ky versus temperature 7. An exponential
model is applied to the data to obtain the activation characteristic energy
between the two subbands. . . . . . . . . ... Lo

Temperature dependence of magnetoresistance of Q1D wires. Temperature
varies from 0.4 K to 3.0 K, curves are offset for clarity. The typical value of
R is about 800 €2 at zero magnetic field. . . . . .. ... ...

1D antilocalization fit of experimental data. Inset shows the measurement
configuration. . . . . . ..o

Xiv

89



5.22 Quantum Hall effect in 94121 p-type C-doped GaAs/Aly 24Gag 76As heterostruc-
ture at 0.4 K, lower red line shows the result collected from the sample with-
out back gate, upper blue line shows the result collected from the sample with
back gate. Filling factors are marked on the corresponding plateaus. The
inset graph shows the measurement configuration. . . . . . . . ... ... .. 99

5.23 Magnetoresistance of the 2 um width wire with magnetic field from 1 T to 4 T
at different temperatures 2.0 K, 1.0 K and 0.4 K corresponding to curves from
up to down. The inset shows the measurement configuration. The shadowed
part is analyzed by autocorrelation in order to figure out the phase coherence

length l,. . . . . 0 oo 100
5.24 The autocorrelation function over magnetic field from 2.8 T to 3.0 T of a Q1D

wire at different temperatures 0.4 K, 1.0 Kand 20 K. . . . . . ... ... .. 101
5.25 Calculated 0G (a) and phase coherence length I, (b) versus 7. . . . . . . .. 101

5.26 Ballistic transport peaks after subtracting a quadratic background at different
temperatures of the grid area. From top to bottom: 0.4 K, 0.5 K, 0.7 K, 1.2
K/ 17K 19K, 30K, © .o 000 103

5.27 Temperature dependence of the relative ballistic scattering rate A(1/75) de-
fined as Eq. 5.14. The red solid line is a quadratic fit to the data. . . . . . . 103

XV



Chapter 1

Introduction

Phase is an important variable in quantum interference. In phenomena related to quantum
magnetotransport, the quantum phase associated with the wave function of the carriers in the
system determines the properties of the specific system. In classical physics, although phase
term of a wave contains information, people prefer to use other mechanical terms to describe
the properties of a classical wave. However, in quantum physics, phase is indispensable.
The discussion of a quantum system is based on wave functions, and the interactions in a
quantum system reflects the quantum phase.

The Aharonov-Bohm (AB) effect is a famous phenomenon related to phase, and is an impor-
tant method to study quantum interference in magnetotransport experiment. Other similar
effects include Altshuler-Aronov-Spivak (AAS) oscillations, Berry’s phase and Aharonov-
Casher (AC) effect. Weak localization (WL) and universal conductance fluctuations (UCFs)
are also phenomena related to phase in disordered system.

In quantum physics, sometimes we have to involve spin or magnetic moments to explain a
phenomenon: Berry’s phase, AC effect, Zeeman effect and weak antilocalization (WAL) are
such examples.

In this dissertation, chapters 4 and 5 discuss experiments about the above mentioned phe-
nomena. The materials we use in the experiments are several kinds of III-V semiconductors,
which all have a 2-dimensional (2D) system which is either a 2D electron system or a 2D
hole system buried beneath the material’s surface. Chapters 2 and 3 state the techniques of
fabrication and measurements. Chapter 6 is a summary of the whole research. The following
gives a brief introduction to the basic knowledge used in this study.
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1.1 2D electron system and 2D hole system

The study of this dissertation used 2D electron systems and 2D hole systems, formed in
quantum well layers in heterostructure. With molecular beam epitaxy and micro- or nano-
scale fabrication techniques, 2D systems became a useful tool to study fundamental physics.

Here, some concepts in 2D systems used widely in this dissertation are introduced. We call
the systems we studied mesoscopic systems, greater than the atomic size but still maintains
the property of quantum interference. The carriers of an electron system are electrons, the
carriers of a hole system are holes.

The mean free path [, can be understood as the length one carrier can pass before an elastic
scattering happens. We calculate it as [, = vpT,, Wwhere vg is the Fermi velocity, 7. is time
between two elastic scattering events of one carrier.

The phase coherence length [; depicts the length one carrier can pass before it loses its phase
information. Phase coherence time is 74, and Iy = /DTy, where D is the diffusion constant.
In 2D systems, D is obtained as D = §UFle. Sometimes 7, is interpreted as the inelastic
scattering time.

The spin-orbit interaction length lgo depicts the length one carrier can pass before a spin-

orbit coupled state is altered by scattering; 7so is the time between two such scattering
events of one carrier, and lgp = /D7s0.

The magnetic length [, is defined as [, = \/h/eB, which means in a presented magnetic
field B, when a carrier encloses an area [2,, due to AB effect. It will pick up a unity phase
of 27.

The magnetic dephasing length L means the effective magnetic length in a confined system.
In a confined system, the property of the geometry boundary should be counted in the
calculation of L besides [,,.

The effective coherence length Lo combines the effects of [, and L, Lo = ,/l‘f + L]§2.

1.2 Aharonov-Bohm effect, Aharonov-Bohm and
Altshuler-Aronov-Spivak oscillation

AB effect was first discussed by Aharonov and Bohm in late 1950’s [1] and early 1960’s
[2]. Tt is a non-local non-trivial effect given by electromagnetic potentials. They initially
suggested a setup as showed in Fig. 1.1. The Hamiltonian of an electron in such a setup can
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be expressed as

P —cA]?
H = [P —eA]® (1.1)
2m
where A is the vector potential given by magnetic field and V x A = 0. In singly connected

regions, the solution of this Hamiltonian can be expressed as

b = thoe " (1.2)

where 1)y is the solution when A = 0, and V.S/h = eA. For the setup in Fig. 1.1, the wave
function splits into two parts ) = 11 + 19, where 1; and 1), represent electron beam on the
two paths respectively. According to [1], the phase difference between the two beams is

(S1— So)/h = (e/h) ]40 A dr = (e/R) (1.3)

where ¢ is the magnetic flux threading through the area enclosed by the two electron beams.
Thus even when there is no magnetic field in the electron paths B and C, a non-trivial effect
is generated at F with a non-local magnetic field. This is the AB effect. When the magnetic
field varies, the probability of electrons at F varies as well, and this is the origin of the AB
oscillations discussed in this dissertation.

solenoid

Electron S F Interference
hcdow region
beam S @ 9

Figure 1.1: Schematic experiment to demonstrate the AB effect, modified from [1].

Experiments about the AB effect were first demonstrated in electron microscopy in 1960’s.
More evidence of the AB effect were claimed in 1980’s, where the methods including electron
holography [4, 5, 6] and magnetotransport measurement in metal rings [7, 32]. The experi-
ments using the electron microscope and electron holography are similar to the free electron
double slit interference. The metal rings experiments are about transport measurements,
validating the AB effect by an oscillation of the magnetoresistance of the metal rings over
magnetic field. Later on, with the progress in material growth, theoretical advances [9, 10]
and refined experiments [11] AB effect in micro- or nano- semiconductor structures appeared
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in late 1980’s and 1990’s. Nowadays, the AB effect in a semiconductor is more likely to be
used as a tool to study the properties of a system [12, 13, 34, 60]. I will discuss the Berry’s
phase [12, 13] in AB oscillations in chapter 4.

The experiments in metal rings [7, 32| are akin to our experiments, both are about mag-
netotransport measurements. Reference [7] in the literature discusses an experiment in a
single submicron-diameter Au ring, where AB oscillations were observed. Reference [32]
performed experiments in chains of submicron-diameter Au loops, where both AB and AAS
8] oscillations were observed at low magnetic field.

AB oscillations and AAS [8] oscillations are both based on the AB effect. The magnetic flux
periodicity of AB oscillation is h/e, the magnetic flux periodicity of AAS oscillation is h/2e;
the electron beams for AB oscillation enclose the inner area once and the electron beams for
AAS oscillation enclose the inner area twice. AB oscillation is caused by the interference of
two spatially separated electron beams, and AAS oscillations are caused by the interference
of the electron beam and its time-reversed beam. This will be discussed in chapter 4.

1.3 Berry’s phase

Berry’s Phase [14] is a famous geometric phase in quantum mechanics. Berry’s phase happens
in an adiabatic system, whose Hamiltonian H is slowly altered in time. From [14], a quantum
system in an eigenstate will acquire a geometrical phase v(C') in addition to the dynamical
phase when this quantum system is slowly transported around a contour C' by varying
parameters R in its Hamiltonian H(R). This geometrical phase v(C') is Berry’s phase.
There is a detailed discussion and derivation in [14], only results are quoted here. Generally,
with the requirements stated above, a system in eigenstate |n) has a Berry’s phase

(C) =i ]4 (n(R)Vrn(R)) dR (1.4)
c
after a contour C. Berry’s phase is independent of how the contour is traversed as long as
the process is slow enough to hold the adiabatic approximation.

More specifically, consider a particle with spin s in a slowly rotating magnetic field B, whose
Hamiltonian is

H(B) = khB s (1.5)

where k is a constant involving the gyromagnetic ratio and s is the spin vector. When the
magnetic field fulfills a revolution, the accumulated Berry’s phase is

m(C) = —nU(C) (1.6)

where n denotes the eigenstate, and (C') is the solid angle that C' subtends. Equation 1.6
is used to discuss Berry’s phase in one of the experiments in chapter 4. In our experiment,
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a perpendicular magnetic field is applied externally, the 2D electron system has a strong
spin-orbit interaction internally, and the electron traverses a circular contour. All those
conditions fulfill the specific situation described above. When one electron traverses a full
contour, the effective magnetic field it feels completes one revolution, a Berry’s phase is
accumulated in this process. However, in our experiments, one contour splits into two parts
spatially without changing the physics describing above. More details are found in chapter
4.

A further explanation in [14] demonstrates that the AB effect is a special case of Berry’s
phase.

1.4 Aharonov-Casher effect

The AC effect [15] is like the AB effect and Berry’s phase, they are all examples of topological
quantum effects which are not caused by direct force interactions but “are manifested through
the generation of relative phases which accumulate on the wave function of a particle moving
though a non-simply-connected force-free region” [15]. The following content is from [15].

The AC effect happens to a particle with a magnetic moment traversing a contour in an
effective electric field, no matter if the particle is charged or neutral. For a magnetic moment
p in an electric field E, the corresponding Hamiltonian is

[P — (1/A)p x EJ
2m

H =

(1.7)

so long as uE < mv, where V x (u x E) = 0, similar to the situation of the AB effect. Thus
a nontrivial phase is cumulated along the particle’s moving path. The phase accumulated
after a contour C' is

dac = (1/hc?) iu x E- dr (1.8)

In our experiments, the 2D electron system has strong spin-orbit interaction, the electron’s
magnetic moment is determined by its spin, and the effective electric field is given by the
structure inversion asymmetry of the heterostructure. Such a system satisfies the situation
with a possible AC effect. A detailed discussion is in chapter 4.

1.5 Thouless energy

The Thouless energy [37] is a critical energy scale for phase decoherence by energy smearing
in a finite system. The Thouless energy F. is expressed as the eigenenergy change that would
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cause a phase shift of 1 over a path length L [37]

h  hkp
E.=—-= 1.9
T mkL (1.9)

where 7 = L/vp is the traversal time, and kp is the Fermi wavevector. The disturbance by
thermal energy or electric potential to a quantum state is consistent with Thouless energy in
our experiment. The thermal energy kgT leads to an uncertainty AFE in a quantum state’s
eigenenergy (thermal smearing) and will lead to phase decoherence between electrons, due
to a phase difference accumulated over a finite path length L. Equivalently, the excitation
voltage V... generated across a system of resistance R and traversed by an excitation current
I, will also lead to an energy smearing AFE = eV,,. = el R.

If AE > E., then AE/E. independent and incoherent channels contribute to transport,
averaging out the interference signal proportionally to \/E./AFE [40]. For AB oscillations,
a reduction in the amplitude prefactor A is expected ~ /E./AE. For thermal excitation,
a value k > 1 is used in the expression of AF as AE = kkgT, since averaging occurs if the
thermally accessible energy range AF is sufficiently wide to give rise to a significant number
of statistically independent Thouless energy intervals E.. We adopt x =~ 3 as suggested in
38].

1.6 Weak localization and weak antilocalization

[ 5] 5]

Figure 1.2: Schematic image to demonstrate weak localization in a disordered system with
randomly distributed scatters, two opposite directed backscattering loops A; and A; are
depicted.

Weak localization [16, 17] is a conductance correction in disordered systems. Considering a
disordered system as showed in Fig. 1.2, the resistance between A and B can be altered by
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the backscattering between the region of A and B. The following interpretation about weak
localization is learned from [16, 17].

Consider the probability of an electron moving from ry to ry within time ¢, P(ry,ra,t) is
the squared sum of all probability amplitudes A; for this propagation within ¢ in a Feyman
path description,

P(ry,ra,t) = | Y AP =D AP+ ) A4, (1.10)

i

When phases of A; are uncorrelated, the interference term averages to 0. When we choose
r; = rg, we can form time-reversed symmetric pairs of propagators to have identical paths.
At zero magnetic field, the phases of each such paired propagators are identical, thus the
interference between them is constructive. Figure 1.2 depicts such time-reversed symmetric
propagators for two opposite directed backscattering loops. For a specific point, more than
one such pairs exist, and those loops are coherent backscattering loops [17]. With a nonzero
perpendicular magnetic field applied to the system, what happens to those paired loops is
similar to the AAS oscillation, the phases of paired propagator are not identical any more.
The phase difference picked up by each paired loop depends on the size of the loop. When
the phase difference caused by magnetic field is small enough, the constructive interference
weakens but doesn’t disappear. As the magnetic field increases, once the phase difference
picked up by the smallest loop reaches the order of 7, the interference term of such time-
reversal symmetric paired propagator averages to 0 as well. Thus, in a magnetotransport
measurement of such a disordered system, in an R versus B graph, a peak around zero mag-
netic field can be observed. Such a phenomenon is weak localization. The above discussion is
in the regime where the length of the backscattering loop is shorter than the phase coherence
length 4.

Weak antilocalization happens in a disordered system, similar to the case described above,
but where there is a spin-orbit interaction in the system, with the condition that the spin-
orbit interaction length lgo is comparable to the phase coherence length [, and the length
of the backscattering loop [18]. Phenomenon of weak antilocalization in magnetotransport
measurement is observed in a R versus B graph, with a valley around zero magnetic field
caused by the spin-orbit interaction that weakens the constructive interference described
above. A theoretical derivation to explain the effect given by spin-orbit interaction is in [77].
As weak localization, an increasing magnetic field gradually changes the property of the
interference term; when the magnetic field is strong enough, the interference term averages
to 0.

There are several models to describe weak localization and weak antilocalization in 2D and
1D confined systems which will be discussed in chapter 5.
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1.7 Universal conductance fluctuations

The phenomenon of universal conductance fluctuations, UCFs, has been studied in meso-
scopic systems in metals and semiconductors since 1980s. The magnetoresistance of small
structures with UCFs has fluctuations [19, 20, 21] which are noise-like aperiodic signals.
UCFs are a general phenomenon in mesoscopic systems, caused by quantum interference
when the phase coherence length exceeds sample dimensions [22]. The feature of UCFs
is independent of the sample size as long as the structures’ dimensions don’t exceed the
phase coherence length. The conductance fluctuation amplitude is of the order of e*/h
(4 x 107°Q71) [21, 95]. The detailed physical mechanism causing UCFs are discussed in the
mentioned literature.

Autocorrelation function is used to analyze the correlation property of UCFs. As UCFs are
a function of magnetic field, magnetoresistance R(B) and magneto conductance G(B) can
both be used to construct an autocorrelation function. Here, we use R(B) to demonstrate
this method. Antocorrelation function C(AB) is expressed as

(R(B)R(B + AB))
(R(B)?)

C(AB) = (1.11)
where (R(B)R(B+ AB)) means ensemble average of R(B)R(B+AB). C(AB) is a decaying
curve of AB. The critical magnetic field B. is defined using C'(B.) = 0.5C'(0). B. implies
that when two values of R(B) are separated larger than B,, they are statistically independent
of each other. UCF's are observed and discussed in detail in chapter 5.



Chapter 2

Fabrication

The materials we used in the experiments detailed in this thesis are InGaAs/InAlAs and
GaAs/AlGaAs heterostructures, the details of the heterostructures will be presented in the
relevant chapters. The effective part of these heterostructures for our electronic transport
experiment is the two-dimensional quantum well layer introduced by doping; the quantum
well is situated tens or hundreds of nanometers beneath the surface. We use a well developed
fabrication process to define the designed pattern down to the quantum well layer. The
generic process sequence is depicted in Fig. 2.1, and detailed description is stated in the
following sections of this chapter.

2.1 Photolithography

In order to measure our mesoscopic devices, we use photolithography and electron-beam
(e-beam) lithography to delineate pattern and contacts. Nowadays, photolithography is a
mature technique in industry. We use a similar technique, which is a process used to transfer
a pattern on a thin film. We use ultraviolet light to transfer a geometric pattern from a mask
to a photon-sensitive chemical resist (photoresist) on a substrate. The following sections will
talk about the whole process of photolithography.

2.1.1 Preparation

With the restriction of dimensions of the setup we used in measurements, samples we made,
called chips, are smaller than 5 x 5 mm? typically, thus we need to cut a piece of rectangle
material from a bigger wafer. The materials [ handled are always brittle and the properties
of their surface also tend to effect the following process critically, especially the photolithog-
raphy and e-beam lithography; thus it’s better to get sharp edges and clean surface for each
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Figure 2.1: Fabrication process sequence diagram. For some blocks if the process is good
enough the forward path is used, otherwise the backward path is used. Sometimes, the

dashed line sequence alternates the corresponding solid line sequence.
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piece of chip. In the whole course, a strict routine should be followed and processed in a
cleanroom.

As Fig. 2.2 shows, (a) put a piece of graph paper on a cleanroom wiper, then cover the graph
paper by a piece of lens paper, the graph paper is used to decide the size of a sample, and
the lens paper is used to avoid scratches on the material wafer. The wafer is put on the lens
paper in an upside -down way; (b) put a slice of clean glass with steep edge carefully on the
back on the wafer, push it straight down to avoid sliding between these layers, meanwhile
use a carbide pin to score along the glass edge on the backside of wafer, make sure a clean
line is made on the wafer’s back; (c) carefully remove the glass and flip the whole wafer to
let surface be up using a tweezer, there may be scraps from the scratch, blow them away
by a nitrogen (N3) gun gently, then cover the wafer by a new piece of lens paper, and roll a
glass rod over the top of lens paper to cleave the wafer along the scratch by pressure. You
may cut the material several times to get the right size you want, however, be careful at
each step, the smaller the piece is the harder for you to handle it.

cleanroom wiper (a) cleanroom wiper (b) cleanroom wiper (c)

! graéhpape* ! T[ ! léra;%hpiape* ! [ | I I l graﬂ(hpape* | l

g I — — T T I T

lens-pape - lens paper ens-paper—|

Glass

Figure 2.2: Sample cutting process

After we get a piece of material with appropriate size (sample), we need to clean it before
any other operation. Three chemicals are needed, trichloroethylene (TCE) CoHCl3, acetone
(ACE) (CHj3)2CO and isopropyl alcohol (IPA) C3H;OH. Soak the sample chip in TCE,
ACE, IPA in sequence, 3 minutes for each step, then take the sample out from IPA, squirt
its surface with IPA and blow it dry with a nitrogen gun gently. After this step, any possible
organics deposited on the sample is mostly removed. Glue the sample to a piece of glass slide
(about 18 x 18 mm?) by AZ5206E photoresist (the purpose of gluing is to make the sample
easier to handle), then bake in an oven at 90 °C for 30 minutes to ensure attachment. The
next step is doing photo-lithography.
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2.1.2 Photolithography

The mask (it’s a copy of original mask which is made a commercial producer, this copy mask
is a piece of glass with depth about 2 mm coated with FeO on one side) to define the pattern
for photolithography is preprocessed, the dimension of the effective pattern is usually from
several micrometers to several millimeter. The advantages of photo-lithography are the high
efficiency and high successful rate comparing to e-beam lithography which will be discussed
in a later section. The disadvantage is the resolution limitation caused by the wavelength of
ultraviolet (UV) ligtht used in the process.

Chemical AZ5206 is a photon-sensitive material, it is a positive photoresist. To avoid ex-
posure to unnecessary light, photolithography is operated in a cleanroom with safe yellow
light. Photoresist AZ5206 is spun on a sample’s surface at a speed of 4000 rpm for 40 s.
After spinning, a thin layer of AZ5206 covers the sample’s surface, then the sample is baked
in a 90 °C oven for 30 min before doing photo-lithography.

Figure 2.3: Photo-lithography machine in a cleanroom with safe yellow light, it contains a
movable stage, a UV light source, a microscope view system and a control module.

Photolithography module is integrated with a microscope as Fig. 2.3 shows (Karl Suss,
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model MJB3). The exposure and development time depend on the materials and setting of
the machine. During my experiments, I used several different materials, and the UV light
source power is always set to 275 W. For the n-type InGaAs, the exposure time is 23 s
and the development time is between 12 s to 14 s. For the p-type GaAs, the development
time is longer, usually around 15 s, sometimes up to 33 s; this depends on the result of the
development which can be monitored by your eyes. The development gives a drastic change
on the view of the material’s surface when the developing time is long enough, the pattern
appears gradually and the process can be stopped when the pattern is clear enough. The
developer is a solution of a part AZ351 developer and 5 parts HyO, and we used distilled
water to rinse.

There are several tricks when doing photo-lithography. First, make sure that the sample’s
surface is contacting the mask solidly. This can be judged by Newton’s ring; slowly rising the
sample stage, Newton’s ring appears on the surface of the sample when you look through
the microscope when the sample’s surface touches the mask. Second, when you separate
the sample and the mask, make sure to lower down the sample stage a little before you do
anything else. Third, after one time development, watch the sample under the microscope
to check if the surface is clean and the edges of the pattern are sharp. If everything looks
good then you can continue to do the next step, otherwise (such as there are some dirty
dots or areas on the sample surface, most of the time this is because the development is not
thorough enough) try to develop the sample several seconds additionally until it looks good
enough.

Post baking is optional, it is also done in the 90 °C oven, time is 15 min.

2.1.3 Wet etching

When development is done, the pattern needs to be permanently transfered on the sample,
wet etching can accomplish this task. For each material, a different etchant is used.

The principle to decide the etching time is to ensure that the etched depth is deeper than
the quantum well in the chip. In this step, a relatively deeper etch is better. Generally the
etched depth is around 2000 nm, as the depth of quantum well is several tens to several
hundreds nanometers below the surface. The advantage of wet etching is that the operation
is easy, the disadvantage is that the etched edged is more fuzzy comparing to dry etching
which will be discussed in section 2.2.4.

For the material I used, the concrete recipes are showed below.
n-type InGaAs with InP cap, three steps:

1. HCl: H,O =1:2, 10 s.

2. H3PO, : HyOy : HO =1:1:38, 120 s.
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3. Distilled water rinse, usually several tens of seconds will be fine, I usually use 30 s.
n-type InGaAs withou InP, just two steps:

1. H3PO, : HoO5 : HoO =1:1: 38, 120 s.

2. Distilled water rinse, usually several tens of seconds will be fine, I usually use 30 s.
p-type GaAs, two steps:

1. HySO,4 : HyOy : HbO =1:8:40, 18 s.

2. Distilled water rinse, usually several tens of seconds will be fine, I usually use 30 s.

It’s a good habit to observe and record every thing that happens, use a microscope to watch
the etched sample and take pictures, if everything is operated correctly as proposed, a good
result is obtained and we move to the next step, which is to remove photoresist AZ5206 from
sample’s surface.

To remove the photoresist AZ5206:

1. Soak the sample in ACE for 1 hour, gently and carefully lift the sample off the piece of
glass by a tweezer, avoid any scratch to the sample.

2. Soak the sample in another beaker with boiling ACE for 1 hour. This step is always
operated on a hot plate with temperature set to 75 °C.

3. Soak the sample in another beaker with fresh ACE for 1 hour. To avoid the sample’s
surface becoming dry, spray ACE on the sample when taking the sample out of the boiling
ACE before dropping it into the new beaker.

Figure 2.4 pictorially depicts photolithography from sample cleaning to AZ5206 lift-off se-
quentially from (a) to (f), explanations are detailed in figure’s caption.

Generally, after the above steps, you will get a good sample with the pattern permanently
printed on its surface. Sometimes, the result is not as expected. For example the surface is
not etched, and the most probable reason is that the wrong side of the sample is used. It’s
easy to distinguish the right surface when one side of a wafer is polished and one is not, but
sometimes, two sides of a wafer are both polished, and a wrong flipping during the cutting
may cause this problem.

2.2 E-beam lithography

A mercury (Hg) lamp is the source of the UV light used, and the spectral lines are at 436 nm
("g-line”), 405 nm ("h-line”) and 365 nm (”i-line”) are used, the resolution of the product
from photolithography cannot be infinity small. Another limitation of photo-lithography is
that the mask of a pattern is fixed, if a small change is needed then a new mask is required.
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Figure 2.4: Schematic of the photolithography process, sequentially from (a) to (f), (a) a
cleaned sample material; (b) AZ5206 is spun on the sample surface; (c¢) mask is contacted on
the sample, and they are exposed to UV light for a while; (d) development is done, pattern

is transfered to sample temporarily; (e) wet etching is done, pattern is transfered to sample
permanently; (f) AZ5206 is lift-off from the sample’s surface.

If a pattern needs to be changed frequently, photolithography is not the optimal option due
to the long production cycle and relevant cost. With these limitations, another fabrication
technique electron-beam (e-beam) lithography is used. The process of e-beam lithography
is similar to photolithography, it contains the preparation, e-beam lithography, development
and dry etching, and pattern design, which is not always needed for photo-lithography as
each mask is predefined. The following part starts with pattern design.

2.2.1 Pattern design

The flexibility of e-beam lithography is that you can design various patterns. Our equip-
ment for e-beam lithography is for research applications, it is essentially a scanning electron
microscope (SEM) integrated with a electron beam control module. E-beam lithography
system used in commercial applications are more expensive and precise than ours. E-beam
lithography can make smaller structures than photolithography, it’s common to have sub-100
nm resolution, even sub-10 nm resolution. However, the electron beam also has a limitation
in wavelength, and a dry etching is followed after e-beam lithography in my experiment, it’s
hard to make devices with structures smaller than 100 nm by this equipment. The pattern
is designed by DesignCAD. Figure 2.5 shows a typical designed pattern, the left part shows
the whole pattern, and the right one is a zoomed view of the center of the whole pattern.
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Figure 2.5: A pattern designed by DesignCAD.

The use of DesignCAD is simple, and some frequently used commands are listed below.
Commands of DesignCAD, quotation marks for clarity:
1. Input coordinates by pressing “ctrl + ;”.

2. Check one point’s coordinates: move the cursor close the the targeted point and press

W
P

W

3. Select an object: move the cursor close to one point and press

(A=)}

4. Zoom in: press “z”, then press down left key of mouse and drag out a box over the
interested area.

5. Zoom in or zoom out: press “47 or “”, then left click mouse.

6. Use a handle to move an object: select a point as a handle, sequentially press “ctrl + h”
and “m”, then input the destination coordinates.

7. One special command needs to mention is that when designing a polygon shape for e-beam
lithography, it’s better to use the choice from the “menu”, “edit”, “draw polygon”.

There are some other useful commands like how to draw a line, an arc, check and alter
writing order of e-beam lithography, etc, please explore the “help” in menu.

Some tips in design:

1. Understand what is going to do, the designed pattern should match the corresponding
photo-lithography pattern, and pay attention to alignment.

2. There is no one time success for experiment, most of the time you need to test several
times, especially when the structure’s scale is around 100 nm, or the structure is large,
solid and located in a sensitive area, or the material has a quantum well layer buried several
hundreds nanometers beneath. One experience of mine, for a central anti-dot, if the diameter
is relatively large, i.e. greater than 1 pm, design it as a ring instead of a solid filled dot to
avoid too much electron exposure to the target area.
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2.2.2 Preparation

This step is very similar to the preparation for photolithography, except we use different
chemicals. Using the sample done with photolithography.

Preparation steps:

1. Pick up a piece of glass whose surface is covered by a thin layer of metal, glue the sample
on the conducting side of the glass with colloidal graphite which is also conducting. The
purpose of gluing is to make the sample easier to work with, a conducting film is required
in e-beam lithography.

2. Bake the sample in a 165 °C oven for 30 min to anneal the colloidal graphite.

3. Spin PMMA or ZEP to the sample’s surface, spinning PMMA at 7800 rpm for 40 s,
spinning ZEP at 4000 rpm for 40 s.

4. Bake the sample in a 165 °C oven for 4-5 hour for PMMA, or 2 hours for ZEP.

The PMMA (Para-Methoxy-N-methylamphetamine) solution is PMMA dissolved in chloroben-
zene, the concentration is 3%. ZEP is ZEP520A. Both of these chemicals are sensitive to
a beam of electrons, and ZEP is more sensitive. This difference is reflected in the dose
parameters in e-beam lithography.

When the sample is prepared through above steps, we can start with the e-beam lithography.
In order to track the sample’s pattern more easily, we always carefully make a scratch close
to the photolithography pattern on the sample. Here, we are defining the larger structures
with photolithography, and using them as guides to write smaller structures with e-beam
lithography.

2.2.3 E-beam lithography and SEM

The key point of doing e-beam lithography is following instructions strictly. Figure 2.6 shows
the e-beam lithography setup we use, which consists of a LEO EVO SEM and a Nano-Pattern
Generating Software (NPGS). we need to have an appropriate pattern and its corresponding
dose setting.

An SEM is capable to magnifying a properly loaded target to as high as 20000 times, however,
the magnification we use to do e-beam lithography for most patterns is around 1000. For
PMMA, the electron current is set to 12 pA, line-line distance and spot-spot distance is
about 135 A, and the dose is always around 200 uC /cm?; For ZEP, the electron current is
set to 9 pA, line-line distance and dot-dot distance is about 275 A, and the dose is always
around 60 pC/cm?. The exact dose value depends on the structure and dimension of the
pattern, which usually requires several tests with different doses.

A guide to set the dose:
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Figure 2.6: E-beam lithography setup, it’s an SEM integrated with an electron beam control
module.

1. The exposure of electron beam is essentially a spot on the sample’s surface, the e-beam
moves in a way controlled by NPGS. Each spot can also effect the area around itself as the
electron beam can be reflected out.

2. For different parts of the pattern, use colors in the CAD program in order to have the
option to set a different dose per part.

3. For some isolated small structure whose dimension is around several hundreds nanometers,
set a relatively high dose.

4. For large solid area whose dimension is above 1 ym, and it is not in a sensitive position,
dose is not critical, a little high or low won’t matter too much.

The development of PMMA and ZEP uses different developer and requires different devel-
oping time.

Development of PMMA:

1. Develop, IPA : MIBK (methyl-isobutyleketone) = 3 : 1, 70 s.

2. Rinse, IPA, 40 s.

Development of ZEP:

1. Develop, ZEP developer (ZDMAC or N, N-Dimethylacetamide), 40 s.

2. Rinse, IPA, 30 s. IPA acts as a developer as well, so don’t rinse longer than this time.

It’s a good habit to check and record at every step. After development, watch the sample
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under a microscope and take pictures.

When the e-beam lithography step is not successful, such as the pattern is over exposed or
the alignment of the pattern is not right or some other unexpected event happens, don’t
worry, failure is not unusual in such experiments. So far, the pattern fabricated by e-beam
lithography is temporarily transfered to the sample surface, and it can be erased by removing
the PMMA or ZEP from the sample’s surface. Then, one can redo the preparation step for
e-beam lithography. The following tells how to lift-off PMMA or ZEP.

How to remove PMMA is the same as how to remove photoresist AZ5206.

To remove ZEP:

1. Soak the sample in ZEP remover, several hours, at least 1 hour for my samples.
2. Follow the steps of how to remove photoresist AZ5206. This is optional.

3. Squirt IPA to the sample and use nitrogen gun to blow dry the sample.

If successful, we proceed to the next step of dry etching. A preprocess is needed to prepare
the sample.

Preparation for dry etching:

1. Lift the sample off the piece of glass. Drip a little IPA on the glass piece but avoid
from the sample’s surface, carefully use a tweezer to push the IPA drop to the bottom of
the the sample and wait several seconds, then use a tweezer to push the sample on a safe
edge, usually, it’s not too hard to lift the sample off the glass piece. Then spray some IPA
on a clean wipe, use a tweezer to hold the sample’s two edges, and gently rub the sample’s
bottom on the wet wipe to clean off the left colloidal graphite.

2. Get a clean 3 inch silicon wafer, put a little Apezion N grease in the center, and put the
sample’s bottom on the grease. Bake it in a 90 °C oven for 30 min, this process melts the
grease to glue the sample on the silicon wafer flatly.

Now, the sample is ready for dry etching.

Before going to the next section, one more issue needs to be presented, namely, how to get
a good SEM image. In the process of e-beam lithography, focusing the e-beam properly
quickly leads to locating the target area and a successful pattern writing. Sometimes, we
only need to image a sample to see whether a process problem is present, or obtain a
good figure for publication. An etched sample can be used directly to do imaging, there is
strong contrast between the etched part and other parts. Sometimes, a transfered e-beam
lithography pattern needs to be observed before dry etching is done. In order to image such
samples, a thin layer of gold with thickness about several nanometers needs to be deposited
on the sample’s surface by sputtering. This electrically conducting layer is helpful to get
a good focus in the SEM. For e-beam lithography, the current is about 10 pA; in a pure
image process, 40 pA is a good choice for this instrument (LEO EVO). In an image process,
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a higher resolution and slower scanning speed setting than e-beam lithography may be used.

2.2.4 Inductively coupled plasma reactive-ion etching (ICP RIE)

Reactive-ion etching (RIE) uses chemically reactive plasma to remove material on a wafer.
High-energy ions from the plasma are generated by an electromagnetic field under low pres-
sure and bombard the wafer surface to displace unneeded part. Inductively coupled plasma
(ICP) RIE is one type of RIE systems where the plasma is generated with an RF (Radio
Frequency) powered magnetic field and has a very high plasma density. It tends to give more
isotropic etch profiles, useful for the samples in this thesis.

The RIE recipe is different for different material, aspects of a recipe include type of chemical,
RF power, chamber pressure and etching duration. In my experiments, I only used one kind
of recipe for both InGaAs and GaAs, except the etching times varied based on the depth
of quantum well layer in the different material. The base recipe is: pressure of 15 mTorr,
ICP RF power 220 W, RIE RF power 110 W, and BCl3 was used with flow parameter of
20 mTorr. The process time used varies from 30 s to 3 min, and I will discuss this issue for
different material in later chapters.

The RIE step is similar to the wet etching step in photo-lithography. However, the etched
depth is shallower, it just etches to or close to the quantum well layer, usually less than
200 nanometers. The advantage of dry etching is that it can define an edge very precisely,
the precision can approach to less than 10 nm which can be validated by SEM. A typical
etched edge’s SEM picture is showed in Fig. 2.7, where the darker area is the etched part,
and the edge is defined well. The disadvantage is that the operation is more complicated
and delicate, and there is risk in burning the PMMA or ZEP that is on the sample’s surface
due to the high energy ion when the process time is too long. There is not a critical value
to classify how much time is too long, it depends on the material.

The etching duration should be estimated roughly right before doing RIE, however it is a
little hard to decide due to the limitation of material and equipment; we can only estimate
it from a previous worked sample’s process time and the corresponding depth of quantum
well.

When doing RIE, make sure the reflected power reading for ICP RF and RIE RF is lower
than 5 W. Another sign to show the plasma goes well is that the chamber is bright and not
shining.

This is experiment, often many trials are needed to obtain desired results.

When RIE is done, push the sample off the silicon wafer using the back of a tweezer carefully.
Use TCE to clean the grease from the bottom of the sample by soaking the sample in TCE

about 1 hour, then squirt with IPA, and blow dry the sample with a nitrogen gun. Now it’s
ready to go to the next step, contacting.



Shaola Ren Chapter 2. Fabrication 21

Figure 2.7: ICP RIE etched edge, the darker area is the etched part, the edge is defined well.
2.3 Contacts and wires

Eventually, we intend to make a working device not just a pattern. Contacts and wires need
to connect to the current chip, and then we mount the chip on a 14-pin DIP (dual-inline
package) header.

The 2D quantum well layer is buried beneath the chip’s surface, so we need to make contacts
conducting through the surface to the quantum well layer. We use different alloys for the
n-type semiconductor and the p-type semiconductor to make those contacts pads. For n-
type InGaAs, eutectic In-Sn alloy with weight ratio 52 : 48 is used, and a temperature of
210 °C is used to melt the In-Sn. After making contacts on the right position, we anneal the
sample at 210 °C for 5 min in a mixed gas of 10% H and 90% N. For p-type GaAs, eutectic
In-Zn alloy with weight ratio 96 : 4is used, and a temperature of 235 °C is used here. After
making contacts, we anneal the sample at 450 °C for 10 min. Figure 2.8 shows the home
made annealing setup used, the high pressure gas of 10% H and 90% N is not included in
this figure.

When using the annealing station, to avoid oxidation, the annealing tube should be filled
with gas of 10% H and 90% N during the whole process, the pressure is kept to 4 psi. When
annealing is done, before taking the sample out of tube, make sure the temperature inside
the tube is below 80 °C.

Instruction for doing annealing:

1. Open the tube, load sample in the center of the tube, then close it.
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Figure 2.8: Home made annealing station.

2. Open the gas valve, adjust the pressure to 4 psi which is monitored at the front panel as
shown on the right side of Fig. 2.8. This step is called flushing; keep it on for about 5 min
before turning on the power for annealing.

3. Turn on the power by the button on the front panel, adjust the temperature to the target
value. If the target temperature is above 400 °C, first adjust temperature to 100 °C.

4. Turn on the power of the heater, the “transfo” button in this device. If the target
temperature is lower than 400 °C, when the temperature reaches the target value, keep it on
for 5 min, then turn off the heater power. If the target temperature is above 400 °C, when
the temperature reaches 100 °C, keep it on for about 2 min, then adjust the temperature to
the target value. Keep heating until this target value is reached, keep it on for 10 min, then
turn off the heater power.

5. The system will slowly cool down. When the temperature below 80 °C, close the gas
valve, turn off panel power, and take out the sample.

Now, the sample is ready to be wired up. Indium sticks well to the sample at low temperature
and is used as solder. Gold wire also works well at low temperature and is used to connect
the sample’s conducting pads to DIP header’s forks. Figure 2.9 shows a DIP header with a
chip wired. To solder the wire, 240 °C is used to melt indium.

The last thing before measuring is to test the contacts, which is important since after we
load the sample into the measuring system, any change to the sample is not trivial. A simple
serial circuit is used to accomplish this test, which is shown in Fig. 2.10.

The power source is supplied by a lock-in amplifier, and the voltage is adjusted accurately
to 1 V. The typical resistance of a sample is about several hundreds or several thousands of
Ohms. The voltage across the 10 k2 resistor is measured by the same lock-in amplifier, as a
10 M2 resistor is in the circuit, if the samples contacts work well, the voltage monitor should
read very close to 1 mV (usually can approach to 0.99 mV), otherwise it means the contacts
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Figure 2.9: A full-fledged device and a coin, the coin is used to give an eye guide for the size
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Figure 2.10: Circuit for contacts testing
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pair of the sample are not good enough, and it’s better to fix this problem by soldering these
bad wires again.

The above described technique allows one to judge whether a contact will suitably work
for most samples. In my experiments, all the n-type semiconductor samples are consistent
with this method. However, there are exceptions, for example, for the p-type GaAs, the
sample is very resistive at room temperature even when measured through a good pair of
contacts, it’s hard to make the voltage across 10 k2 resistor close to 0.99 mV, and it turns
out that the pair of contacts work well at low temperature as long as the measured voltage
at room temperature is above 0.9 mV. These p-type GaAs samples have others abnormal
characteristics when compared to the n-type semiconductor samples that I used, and these
will be discussed in later chapters.

2.4 Depositing a thin film on sample’s surface

Not all samples need this fabrication step, and this step is always after photolithography or
e-beam lithography. A schematic procedure of depositing a pattern on a sample’s surface
is pictorially depicted in Fig. 2.11; this is essentially a negative transferring process. A
pattern is first transfered to a resist layer on sample’s surface (Fig. 2.11(a)), the area that
is not coated by resist will be covered by deposited material finally. Then intended material
is deposited onto sample’s surface, and the whole sample’s surface is coated by deposited
material temporally (Fig. 2.11(b)). The final step is lift-off (Fig. 2.11(c)), where we use the
previous standard lift-off method to remove the resist, when resist is removed, a pattern
made of deposited material is transfered onto the sample’s surface.

In my experiments, I used a thermal evaporator (a commercial Edwards model auto 306
evaporator) to deposit various material, the evaporator is showed in Fig. 2.12. Before evapo-
ration, the chamber’s pressure is pumped down to 7-8 x 10~ Torr with assistance of a liquid
N, trap. It can evaporate Gold (Au), Chromium (Cr), CoFe (Cog.6Feq.4), SiO, etc. The
source material is loaded in a tungsten (W) boat and heated up by a large current flowing
through the boat. The evaporating current is different for each material. To successfully
evaporate CoFe, an aluminum (Al,O3) coated molybdenum (Mo) boat is used. CoFe can be
deposited on sample’s surface directly, with an evaporation rate of around 1 A /s. To deposit
Au, we need to preprocess the sample’s surface. A Cr layer is deposited first to act as a
sticking layer for Au, where the Cr is evaporated at a rate of around 1 A/ s to a thickness
about 60 A, and the Au is evaporated at a rate of 0.5-2 A/s The thickness of evaporated
film is monitored by a quartz crystal microbalance.
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Figure 2.11: Schematic procedure of depositing a pattern on sample’s surface, sequentially
from (a) to (¢). (a) define a pattern on resist by photolithography or e-beam lithography, (b)
deposit intended material onto sample’s surface, (c) lift-off resist, and pattern is transfered
to sample’s surface.
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Figure 2.12: A thermal evaporator.
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Chapter 3

Measurement setup

3.1 Overview

The main measurement system is a 3He sample-in-liquid system shown in Fig. 3.1. The
temperature of this system can approach to 0.35 K when using ‘He and *He that is recycled.
When only *He is used, the temperature can approach to 1.2 K.

A schematic graph of the cryogenic equipment is shown in Fig. 3.2. During measurement,
the sample is immersed in liquid *He or *He gas. As we study the magnetotransport property
of a sample, a superconducting magnet is built in this system, which is immersed in liquid
“He and uses *He to maintain its superconducting state. The central tube is removable, and
houses a probe itself also removable, that carries the sample. Vacuum is used to isolate this
system from the outside environment to prevent heat transport.

We have several probes for different purposes, each probe has a 14 dual-inline socket on
its one end, and accepts a dual-inline pin header loaded with the sample. One probe is
used for combining with the 3He system, it can be used individually as well. Another probe
has a tilting mechanism which can tilt the 14 dual-inline socket 0 to 90 degrees from its
original position, such that the angle between applied magnetic field and sample’s surface
is adjustable, so that not only perpendicular magnetic field but also in-plane magnetic field
can be achieved. However, this probe cannot be connected with the *He system, and thus
the lowest temperature it can reach is 1.2 K.

We have two power supplies for the superconducting magnet, one is a bipolar supercon-
ducting magnet power supply Model CS-4, it can generate magnetic field from -9 T to 9 T.
However the sweeping step cannot be controlled precisely, and it is useful for high B mea-
surement. When magnetotransport measurement is sensitive to the change in magnetic field,
another power system is used which is a Keithley 2400 SourceMeter, combined with a Kepco
bipolar power supply. Its changing step can be controlled well, and with a proper setting

27
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Figure 3.1: Measurement system. In the left photograph, the Janis dewar and associated
electronic instruments to supply power and magnetic field, measure the sample and monitor
the system are shown. The right photograph shows the 3He system (home built).
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Figure 3.2: (a) Schematic graph of the intersection view of the cryogenic system. (b) The
inner probe with a sample mounted on its tip. In experiments, it is inserted into the central
tube of the setup shown in (a).
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the finest step can be smaller than 0.5 G. With this setup, the magnetic field may vary from
-2.3 T t0 2.3 T. Depending on the purpose of each experiment, different power supply and
setting are selected. The following will discuss various situations and their corresponding
setup.

3.2 Cooldown

Our measurement system is inside a dewar. Cooldown of the system is a gradual change of
temperature from room temperature to 1.2 K or 0.4 K. Roughly, it can be separated into
two steps. First cool down the system with liquid nitrogen to approximate 80 K, then take
nitrogen out and cool the system by liquid helium. The liquid nitrogen cooldown process
takes at least 24 hours, and sometimes longer. When the liquid nitrogen in the dewar is
consumed too much, a refilling is probably needed. Before filling the dewar with liquid
helium, the nitrogen has to be taken out completely otherwise freezing at some inner valves
may happen. Removing the liquid nitrogen out of the dewar requires a clear logic and
experience to tell whether the last drop of liquid nitrogen is out. Pure He gas is used to
chase the nitrogen out of the dewar at the last step. When nitrogen is out, the temperature
inside the dewar remains low and He gas is left in the dewar, and liquid helium has to be filled
in immediately with special tools and practiced skills. With liquid helium in the dewar, the
temperature of this cryogenic system will keep dropping. The eventual purpose of this low
temperature system is to cool down the sample and offer a low temperature environment
for the measurement. We usually fill about 30 inches liquid helium in the dewar for this
cryogenic system, then put the probe with sample mounted on its one end in this cryogenic
system and make all the necessary electronic connections.

The sample’s temperature starts to drop from room temperature, and a typical cooldown
process result is shown in Fig. 3.3. The resistance of the sample shows a typical metallic
behavior. At the beginning, the resistance drops with temperature decreasing, which is
caused by phonon freezing. When the temperature is lower than 50 K, the slight resistance
increase is caused by carrier freezing. The current through the sample is 100 nA in this
stage. The lowest temperature in this graph is about 1.2 K.

For measurements at 1.2 K, the 3He system is not needed. For measurements at 0.4 K,
the 3He system has to be connected to the probe before the sample’s temperature drops
too much. The mechanical connection between any joints should be sealed well to avoid
gas leakage. So one has to make sure to use the right O-ring, and verify that the tubes or
chambers are under the proper vacuum, and perform every operation in a logical order. For
measurements at 0.4 K, the 3He is condensed to the central tube of Fig. 3.2 from its reservoir
before the temperature of the system drops to 1.2 K. Then with help of a diffusion pump and
a mechanical pump, the condensed 3He evaporates to its original reservoir. The evaporation
process cools the system to 0.4 K, and this is the last cooldown step from 1.2 K to 0.4 K.
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Figure 3.3: A typical cooldown trial of an n-type heterostructure device, resistance versus
temperature.

The essential step to use *He system is the condensation. Condensation is a gradual process.
Usually the first condensation along with the sample’s cooldown process takes about 12
hours. When more measurements are needed, recondensation is required, which usually
takes about 3 to 4 hours as the temperature of the cryogenic system is low enough (below
20 K) to make the process go faster.

The cooldown process from 1.2 K to 0.4 K requires experience; several valves and pumps
need to function in precise order. Once the system achieves 0.4 K, it can last for more than 24
hours with appropriate fine adjustments, and most of the measurements are done during this
time duration. The applied current, voltage, magnetic field, connection configuration can
be changed in experiments. Sometimes, we need to do temperature dependent experiments,
which are always at the last stage of a measurement cycle. The system is heated up by
a resistor with a temperature monitor, where we always go from low, 0.4 K, to higher
temperature as it’s easier to control the temperature by heating rather than cooling. As the
temperature goes up, the condensed *He is lost from the central tube to its original reservoir
when the temperature is above 1.2 K. Almost all of the *He goes back to its original reservoir,
and only a little thermal convection gas is left in the central tube. If further measurement
is needed on the same sample, a recondensation and a cooldown from 1.2 K to 0.4 K follow.
Although the behavior of a sample won’t change among different cooldowns, the fingerprint
of a sample varies. Thus we always try to get all the data which will be potentially used in
a comparison during a single cooldown.
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3.3 Techniques of measurements

3.3.1 Instruments and programs

The instruments that we use to supply power and monitor signals are voltage/current sources
and lock-in amplifiers. All the instruments are connected into a network with a master
program to control and monitor all their functions, the protocol is TCP (transmission control
protocol), the program communicates with instruments, and instruments are connected to
each other via a general purpose interface bus (GPIB). The logic of managing the control
program follows the data flow, and the tool we used is LabView. Basic programming skills
and 1/0O knowledge are helpful to understand the entire setup and measurement process.

The master control program and instruments network are already built, and only some
necessary maintenance are needed for my experiments. The main task during a measurement
is to find the optimal setting parameters for each instrument.

During measurements, the current through a sample affects its environment. So for a general
measurement, the current [ is always below 50 nA, with 20 nA as a typical value. In
exceptional cases, e.g. when current dependence experiments are performed or an intended
interruption is needed, current values above 50 nA, typically up to 300 nA will be supplied.
When the current is too high, the thermal energy generated by the sample will heat up the
environment, and the temperature then can’t keep to 0.4 K. Also, too high a current may
introduce more noise, or heat the carriers.
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Figure 3.4: Constant current source, consisting of a low noise lock-in amplifier and a set of
high resistance resistors. Switch is used to select a different resistor (1 Mf2, 10 MQ or 100
MQ) to obtain a different current. The 10 kS2 resistor and its shorting switch are used to
test the current value when necessary.

We use a constant current source to power a sample, as shown in Fig. 3.4. This constant
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current source is composed of a low noise lock-in amplifier and a resistor with sufficient
large resistance R. A constant current of 20 nA may be obtained by 2 V given by the
lock-in amplifier and a 100 M2 series resistor. The noise at the input introduced by this
setup to the sample is pretty low. The noise of the lock-in amplifier is characterized by the

manufacture[23] as
VN =\ 4kBTRlock7in V/\/ Hz (31)

with Rjoer_in &= 1000 2 and assuming 7' = 300 K. The current noise introduced by the large
resistor R to the constant current is about

45T
Iy=1\|—% A/VHz (3.2)

The noise is denoted by its RMS (root mean square) value. In our setup, we usually used
two different lock-in amplifiers to supply the voltage, PAR124 (Princeton Applied Research
Model 124A lock-in amplifier) and SR830 (Stanford Research System Model 830 lock-in
amplifier). The SR830 is used in raw measurements, such as early phase cooldown and
contacts test, while the PAR124 is used for delicate measurements. In this constant current
source, when the PAR124 and R = 100 MX) resistor are used, the voltage noise introduced
by this constant current source for a sample with resistance of Rg = 2500 € is about the
sum of the noise given by the large resistor Ny and the noise given by PAR124 Nigex—in.
Here, Ng ~ Iy X Rg = 3.2 x 107" V/v/Hz and Njper_in = 4 x 1072 V/y/Hz given by the
manufactures. My samples’ signal is always in a microvolt level, thus this constant current
source has pretty high quality for my samples.

My research includes studying the magnetotransport of heterostructure devices at low tem-
perature. In different magnetic field regimes, the sensitivity of the measurement system is
different and the setting parameters are tuned separately. We separate the magnetic field
into three regimes along with three independent programs; large field -9 T ~ 9 T, medium
field -2.3 T ~ 2.3 T and small field -2300 G to 2300 G.

The large field program has a fixed data collected rate about 180 points per minute, the
magnetic field step varies by the sweeping rate. The sweeping rate can be tuned. For a very
fast sweep, a value of 2.17 min/T can be used, but this is rarely used as the magnetic field
step is about 77 G/s which is too large and thus we may miss meaningful information about
the sample. Usually, for the first rough sweep, I always chose 3.08 min/T, later on, for a
careful large scale sweeping, 3.49 min/T or 4.72 min/T is used, with hardly any difference.
For a small range on the large magnetic field regime, 6.17 min/T or 10.02 min/T is used;
this corresponds to a magnetic field step about 17-27 G/s which is still too large for a careful
magnetotransport measurement such as mine. The accuracy of the power supply, CS-4, can’t
reach a finer step practically via this program. Theoretically, any rate between the fastest
and the slowest value can be used in this system, the principle of setting the rate is to keep
dB/dt low enough to ensure the induced voltage of the superconducting magnet is less than
3 V which is the maximum limit it can bear.
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The medium field program is used most often, its magnetic field can go up to 2.3 T which
is large enough to reach the quantum Hall effect regime or the Shubnikovde Haas effect
regime for my devices, and it also has the ability to push the magnetic field step to below
1 gauss which is small enough to resolve almost all the quantum interference effect my
experiments look for. A more accurate power supply, Keithley 2400 SourceMeter is used
here in combination with a voltage-controlled Kepco bipolar power supply, and a stable and
well controlled magnetic field can be generated through this combination. The voltage source
function is selected which has different resolution for different ranges. If measurements need
to have a magnetic field above 0.46 T, we set the voltage range value to 20 V, and within
this range the voltage resolution is 0.0005 V which corresponds to a magnetic field step of
about 1.15 G. In a sensitive measurement, this range is not a good choice practically to give
a good result, that means when the magnetic field goes above 0.46 T, the magnetic field
resolution is always greater than 1.15 G. When the intended magnetic field is below 0.46 T,
it’s best to select the 2 V voltage range, as in this range the voltage resolution is ten times
less and reaches 0.00005 V. However, most of the time, we don’t need to go to this limit.
So a voltage step between 0.0003 V and 0.0005 V is more likely to be used which gives a
magnetic field resolution about 0.6 G to 1.2 G. The concrete values above are specific to
our system, for a different experimental setup, these values may vary, however, the idea of
getting a good measurement result is similar.

Generally, there is a trade-off between the resolution of the magnetic field and the time
consumed during one measurement. When the resolution is too high and the sweeping
magnetic field range is relatively large, for example, the resolution of magnetic field is about
1 gauss, the range is about 0.5 T and the duration between two datapoints is 1 s (this
duration depends on the time consumed by instruments for taking one datapoint), then one
sweep takes more than 1 hour to complete. When the sweep time is too long, the temperature
may vary and overall you have less trials per cooldown. On the other hand, if the resolution
is too low, although you can make many more measurements per cooldown, you may lose
some important details of the signals. Therefore, it’s better to estimate how much time one
trial will take and what the resolution of a particular setting is before really running a trial.
The estimation can also give you a hint about what to do in the next step and help you to
discover problems and improve setting instruments parameters.

The small field program is not used too much in my experiments. It uses the Keithley 2400
SourceMeter as the current supply, where the difference from the medium field program is
that it uses the current source function of the Keithley 2400; it has the same resolution
ability as the medium field program with field below 0.46 T.

Our measurements are in the low frequency regime, and we use lock-in amplifiers to pick up
signals. In my experiments, three kinds of lock-in amplifier are used, PAR124, SR830 and
EGGT7265 (EG&G 7265 DSP Lock-in Amplifier). PAR124 is an analog lock-in amplifier, a
Keithley 2000 Multimeter is used to convert the signal picked up by PAR124 to a digital
signal before signals are recorded by the program. To use lock-in amplifiers, a good frequency
is important for avoiding noise, the frequencies we used are 46.0 Hz and 37.6 Hz.
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A 370AC (LakeShore 370 AC Resistance Bridge) monitors the system’s temperature, and it
also controls the system’s temperature in a temperature dependence measurement. A GS200
(YOKOGAWA DS 200 DC Voltage/Current Source) is used to supply gate voltages.

3.3.2 Improving performance of a sample

A sample’s performance is important in a measurement. Sometimes, no useful results are
not, or at least not all, caused by defects in a sample; some tricks and experiences can
improve a sample’s performance in some cases.

During the process of making a sample, try to do every fabrication step as well as possible.
During the preparation of a measurement, try to make every connection logically, avoid any
potentially risky operation. Experiment is different from theory, there is a large probability
to encounter unexpected phenomena. Examples include contacts which even when verified
prior to a cooldown do not work at lower temperatures, a sample with a good geometry gives
noisy signals, etc. The following discusses some of my experiences.

When designing a pattern, try to align the pattern in a way that more than one configuration
of contacts can be made to accomplish the measurements, and try to avoid correlations
between different parts of sample such as even if one part of the sample does not work it
won’t influence other parts of the sample. When making contacts, try to use every possible
contacting pad even if it is a duplicate, it may become the only working contact later on.
Before a real measurement, test the performance of all contacts via the method described in
chapter 2, and if possible test at both room temperature and liquid nitrogen temperature.
After loading the sample into the cryogenic system, double check the contacts’ performance.
If some contact does not work, try to organize the working contacts in different ways, or
transfer one contact into two by a splitter when necessary. We prefer to use a four-point
measurement configuration, but a three-point measurement is used when one does not four
working contacts. If all these methods do not work, have to take the sample out and fix the
bad contacts.

Test different values of the constant current flowing through the sample and select the value
which gives the least noise. For the setup of each instrument, referring to a historically
similar setting is a good start point when you have no idea what to do. The applied current
is AC, the measured value is the RMS value of the corresponding attribute, the data is
collected by a lock-in amplifier where changing the integral constant time will change the
noise level. Generally, a longer constant time gives less noise, but the trade-off is some details
of the signal may be lost if the time constant is inappropriately long. In my experiments, 1
s is the most often choice.

The above are normal operations to achieve a good measurement. Sometimes, exceptional
operations are needed, and I describe these. Giving a high current pulse to the sample,
e.g. above 300 nA. Building a front gate or a back gate to a sample, then trying to apply
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a gate voltage to add or deplete electrons in the sample. Mounting an LED, which works
at low temperature, close to a sample. As some materials are light sensitive. Turning on
the LED for a short time (usually several seconds) results in the photon generated carriers
in the sample, thus giving a better quality signal. The last method worked most effectively
in my experiments. An LED can generate thermal energy and a high current through it
may disturb the low temperature environment, thus current used was only 10 pA for the
particular kind of LED in my experiments.



Chapter 4

Electron interference in

InGaAs/InAlAs

This chapter is focused on samples made from an n-type InGaAs/InAlAs heterostructure
referred to as P122, where P122 is the name given by the MBE group who grew this ma-
terial at the University of Oklahoma. Two kinds of electron interferometers are made from
this material, Aharonov-Bohm (AB) ring and ring array. An AB ring is essentially a Mach-
Zehnder (MZ) interferometer [24, 25, 26, 27], while ring array performs like a combination
of Mach-Zehnder interferometer and Sagnac-type interferometer. A Fabry-Perot-type inter-
ferometer [28] is another typical electron interferometer used in mesoscopic physics. This
chapter describes aim of this work, material, sample pattern design, devices, data analysis
and conclusions.

4.1 Introduction

Various successful mesoscopic electronic interferometers are reported in publications [24,
25, 26, 27, 28, 29, 30, 31, 32, 33]. Before 1980’s, interferometers for electron interference
were made of metals and superconductors, which were mostly used to verify the existence
Aharonov-Bohm (AB) oscillations. Nowadays, electron interferometers are often made of
semiconductor. The focus of this study is extended to investigate the factors related with
quantum phase decoherence.

The electron interferometers used in this chapter are made of the P122 n-type InGaAs/InAlAs
heterostructure, composed of one single ring or an array of rings. As stated in chapter 3,
the magnetic field B resolution is about 1 G, which means in order to practically get a
good measurement result of AB oscillation, the expected periodicity of the designed AB ring
should be greater than 10 G. The larger the periodicity the more accurate and clean the
interference signals will be, however, a larger periodicity requires a smaller dimension of the

36
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designed AB ring. As stated in chapter 2, given the uncertain depletion layers it is hard to
make structures less than 100 nm, thus we decided to design the ring structure with an AB
periodicity between 10 G and 40 G. The details of design of those electron interferometers
are discussed in section 4.2.

Mesoscopic system are large compared to atomic scales, but are still of a length scale pre-
serving quantum phenomena. The structures we designed in this chapter are sub-micron,
which have a comparable length scale of the phase coherence length [4 at low temperatures
(T') of the respective material, and we can take their systems as mesoscopic systems. Thus
the study of quantum phase decoherence in our devices can give insight of fundamental
properties of mesoscopic systems. Electron quantum interference is an important method
to explore mesoscopic physics and quantum decoherence. The AB effect is a remarkable
manifestation of quantum interference and has proven experimentally accessible if devices
are prepared properly. Weak-localization is another valuable phenomenon to use which will
be discussed in chapter 5.

4.2 P122 n-type InGaAs/InAlAs, sample pattern de-
sign and devices

This n-type Si-6 doped InGaAs/InAlAs heterostructure is grown by molecular beam epitaxy
(MBE) technique. It has an InP (001) substrate. The quantum well is a 10 nm layer of
Ing 64 GagsgAs between two layers of Ing45Alps5As. In order to have sufficient electrons in
the quantum well, Si-0 doping is used. The schematic structure of this heterostructure is
depicted in Fig. 4.1. Its quantum well is relatively shallow compared to the materials used
in chapter 5, the quantum well layer buried 50 nm underneath the surface.

! Si-8
32nmcap  [NNNOR °
18 nm spacer

10 nm QW

Buffer layers

InP (001)

Figure 4.1: Schematic structure of P122 n-type InGaAs/InAlAs.

Generally, the fabrication process remains similar for different materials, only some aspects
need to be adjusted. The depth of quantum well layer affects the ICP-RIE duration and
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annealing duration, in ICP-RIE the etched depth needs to reach or close to the quantum
well layer, and in annealing the metal eutectic needs to diffuse to the quantum well layer.
n-type heterostructure and p-type heterostructure have different annealing temperature, and
different metal eutectic is used. Using the parameters stated in chapter 2, for this material,
the ICP-RIE duration is 40 s, the annealing temperature is 210 °C and duration is 5 min.

@

Figure 4.2: The designed pattern is used for a device named “R082410”.

Figure 4.3: The design pattern of the single AB ring, this is the central and essential part of
the real pattern, the omitted outer part can be varied according to different photolithography
pattern. The central light purple shadowed ring is design as electron conducting channel
with width 300 nm, which is the AB ring effectively. This design is used for a device named
“R082410”.

Figure 4.2 shows the design pattern for the device named “R082410”. Figure 4.3 shows the
designed single AB ring which is the essential central part of the device “R082410”, the
detailed dimension information is depicted in figure itself. The parts beyond the center need
to match the photolithography pattern which is preprocessed on the same device, whose
function is to block electrons and force electrons to only flow through the designed electron
conducting channel, the shadowed ring in Fig. 4.3. This device is used to study AB oscillation
and Berry’s phase.

Figure 4.4 shows the designed pattern of a 5x5 ring array, which is for a device named
“InGaAsL CoFe2b”. The neck between each rings has a width of 300 nm and length of 200
nm, the width of each row is 2.2 ym, the width of each column is also 2.2 ym. In order to
derive a reasonable comparison between device “R082410” and device “InGaAsL CoFe2b”,
each ring’s dimension in Fig. 4.4 is the same as the ring’s in Fig. 4.3. The size of other parts
is designed more flexibly. They don’t affect the experimental result too much, except that
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Figure 4.4: The designed pattern of a 5x5 array of AB rings, This design is for the device
“InGaAsL CoFe2b”. The upper part shows the whole view, the lower part emphasizes the
ring array. For each ring, the dimensions are the same dimension as Fig. 4.3, other size
information is detailed in text.

they need to fit in the photolithography properly. This device is used to study AB oscillation,
Altshuler-Aronov-Spivak (AAS) oscillation and time-reversal symmetry breaking.

Figure 4.5 shows the design of a device named “R20110929a”, Fig. 4.6 giving a zoomed view
of the ring array part. The rings are separated into two groups which can work independently,
each group is a 25x12 ring array, one group will be covered by ferromagnetic CoFe in the
real device. There are some designed defects (short path) in the array, which are used to
avoid conducting failure. This device is designed to study the effect of magnetic field in
time-reversal symmetry breaking initially, however, the resistance of this device is too high
which may be caused by the dense e-beam lithography. Although we were aware of this
potential problem and designed some short paths, it turned out such a dense design is a
challenge for our fabrication.

Figure 4.7 is an SEM image of a single ring pattern, this is taken from a test sample which
has a slightly different size compared to Fig. 4.3. This picture was taken before ICP RIE, a
thin layer of gold is sputtered on the sample’s surface after e-beam lithography development.
This gold layer improves the contrast of the image when performing SEM image. Figure 4.8
is an SEM image obtained on a test sample with the same design as Fig. 4.4.

Figure 4.9 is an SEM image of device “InGaAsL CoFe2b”. Since this device didn’t work,
it was disassembled and studied using SEM. In Fig. 4.9, we can see that the necks between
rings almost disappeared, this explains why device “InGaAsL CoFe2b” was so resistive.
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Figure 4.5: The designed pattern for a device named “R20110929a”. Each ring has the same
dimension as in Fig. 4.3. The yellow middle bar separates the ring array into two groups.
Combining with the photo-lithography pattern, these two groups can work independently.
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Figure 4.6: The design of the array part of the device “R20110929a”. Each ring has the
same dimension as in Fig. 4.3. The left and right ring arrays can perform independently. In
the real device, the left ring array is covered by ferromagnetic CoFe.
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Figure 4.7: The SEM image of an AB ring with dimension slightly different from Fig. 4.7.
This image was obtained from a sample after e-beam lithography but without dry etching.
A gold layer is sputtered on the PMMA pattern.

Figure 4.8: The SEM image of an AB ring array, its dimension is the same as Figure 4.4.
This image was taken from a sample after dry etching.
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Figure 4.9: The SEM image of AB ring arrays, its dimension is the same as Figure 4.5 and
4.6. This image was taken from a sample after dry etching and with the left part covered by
CoFe which is deposited by thermal physical vapor deposition.

The dim half part of Fig. 4.9 is covered by CoFe. The technique used to deposit CoFe on the
surface is stated in chapter 2. After ICP RIE, the ZEP is lifted off completely and then the
sample is prepared for e-beam lithography. A simple rectangle pattern was designed with
size 55 x 26.4 um?. When doing e-beam lithography, we align this rectangle to the part that
will be deposited with CoFe. A good alignment requires skill and carefulness. After ZEP
development, we use the technique stated in chapter 2 to deposit CoFe.

4.3 Overview of experiment

Figure 4.10, 4.11 and 4.12 show the schematic structure of the 3 devices “R082410”, “In-
GaAsL CoFe2b” and “R20110929a”, contacts labeled with numbers, and patterns indicated.

The measurement for these three devices are similar, however, depending on the layout of
device’s pattern and quality of contacts, the configuration varies. We will use the labeled
contacts in Fig. 4.10, 4.11 and 4.12 to depict how each measurement is implemented. Gen-
erally, a constant AC current is supplied to a device, and the voltage signal across a specific
pattern is collected when varying magnetic field which is perpendicular to the 2D pattern’s
surface.

To get the general properties of a heterostructure at low temperature, a spare Hall bar is
needed, where a Hall bar is a rectangle structure, contacts 4, 5 and 7 form a Hall bar in
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RS,

Figure 4.10: Schematic view of device “R082410”. The pattern on the Hall bar is the same
as Fig. 4.2 rotated by 90 °, the “L.” shaped Hall bar was fabricated by photolithography.
The distance between leg 2 and leg 3 is 160 um, and the width of the Hall bar is 80 pm.
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Figure 4.11: Schematic view of device “InGaAsL CoFe2b”. The pattern is the same as the
upper part of Fig. 4.4 rotated by 90 °, and Hall bar was fabricated by photolithography. The
distance between leg 2 and leg 3 is 40 pym, and the width of the Hall bar is 50 pm.
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Figure 4.12: Schematic view of device “R20110929a”. The pattern is the same as Fig. 4.5,

and Hall bar was fabricated by photolithography. The distance between leg 2 and leg 3 is
40 pm, and the width of the Hall bar is 50 pm.
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Figure 4.10, contacts 3, 4, 6 and 7 form a Hall bar in Figure 4.11, contacts 2, 3 and 7 form
a Hall bar in Figure 4.12. As stated in the previous section, this heterostructure contains
a 2D electron system (2DES) in a 10 nm wide Ingg4Gag3sAs quantum well located 50 nm
underneath the surface, the aim is to obtain the 2DES density, mobility and resistivity.

Figure 4.13 shows the measurement configuration of Hall bar. A constant current [ is
supplied through contacts 1 and 6, a sweeping magnetic field B which is perpendicular to
the Hall bar surface is also supplied, the Hall voltage signal Vy(B) is collected through
contacts 5 and 7, the magnetoresistance signal Vj,g(B) is collected through contacts 4 and

5.
© ]
® B
)
L

Figure 4.13: Measurement configuration of a Hall bar.

w

Resistance of Hall bar is R = Vjyz(0)/1. The Hall coefficient of this 2D Hall bar is Ry =
Vu(B)/(IB) = —1/(ne), where n is the 2DES density, e is the electron charge, thus the
2DES density is n = —1/(Rpge). In two-dimension, resistance can be expressed as R = pl/w,
thus the resistivity of a Hall bar is p = Rw/l. Mobility can be obtained by p = 1/(pne).
Taking the device “R082410” depicted in Figure 4.10 as an example, [ = 160 pym, w = 80

pm.

At 0.4 K, for this heterostructure, the 2DES density n = 9.4 x 10'! cm™2, 2DES resistivity
p =110 Q/0, mobility x = 5.9 x 10* cm™2/(Vs).

4.4 Single AB ring

4.4.1 A general view of AB oscillations of a single AB ring

Figure 4.14 depicts the measurement configuration of the single AB ring. A constant low
frequency AC current is supplied through contacts 1 and 6, AB ring’s voltage signal is
collected through contacts 2 and 3, magnetic field is perpendicular to the device’s surface,
whose direction can be either into or out of the surface. The supplied current is usually 20
nA except when studying current dependence. Magnetic field varies between -2.3 T to 2.3
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T, and can reach up to 9 T is necessary.
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Figure 4.14: Schematic view of the 4-terminal measurement configuration of a single AB
ring. A perpendicular magnetic field is applied.

The AB effect occurs in a setup as in Fig. 4.15. The dark blue lines depict the trajectory of
the electrons. A perpendicular magnetic field threads through the center area represented by
a circle with radius r. Ideally, there is no magnetic field going through the electron trajectory
area, experimentally, a magnetic field exists in the electron path.

o]

Figure 4.15: A schematic electron interferometer which can perform AB effect.

The Hamiltonian of an electron in a setup like Fig. 4.15 can be expressed as H = 1/(2m)(—ihV+
eA)?, the phase difference between of the upper and lower electron orbits is A¢ = e®/h.
Assuming a uniform magnetic field threads through a circle area with radius r, the flux can
be expressed as ® = Bmr?. Therefore, for a given AB ring, the expected magnetic field
period of AB oscillation is B = (h/e)/(mr?).

At 0.4 K, oscillations were observed over a wide range of B up to 0.6 T, consistent with
the AB oscillations of the device. In the following content, AB oscillations are used to refer
such oscillations. Figure 4.9 shows the measured results in a range of -0.3 T to 0.3 T. It also
displays a quasi-periodic modulation with B. Figure 4.9(c) provides data from -0.3 T to 0.3
T, the modulation is apparent. A higher resolution view is given in Fig. 4.9(a) and (b). The
next section will focus on the AB oscillations on a lower range of B, below 600 G.
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Figure 4.16: Measured Aharonov-Bohm magnetoresistance oscillations at 0.4 K, as ring
resistance R(B) versus B. Panels (a) and (b) show the ring magnetoresistance over smaller
ranges of B than panel (c) which emphasizes a view of the modulation with B.
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4.4.2 AB oscillations of a single AB ring at low magnetic field

The low B measurements are performed below 0.06 T at 0.4 K. A typical measurement
around B = 0 T is presented in Fig. 4.10. Figure 4.10(a) contains the raw data, while
Fig. 4.10(b) shows the same data after background magnetoresistance subtraction, and
Fig. 4.10(c) presents the Fourier transform result. The Fourier transform displays a peak
at ~ 400 1/T, labeled as h/e, corresponding to the AB oscillations visible in Figs. 4.10(a)
and (b), and corresponding to the h/e component of the spectrum. A smaller peak appears
at ~ 800 1/T, corresponding to the h/(2e) component. The Fourier transform indicates
a period in B of 25 G for the h/e component, consistent with the dimensions of the ring.
Figures 4.10(a) and (b) show that the AB oscillation amplitude varies with a quasi-period
of ~ 200 G. A variation observed as described above was also addressed in detail in [34]. In
the following two frameworks are provided to understand the modulation of the oscillation
amplitude.
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Figure 4.17: Aharonov-Bohm magnetoresistance oscillations around B = 0 at 0.4 K. Panel
(a) shows the raw data, Panel (b) shows the data after background removal. Panel (c)
contains the Fourier transform of (b), where h/e and h/(2e) modes are indicated in the
frequency spectrum.

Interferometer arms have a finite width w (lithographically in the present study, w = 300
nm, while the conducting width is narrower due to the existence of a depletion layer). The
conducting arms form a mesoscopic system with properties, such as the complex transmis-
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sion coefficient, that depend sensitively on the specific realization of the system. When
the magnetic flux threading through the interferometer arms ®, = 27rwB varies by ~ @,
a different realization is achieved and the ring’s oscillation amplitude and phase are ex-
pected to be modified [34, 35]. The autocorrelation function in B of R(B), expressed as
C(AB) = (R(B)R(B + AB))/{R(B)?), decays according to the accumulated differences in
realizations as the applied B varies. Its decay over AB, quantified by a correlation field B,,
is expected to form a measure of the magnetic flux necessary to delete correlations between
realizations of the interferometer. Figure 4.11 presents the experimental C'(AB) from the
data in Fig. 4.10(b). Small-period oscillations in C(AB) should agree with the AB oscillation
period [35], and indeed the fine oscillations in Fig. 4.11(a) show a period of 25 G. When per-
formed on an infinite range of B, the envelope of C(AB) is expected to monotonically reach
0 as AB increases. Yet when performed on data necessarily finite over B, the envelope of the

experimental C'(AB) is non-monotonic, as Fig. 4.11 shows. The envelope [35] is expressed
as C(AB/B,) ~ ((271r)2 + 4\/1§7r %CB + i(%—?)ﬂ exp(—%%?). Only the h/e component
is considered in this expression, further valid for T"— 0. From Fig. 4.11 we deduce a fitted
correlation field B, = 70 G. The actual electrically conducting width w, of the interferometer
arms can then be estimated from w, = ®y/(27rB,), yielding w, ~ 150 nm. A depletion layer
of 75 nm on each side of the arms lies within expectations for [CP-RIE etched InGaAs 2DESs
at the n of the measurements. The view of the modulation as resulting from progressively

uncorrelated realizations under varying B is hence in accordance with our data.

We now explore whether the quasi-periodic modulation can also be caused by existence of
more than one preferred trajectory through the interferometer arms. In Fig. 4.10(c), two
minor satellite peaks are noticed around the major h/e Fourier component. The satellites
can be interpreted as originating from trajectories deviating from the geometric center of
the arms, hence resulting in differing AB fluxes and periods. Careful analysis shows that the
central major h/e Fourier component occurs at a frequency 408 1/T while the minor satellite
peaks occur at 376 1/T and 447 1/T. Using these frequencies and their corresponding in-
tensities, a simplified 3-component model is simulated as in Fig. 4.12. Comparing Fig. 4.12
with Fig. 4.10(b), we note the resemblance, quantified by the observation that the local
minimum and local maximum points of the two curves’ envelopes almost coincide. Corre-
sponding to 408 1/T, 376 1/T and 447 1/T, the approximate radii are 734 nm, 704 nm and
768 nm respectively. These radii lie within the ring design. From this approach and using
the observation that the fringes to the h/e component in the frequency spectrum extend
over a wider range than considered in the simplified calculation, we can deduce that the
electrically conducting width w, must exceed 60 nm. The estimate w, > 60 nm is consistent
with the value w, ~ 150 nm deduced from C(AB). While the use of C'(AB) provides more
quantitative information, both approaches to the amplitude modulation agree that the finite
arm width and the resulting variation in magnetic flux can cause the modulation.
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Figure 4.18: Black solid oscillatory line: the autocorrelation function in B of the Aharonov-
Bohm oscillations in Fig. 4.10(b). Red open circles o : the maxima of the autocorrelation
function, as a guide to the autocorrelation function envelope. Blue line with open squares
[ : the fit to the autocorrelation function envelope, using the red open circles. The use of a
finite range of B leads to deviations between fit and data at higher AB as discussed in the
text.
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Figure 4.19: Modulation in the amplitude of Aharonov-Bohm oscillations simulated by using

the 3 discrete frequencies deduced from the Fourier tansform in Fig. 4.10(c): 376 1/T, 408
1/T, 447 1/T, with intensities 13.2 2, 21.6 €, 5.89 Q respectively.

4.4.3 AB oscillations of a single AB ring at higher magnetic field

AB oscillations are observed over a wide range of B. Figure 4.20 shows a typical measurement
with B over -0.6 T to 0.6 T at 0.4 K. The AB oscillation period is too fine to be resolved on
this scale. The AB oscillations occur on a background of universal conductance fluctuations,
and of magnetoresistance caused by classical size effects. The inset of Fig. 4.20 shows a
magnified view around 0.57 T, resolving the AB oscillations. At higher B, Shubnikov-de
Haas oscillations gradually appear. Universal conductance fluctuations will be discussed
more in other wire devices parts.

Experimentally, not all devices can perform well, yet this device shows good quality quantum
interference. Thus, other measurements like the current and temperature dependence of AB
oscillations, and the effect of an in-plane magnetic field on AB oscillations were performed.
Further, an LED was used to improve the performance of this device in some measurements.

4.4.4 Current and temperature dependence of the AB oscillations
in single AB ring

Transport measurements over the AB ring were performed under constant rms values of
the ac excitation currents I and under constant T respectively for current and temperature
dependence. Only the device “R082410” was used to study those properties. To ascertain the
bias dependence of the AB oscillation amplitudes, the excitation voltage V... was calculated
for each given I using the known ring resistance (=~ 2.5 kQ2). For the bias dependence
study, T" was fixed to 0.4 K. For the study of the dependence on T, I was fixed at 20 nA,
sufficiently low to achieve a saturation of the measured amplitudes, thereby ensuring that
the finite excitation did not distort the results. The Thouless energy [37]
h h2ky

E.= -
T  miL

(4.1)
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Figure 4.20: The ring magnetoresistance at 0.4 K over B from -0.6 T to 0.6 T. The Aharonov-
Bohm magnetoresistance oscillations (not fully resolved on the scale of the graph) ride on
universal conductance fluctuations. The inset shows a selected narrow range of B around
0.57 T to resolve the oscillations.

is used to as a critical energy scale to analyze the behavior of electrons, which is introduced
in chapter 1.

Figure 4.21 shows that the oscillations weaken as I increases. For a detailed study of the
relationship between I and AB oscillation amplitude, we selected a group of 10 adjacent
periods from 0.01 T to 0.04 T, and calculated their mean amplitude. Results using this mean
amplitude are depicted in Fig. 4.23(a). As I increases beyond a threshold, the amplitude
overall decreases but shows a local maximum at ~ 50 nA. Such non-monotonic behavior was
also observed in other experiments [36], is called the lobe structure, and has been theoretically
attributed to electron-electron interaction.

The T dependence is depicted in Fig. 4.22, showing a weakening of amplitudes with increasing
T. For the analysis the same averaging method was applied as for the dependence on I, with
results contained in Fig. 4.23(b). Within experimental uncertainty, the figure shows a mostly
monotonic decrease with 7.

We notice that variations in I and T' do not modify the modulation in B, as can be ascertained
from Figs 4.21 and 4.22. Unlike B, the parameters I and T hence do not induce new
realizations of the entire mesoscopic system, at least not in the range used in this work. The
AB oscillation amplitude decreases caused by I and T' can be imputed to energy smearing,
discussed above in the context of Eq. 4.1 expressing the Thouless energy scale E.. Using
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Figure 4.21: The excitation current dependence of the Aharonov-Bohm magnetoresistance
oscillations at 0.4 K (data from the same sample as before, yet a different cool-down than
for Figs. 4.9, 4.10 and 4.20). From top to bottom, the excitation current (rms values) is 5
nA, 10 nA, 20 nA, 50 nA, 100 nA, 200 nA and 500 nA respectively. Curves are offset, actual
R(B =0) =~ 2.5 kQ.



Shaola Ren Chapter 4. Electron interference 53

3.4

3.3

R (kQ)

3.2

1 . . . . 1 . . . .
-0.05 0.00 0.05
B(T)

Figure 4.22: The T' dependence of the Aharonov-Bohm magnetoresistance oscillations at 20
nA (data as in Fig. 4.21 from the first sample, yet a different cool-down than for Figs. 4.9,
4.10 and 4.20). From top to bottom 7"is 0.4 K, 0.6 K, 0.8 K, 1.0 K, 1.2 K, 1.4 K and 1.6 K
respectively. Curves are offset, actual R(B = 0) ~ 2.5 k.

L = 7r and the 2DES properties, Eq. 4.1 predicts an estimate of £, = 2.4x107* eV. A critical
excitation current I, can then be estimated by letting AE(I.) = E. (with R = R(B = 0)),
and a critical temperature T, by letting AE(T.) = E. (with x = 3) [38]. The estimates
yield I, =~ 100 nA and T, ~ 1.0 K. When I or T exceed these critical values, averaging over
incoherent channels gains in importance and the AB amplitude weakens proportionally to
Vv E./AE [39, 40]. The data in Fig. 4.23 is in accordance with the estimates of the critical
values and with the I7'/2 and T~'/2 behavior predicted by Eq. 4.1. For finite mesoscopic
systems relying on quantum coherence, such as the interferometric rings studied here, the
Thouless energy hence serves as a predictor for loss of coherence.
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Figure 4.23: The excitation current and 7" dependence of the amplitude of the Aharonov-
Bohm magnetoresistance oscillations (open squares [ and filled circles o represent data from
the first sample at different cooldowns). Panel (a) shows the excitation current dependence
at 0.4 K with a logarithmic scale on both axes. Panel (b) shows the 7" dependence at 20 nA
with a logarithmic scale on the vertical axis.

4.4.5 Spin-orbit Interaction and linear Rashba coefficient o

The spin-orbit interaction happens in this material as a result of structural inversion asym-
metry (SIA) in IngesGag seAs/Ing 45Alp 55As heterostructure. Electrons with opposite spin
possess different Fermi wave vector which leads to two types of Shubnikov-de Haas oscillation.
Figure 4.24 show the Fourier spectrum of Shubnikov-de Haas oscillation of this heterostruc-
ture Ing g4Gag 36As/Ing 45Alg 55As Hall bar at 0.4 K. ny and n4 are used to denote the carrier
density of the two energy bands with opposite electron spin. The two peaks marked with
“spin down” and “spin up” are valued at By = 20.4 T and By = 23.4 T respectively. Ac-
cording to chapter 6 in book [80], ny4) = eB)4)/h, the Rashba coefficient o can be expressed
as a = V2mp*(vVn+ An — v/n — An) = p*|kpy — kpy|, where n is the total carrier density,
An = |ny —ny|, p* is the inverse effective mass u* = h%/(2m?). Under this theory, the total
electron density is n = n; +ny = 1.05 x 10'® m™2 which matches the value obtained by Hall
effect measurement. Using electron effective mass m? = 0.035m,., Rashba coefficient is ob-
tained as o = 1.9 x 10~ eVm. The effective magnetic field given by spin-orbit interaction is
expressed as Bso; = (2kpa)/(g* ), pp is Bohr magneton, kg is the Fermi wave vector given
by the total electron density, if g factor g* = 4 for InGaAs is used, Bsor = 2.1 T, which tells
that there is strong orbit interaction in this InggsGagssAs/Ing45Alg55As heterostructure.
We also note that Bgo; is always in-plane and normal to the wave vector k.
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Figure 4.24: Fourier spectrum of Shubnikov-de Haas oscillation in the heterostructure In-
GaAs/InAlAs (Hall bar) at 0.4 K. The two peaks marked with “spin down” and “spin up”
are the two frequencies of the Shubnikov-de Haas oscillations when plotted versus 1/B. The
inset shows the Shubnikov-de Haas oscillations up to 9 T.
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4.4.6 Applying in-plane magnetic field to single AB ring

In order to apply an in-plane magnetic field to the device, we changed the probe to a probe
with a rotatable socket which is introduced in chapter 3. As the direction of magnetic
field of our setup is fixed vertically and the probe used above does not have a rotation
mechanism. With this rotatable probe, a magnetic field with mixed perpendicular and in-
plane components can be applied to a device.

Figure 4.25 depicts the setup for this measurement. B is perpendicular to the level line.
The device can be rotated an angle between 0° to 90° by a built-in mechanism in the probe,
thus an in-plane magnetic field component Bj can be applied to the device. As shown in
Fig. 4.25, B = B cos 3.

Supplied magnetic field B

Device surface

Level line

Figure 4.25: A schematic graph of the tilted setup.

With this setup, the in-plane magnetic field cannot be applied as exactly as the pure per-
pendicular magnetic field, and its range is also smaller. The tilt angle can be roughly set
by the build-in mechanism. For each angle, a Hall effect measurement is made to calculate
the actual angle as § = arcsin(Ry(5)/Ri(90°)), where Ry(5) and Ry (90°) are Hall coeffi-
cients obtained by a linear fit to classic Hall effect measurements. Although § can be any
value between 0° and 90° theoretically. As we tried to maintain the effective perpendicular
magnetic field step the same in trials with different tilt angle, we cannot set the tilt angle
too small. When [ is below 5°, it requires a large sweep step, which may involve more error
and uncertainty. The value of 5 used in experiments is not lower than 5°.

4.4.7 In-plane Zeeman effect induced Berry’s phase and Aharonov-
Casher phase change in single AB ring

The in-plane magnetic field is expected to generate a Zeeman effect to the 2D electron system.
Zeeman effect can be expressed by H, = ¢*uB in a Hamiltonian, which can introduce a phase
difference to electrons with different magnetic moment in their propagation. As discussed
before, the Thouless energy is the critical energy scale to indicate decoherence of a system.
This study is performed in a regime where the Zeeman term is comparable to Thouless
energy.
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Figure 4.26: A schematic view of an AB ring with spin-orbit interaction. E is the effective
electric field given by SIA of heterostructure. The inset depicts the spin splitting at Fermi
surface due to SOI. In the dashed box, electrons propagate in two directions, the electrons’
states can be described by the two circled positions in k£ space at the inset, and Bgoy is the
effective magnetic field from SOI. The spin direction is parallel to By, due to the Zeeman
effect, By is the total magnetic field one electron feels. This graph only describes the case
for one spin direction with a counterclockwise motion.

In this typical electron interferometer AB ring, not only AB oscillations can be observed, the
Zeeman effect, a spin Berry’s phase and a dynamical Aharonov-Casher (AC) phase are also
revealed. The observation of Zeeman effect and Berry’s phase and AC phase are all related
in our device, and superposed on strong AB oscillations.

The following is an analysis of how the in-plane Zeeman effect causes the Berry’s phase and
AC phase to change, and further leads to a variation in periodicity of AB oscillation as seen
in the Fourier spectrum of AB oscillation becoming broader around the main frequency when
the in-plane magnetic field is large enough.

The AB effect is caused by the magnetic flux enclosed by two electron paths. Considering
spin, two other kinds of phase can be involved, Berry’s phase and AC phase, both requiring
strong spin-orbit interaction (SOI) in the material. Figure 4.26 depicts a setup for this
phenomenon, while the effective vector potential causing the AC phase is shown in Fig. 4.27.

In Fig. 4.26 it is assumed that the applied magnetic field is perpendicular to the 2DES and
hence to the ring plane. In Fig. 4.26 it is also assumed that the spin o and the magnetic
moment p of the electron lie in the direction of By, which is a vector sum of the applied B
and the in-plane Bgor. Hence, the spin and magnetic moment are at angle 6 to the normal.
In Fig. 4.27 for clarity we assume B; = 0, to illustrate the spin state under SOI. Due to SOI,
the spin and momentum (k) are regarded as being locked normally to each other. The states

are labeled as wl/ /i_, with +/— indicating the k direction (— means clockwise and + means
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Figure 4.27: Schematic demonstration of AC effect. (a) and (b) demonstrate the same
physics. For clarity, non orthogonal states for spin up and down are both shown in (a)
and (b). Taking (a) as an example, it’s a typical AB ring. Two electron waves propagate
from the entrance point to the exit position through the left and right arms. The electron
propagates through the left arm with spin up, the state is denoted as wi. The electron
propagates through the right arm with spin down, the state is denoted as 1/1#. k,/— denotes
the propagating directions, k, means counterclockwise, k_ means clockwise. o/~ denotes
the spin directions, ot means spin up, ¢~ means spin down. The magnetic moment g is
determined by spin o. The effective vector potential is determined by pu x E, where E is the
effective electric field due to SOL ¢! accumulates negative AC phase when it reaches exit

point, dji accumulates positive AC phase when it reaches exit point.
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counterclockwise) and 1 / | the spin orientation relative to k. It can be shown [42, 43] that
in a ring geometry only states with opposite k (+/—) and opposite spin orientation relative
to k (T / ) will yield interference terms. Those opposite k states also, when propagating
around the ring, will accumulate a relative phase difference due to AC phase. We regard

1
the AC phase as originating in an effective vector potential Ayc = —p x E, where E is

the effective Rashba electric field generated by the SIA in the heterostructure, and p lies
in-plane and normal to k. In Fig. 4.27, the states 1/)# and ¢!, and the states Qbi and "
lead to interference terms ((¢%[yp1) # 0, (] [") # 0). Two types of accumulated spin-
induced phases will lead to a modulation of the interference. Firstly, A ¢ will lead to a
dynamical phase, akin to the AB phase, referred as ¢ac (B, ). Its dependence on an applied
B is made explicit here. Secondly, when applying B, the angle 6 (Fig. 4.26) will induce
a geometrical Berry’s phase, ¢pery(B1). The applied B, also leads to the usual AB phase
and accompanying interference.

There is a detailed discussion of Hamiltonian and wave functions considering SOI and its
induced AC effects in the literature [42, 43, 44, 45, 46, 47]. In the setup as Fig. 4.26, using
these theoretical results, we express the wave function of electron propagating counterclock-
wise and reaching the shadowed exit area of the ring in Fig. 4.26. If we denote by 1/1:”1 the
wave function at the entrance of the ring (dashed box area), for clarity, we use the notations
in Fig. 4.27, then ¢\, = 0", exp(i(¢p — T712B/ o — 0.50pary (B1) — 0.56a0(B1))), where
¢p is the dynamic phase kAL induced by the momentum over a path length AL, and the
term ¢y = h/e represents the flux accumulated by a 2m AB phase. We denote ¢pe,ry(B1) as

Gperry(B1) = m(1 — cosf) = (1 — By /1/B? + B%,;) (4.2)
and ¢ac(BL) as
(bAc(BJ_) = 27Tm*7’OéSi1’19/h2 = 27rm*rongOI/( Bi + B§01h2) (43)

Those phases are accumulated over a fulll revolution around the ring, hence the factors 0.5.
Similarly, @biwt = @Di’mexp(i(aﬁp + 7(7r*B1)/Po + 0.5¢Berry(B1) + 0.5¢ac(B1))). The signs
before 7(7r2B1)/do, Pperry(B1) and ¢ac(B.) of the two half opposite directed trajectories
are always opposite. We note that the sinf in ¢ 4o appears due to the fact that p lies parallel
to By (Fig. 4.26) and hence pu x E = pEsind.

If spin is ignored, the interference term of two electron waves from the two arms of AB
ring at the exit point in Fig. 4.27 can be expressed as (v [1)_) = A_A cos(2m(7r?B,)/dy),
where A_ and A, denoting the amplitudes of the two wave functions of the arms. This result
assumes the left and right arms are symmetric, thus ¢_(B, ) and ¢, (B,) gain an identical
dynamic phase ¢p (B, ) which is canceled in (14 |¢_). In a magnetotransport measurement,
an oscillation with the expected periodicity of the AB effect appears. We denotes ¢pap(B1) =

21 (mr’B.)/ bo.
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The following demonstration of interference considering spin is based on Fig. 4.27. In-
terference of wi and ¢! yields (w_ﬂwi) = AiAT_cos(quB(BL) — OBerry(BL) — ¢ac(BL)).
Interference of ¢} and " yields (¢ |¢*) = AL A* cos(dap(BL) + dperry(BL) + dac(BL)).
The notations of Al//i_ are the amplitudes of the corresponding wave functions.

Berry’s phase and AC phase modify the periodicity of AB oscillation. However, this mod-
ification is not visible in a magnetotransport measurement. As the applied perpendicular
field B, varies one period By (due to ¢ap + @perry + ¢ac) from B;; to By, the AB phase

change ¢ap(B.) is almost 27, Berry’s phase change is Adperry = |Byri/4 /B,Qu + B, —

By [/ B? + B%,,;|, AC phase change is A¢ac = |Bsor/ s /B?L + B%,;,—Bsoi1/\/B? + B%,;|.
In our experiment, Bp is around 0.0028 T, Bgo; is around 2.1 T calculated in previ-
ous section. If we take the initial perpendicular magnetic field B;; = 0.1 T, we will get
A@perry = 0.001 rad and Agac = 0.0001 rad. Thus the effect of Berry’s phase and AC phase
on frequency of those oscillations in magnetotransport measurement is small. However,
Berry’s phase and AC phase can give an observable effect on modulation of amplitudes.

The oscillation part of total interference considering spin can be expressed as P,(B,) =

AL AT cos(pap(BL) = Gperry(BL) = dac(BL)) + ALA  cos(¢ap(BL) + perry(BL) +dac(BL)).

When a large enough in-plane magnetic field is applied, the condition for Berry’s phase and

AC phase to accumulate is strongly modified,because the in-plane magnetic field component

By will be vectorially added to Bgor. Berry’s phase and AC phase will be modified in a
[

complex way.

If assuming AB ring’s left arm and right arm are symmetric and AiAT_ = AlAi, then

Py(B1) = 2A% AT cos(¢perny (B1) + dac(B1))cos(dan(BL)) (4.4)

As B varies, cos(¢perry(B1) + ¢ac(B.)) will modify the amplitude of AB oscillation. If only
perpendicular magnetic field is applied, the amplitude modulation is caused by a mixture of
Berry’s phase and AC phase and other factors (only B, is considered) which were discussed
in our previous paper [48] and other literature [34]. However, if an in-plane magnetic field
is applied, it will modify ¢perry(B1) + ¢pac(B1) even without B, change. If an amplitude
difference between two AB oscillations with different in-plane magnetic field B and the same
perpendicular magnetic field B, is observed, this difference should be caused by the change
of Berry’s phase and AC phase (Eq. 4.5).

Our observation of the expected phenomenon is presented below. References [49, 50] also
observed a similar phenomenon and denoted it as an AC phase. In their experiment, gate
voltage was applied to change Rashba coefficient o, thus inducing a change in AC phase. In
our experiment, in-plane magnetic field was applied to modify Berry’ phase and AC phase.

Using the tilt setup, we can apply an in plane magnetic field to the AB ring. We performed
this experiment at 1.2 K. The current through AB ring is 20 nA. Two regimes were focused
on, perpendicular magnetic field B; around 0 T and B, around 0.15 T. Those measured
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results are shown in Fig. 4.28.

Obvious modulation can be observed in almost every curve in Fig. 4.28. The main reason
for the modulation was explain in [48]. The nonzero width of AB ring arm causes a flux
modification for the AB oscillation. Shadowed stripes are used to separate the total data
into 20 groups. Each group has the same perpendicular magnetic field. As we discussed
before in [48], where only perpendicular magnetic field B is considered, strong correlation
happens within a region of 0.007 T on average. It means when B varies by more than 0.007
T, the states in the 2DES tend to be changed. This change leads to a modification of the
shape of AB oscillation, presenting as modulation. Thus it doesn’t matter how to separate
the data into groups, as long as the span range is not too large to reduce the difference
between average amplitudes of different curves within one stripe.

The expression of Berry’s phase and AC phase stated previously are valid when the in-
plane Zeeman effect can be ignored. Using the Rashba coefficient of this heterostructure
a =19 x 107! eVm obtained in last section, we have

GBerry + 0ac = 11.3msing + 7(1 — cosh) (4.5)
0 is calculated by
tanf = BSOI/BL (46)

If the in-plane Zeeman effect is large enough, 6 varies during one revolution. This causes
cos(PBerry + Pac) in Eq. 4.4 to vary at the same B, but different Bj and gives a modification
to the amplitude of curves with different B) at the same B region. Taking the stripes 4, 8,
11, 15, 19 in Fig. 4.28 as examples, 6 does not vary much in each group when in-plane Zeeman
effect is small. The center B in each group is used to calculate the value of cos(¢perry +dac)
without considering the in-plane magnetic field. The center B for stripes 4, 8, 11, 15 and 19
are 0 T, 0.08 T, 0.111 T, 0.166 T and 0.214 T. The corresponding values of cos(¢perry + P ac)
without considering in-plane magnetic field are 0.588, 0.699, 0.747, 0.833, 0.904. As B,
increases, cos(@perry + ¢ac) is modified, and AB oscillations amplitude changes even at the
same perpendicular magnetic field.

Looking at the data in stripe 15, the oscillations amplitudes are small with larger tilt angles
and become large when the tilt angle is 6°. This means cos(¢perry + ¢ ac) is small when only
considering B, according to Eq. 4.4, but the value calculated above is 0.833. One possible
reason for this mismatch is that Eq. 4.2 and Eq. 4.3 are sensitive to Bgor and a. But Bsor
and a are obtained experimentally, and have errors. Thus we shouldn’t rely on the concrete
value, but the changing of ¢perry + Pac. AS Gperry + Gac varies, the amplitudes of AB
oscillations vary correspondingly.

The amplitude change may be caused by other reasons. If the same experiment is performed
on a device without SOI and no amplitude change is observed, then we could be sure that
the phenomenon happened in our experiment is caused by change of ¢perry + G ac-
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Figure 4.28: Measurements in a tilted setup as depicted in Fig. 4.25. The tilt angle g varies
between 6° and 90° from top to bottom. In-plane magnetic field is By = B, /tan. The
curves background was removed and curves’ vertical positions are offset for clarity. (a) are
results around 0 T, (b) are results around 0.15 T. Shadowed stripes on curves indicate a
group of AB oscillations. As we discussed in [48], strong correlation is within a region of
0.007 T for B, averagely. There is no meaning to compare oscillations horizontally, only
but vertically in each shadowed stripe. The total field is greater than 0.5 T in the regions
marked with solid boxes. The value 0.5 T is obtained by setting the Zeeman energy to equal
the Thouless energy.
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Figure 4.29: The figures are related to the 90° curve in Fig. 4.28(a). (a) depicts the relation of
O Berry +¢@ac and 6 (Eq. 4.5). In (b), the red solid curve shows the value of cos(¢peny + @dac),
with ¢perry + ¢ ac obtained in (a); the black line with dots shows the normalized oscillation
amplitudes obtained from the 90° curve in Fig. 4.28(a), corresponding to the right vertical
axis.
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Figure 4.30: The figures are related to the 90° curve in Fig. 4.28(b). (a) depicts the relation
of @perry+0ac and 6 (Eq. 4.5). In (b), the red solid curve shows the value of cos(¢perry+@ac),
with ¢perry + ¢ac obtained in (a); the black line with dots shows the normalized oscillation
amplitudes obtained from the 90° curve in Fig. 4.28(b), corresponding to the right vertical

axis.
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Figures 4.29 and 4.30 contain an analysis of the 90° curves in Fig. 4.28. We extracted the
oscillation amplitudes and their corresponding B,. With B, we obtained 6 by Eq. 4.6.
Then ¢perry + ¢ac was obtained by Eq. 4.5, which are shown in Fig. 4.29(a) and 4.30(a).
Thus we could create datapoints of (¢perry + Pac, normalized oscillation amplitude), with
the data shown by the black curves with dots in Fig. 4.29(b) and 4.30(b). The solid red
curves in Fig. 4.29(b) and 4.30(b) are cos(¢perry + ¢ac and ). Those figures tell us that
the value of cos(@perry + ¢ac is not consistent with the experimental normalized oscillation
amplitudes. This means the modulation is caused by more factors than ¢gery + ¢ac, as we
expected.
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Figure 4.31: Fourier spectrum of the measurements in Fig. 4.28. (a) is for Fig. 4.28(a), and
(b) is for Fig. 4.28(b). These Fourier spectrum curves are offset vertically for clarity.

Figure 4.31 shows the Fourier spectra for the results in Fig. 4.28. The peaks show the h/e
AB oscillation mode. When the in-plane magnetic field B increases, Fourier spectra tend
to have a more broad spectrum compared to the data with same B, but lower B). This
means that the quantum interference between states is increasingly affected by increasing
By. This leads us to identify another mechanism by which our AB oscillation data in in-
plane magnetic field can be explained, possible operating in addition to the spin-induced
mechanism explained above. This mechanism (below) is based on the concept of Thouless
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energy. In [48] we used Thouless energy [37] Erj, as energy scale to indicate the effect of a
perturbation on a 2DES. E7;, = 0.24 meV was obtained. If the perturbation energy is greater
than this value, the features of AB oscillations change. Previously we discussed dephasing,
now we look at the Fourier spectra of AB oscillations at different in-plane magnetic field.
The Zeeman energy Hy = —g*ugB is a perturbation term. Setting Er, = g*ugB, a critical
field B, = 0.5 T is obtained. In Fig. 4.28, the regions with total magnetic field greater than
0.5 T are marked by solid boxes. The Fourier spectra for those data sets with solid boxes

have a more wide and fuzzy spectrum, which is consistent with the effect of Thouless energy
Epp.

4.5 AB ring array

The above single AB ring gives strong AB oscillations. This section will present oscillations
in a 5x5 AB ring array. There are two types of interferometry involved in this device, Mach-
Zehnder interferometry and Sagnac-type interferometry. Those two types interferometry are
depicted in Fig. 4.32. MZ interferometry relies on spatial symmetry, Sagnac-type interfer-
ometry relies on time-reversal symmetry. In our experiments, the device is loaded into 0.4
K environment, and a perpendicular sweep magnetic field is applied. As the magnetic field
varies, an oscillation of electron interferometry is observed, the oscillation of MZ interferom-
etry is AB oscillation and the oscillation of Sagnac-type interferometry is AAS oscillation.

AB oscillation has a periodicity in magnetic flux —, AAS oscillation has a periodicity in
e

) h
magnetic flux —.
2e

In the following discussion, two concepts are used, local flux and non-local flux, which are
defined as Fig. 4.33 shows. In an ideal AB effect setup, magnetic flux only threads through
the central area where electron is not passing, which is the non-local flux. Practically, we
apply a uniform magnetic field to the device, and the magnetic flux threading the electron
path, which is the local flux affects electron interference. When we calculate the periodicity
of oscillations, only the non-local magnetic flux is counted. The local flux causes the AB
oscillation to have a modulation over magnetic field which is discussed in previous section
4.4. In this section, we will discuss how the local flux breaks time-reversal symmetry by
analyzing AAS oscillations over magnetic field.

4.5.1 Overview of AB and AAS oscillations in AB ring array

In a ring chain, the electron path’s geometry is more complicated than a single ring, however,
concerning the periodicity of oscillations, we can treat each ring individually. The phase
information of each branch is in fact reserved when electron travels from one ring to another.
Figure 4.34 depicts the situation of the AB effect in a chain of rings. Initially, an electron
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Figure 4.32: (a) Mach-Zehnder (MZ) interferometer, based on trajectories in spatially sep-
arate arms. (b) Sagnac-type interferometer, based on exact time-reversed trajectories (for
clarity, trajectories are shown spatially non-overlapping).

local flux ¢
inarms

non-local flux ¢

Figure 4.33: Schematic graph to show local flux and non-local flux, the red ring area is
electron path, the green central area excludes electrons.
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beam splits into two branches by the first ring, before electrons travel to the second ring,
the two electron branches unite into a new beam with its own phase information, and this
chain performs as a juxtaposition of two individual AB rings. There may exist some paths
as the red dashed lines show, which is ignored in the analysis below.

Figure 4.34: AB effect in a chain of rings, the first ring splits the original electron beam
into two branches, before they travel to the second ring, these two branches unite into a new
electron beam. Solid dark blue lines depict one most likely electron path, dashed red lines
depict another choice of electron path.

For different parallel chain of rings, as the space between each chain is about 2.2 ym which
is greater than the quantum interference scale, the interference between these chains can be
ignored.

Therefore, as concerning the periodicity in B, the 5x5 AB ring array can be taken as 25
individual AB rings combined together, which simplifies the analysis a lot and turns out to
be consistent with the observed result.

Sagnac-type interferometry (AAS oscillation) is slightly more likely to happen when AB
rings are connected as a chain at low magnetic field. Figure 4.35 depicts the situation when
Sagnac-type interferometry happens, solid green line and dashed red line indicate the two
directed paths of electrons. Considering the counter-clock-wise solid green line electron path,
if the structure only contains a single AB ring, there could be more possibility for the electron
to go forward when half circle is passed than the situation when two AB rings are connected.
When electron reaches the neck between these two rings, there is slightly more possibility for
the electron to go backward along the ring than the single AB ring case. Then the electron
forms a full circle path. This also happens to the clock-wise traveling electrons. Note that
below we present the reason why the MZ interference oscillations are happened in an array.
Electron interference happens when electrons in these two directed full circle paths meet at
the incident position.

The AAS oscillations reveal the time-reversal symmetry of electrons in this mesoscopic sys-
tem. When a large enough magnetic field is applied to this mesoscopic system, time-reversal
symmetry is broken, however, while when the field is weak enough, AAS oscillation can still
be observed.
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Figure 4.35: A schematic description of AAS oscillations in an AB ring. The solid green
line and dashed red line indicate the two directed paths of electrons, they are time-reversed
states of each other. A magnetic field is applied uniformly across the rings’ surface.

In a single MZ interferometer the spatial asymmetry between the two arms, originating in
fabrication and materials imperfections, can give rise to an additional phase shift between
two partial waves if each samples only one arm [54, 55, 56]. Hence if a finite number
of MZ interferometers are concatenated, ensemble averaging will diminish the measured
conductance oscillation amplitude [57, 58, 59, 60, 61, 62]. Yet, trajectories through the
interferometer arms exist which are immune to such spatial asymmetry, namely exact time-
reversed trajectories which probe both interferometers arms in a time-reversed scattering
sequence. Via the AB phase the time-reversed trajectories give rise to AAS conductance
oscillations, and these survive ensemble averaging over a network of interferometers [54, 57,
63, 64, 65, 66]. Interference phenomena relying on time-reversed trajectories are typical of
Sagnac-type interferometers (Fig. 4.32(b)).

The AAS oscillations, induced by the AB phase but relying on time-reversal symmetry, ap-
pear with a periodicity in ¢ of h/2e since they enclose the flux twice. In the same mesoscopic
ring geometries (Fig. 4.32), the AB phase thus induces both MZ interferometric oscillations
relying on spatial symmetry and with periodicity h/e, and Sagnac-type interferometric oscil-
lations (AAS oscillations) relying on time-reversal symmetry and with periodicity h/2e. In
large arrays of interferometers, ensemble averaging and spatial asymmetry will lead to dom-
inance of the h/2e AAS oscillations over the MZ oscillations. Yet AAS oscillations require
time-reversal symmetry, broken by B. If magnetic flux penetrates the interferometer arms
(which we will refer to as local ¢), rather than only the space between interferometer arms
(non-local ¢), then time-reversal symmetry in the arms will be broken and the AAS oscil-
lation amplitude will decay [54, 58, 63, 66, 67, 68]. Typical experiments are performed by
applying a uniform B, resulting in both local and non-local ¢, and hence an AAS amplitude
diminishing with | B| is observed. This decay of the AAS quantum interference phenomenon
is akin to the disappearance of the quantum corrections of weak-localization and antilocaliza-
tion with increasing |B|. In contrast MZ oscillations relying on spatial symmetry, nominally
survive to high B. In MZ interference, rather than a decay of the amplitude, a modulation
of the amplitude approximately periodic in the local ¢ is observed [48].
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Figure 4.36 depicts the measurement configuration of a 5x5 AB ring array. A low frequency
AC current with constant RMS value is supplied through contacts 1 to 5, the voltage signal
is collected from contacts 8 and 7 or 8 and 6. A magnetic field perpendicular to the surface is
supplied during measurements, varying from -2.3 T to 2.3 T, with experimental steps below
1G.

Figure 4.36: Schematic view of the measurement configuration of a 5x5 AB ring array.

Several cool-downs were performed on this device and a fine magnetic field step (about
1.15 G above 600 G, 0.7 G below 600 G) sweep was performed in the whole magnetic field
range that this system can reach. AAS oscillations were observed in range -200 G to 200 G,
AB oscillations were observed in the whole range -2.3 T to 2.3 T, the results are shown in
Fig. 4.37, 4.38, 4.39.

The heterostructure material used for this AB ring array device is the same as the material for
the previous AB ring device, however an LED was used for this device fo the measurements.
Therefore the property of the 2DES was altered slightly. The 2DES density n = 1.1 x 10'2
cm~? is calculated from Hall coefficient at 0.4 K, the 2DES resistivity is pop = 120 Q/O
at 0.4 K, the corresponding mobility is p = 4.7 x 10* cm™2/(Vs). These are the transport
property values after LED shone on the device for a while to excite more carriers. Compared
to the original material, n increases about 7%, psp increases and u decreases, the mean free
path [, decreases from 1.73 pm to 1.54 pum.

4.5.2 AAS oscillations at different magnetic field regime

This Sagnac interferometer has strong oscillation signals at low field. The signal is a com-
bination of AAS oscillations and AB oscillations. At high field, only AB oscillation exists,
which can be seen clearly from Fig. 4.40. Figure 4.40 is Fourier spectrum of oscillations in
different magnetic field ranges with a span of 400 G so as to contain a sufficient number of
oscillations.
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AB oscillations in a 5x5 AB ring array at magnetic fields from 0.2 T to 1.4 T.
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AB oscillations in a 5x5 AB ring array at magnetic fields from 1.4 T to 2.3 T.
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Figure 4.39: AAS and AB oscillations in a 5x5 AB ring array at magnetic fields from -0.1
T to 0.2 T. AAS oscillations are stronger in panel (a) than panel (b).

As shown in Fig. 4.39(a), the array yields a strong weak antilocalization (WAL) positive mag-
netoresistance background, on which interference oscillations ride. To enhance the visibility
of the low magnetic field AAS oscillations, we remove the magnetoresistance background for
further discussion of AAS oscillations.

Figure 4.41(a) focuses on R(B) versus B at low magnetic field, spanning £200 G. Upon
removal of the WAL background in Fig. 4.41(b), AAS oscillations clearly appear for B <
50 G. The Fourier spectrum corresponding to Fig. 4.41(b) is contained in Fig. 4.41(c). In
the spectrum the AB oscillations produce a maximum at 1/B = 360 T~!, corresponding to
periodicity ABsp = 27.8 G, and the AAS oscillations produce a maximum at 1/B = 750
T-!, corresponding to periodicity ABsas = 13.3 G. The Fourier transform confirms that
ABaas ~ %AB ap and yields values close to geometrical expectations, hence corroborating
the existence of AB h/e and AAS h/2e oscillations in the range +£200 G.

Figure 4.40 depicts Fourier spectra illustrating the decay of AAS oscillations with increasing
B, caused by time-reversal symmetry breaking and quantitatively described by the shorten-

ing of Le with increasing B (L¢ = | /Z;Q + L]_g2 in chapter 1). It is noticeable that whereas

the AAS oscillation amplitude decays with increasing B, the AB oscillations maintain ap-
proximately constant amplitude. Figure 4.38 also demonstrated that AB oscillations survive
essentially unaffected at higher B. Figure 4.42(a) depicts the AAS (h/2e) Fourier ampli-
tude versus B as obtained from Fig. 4.40. The coordinates contains the height of the h/2e
Fourier component, while the B axis corresponds to the center value B of the Fourier trans-
form spans. Thus, the first data point lies at B = 0.01 T, and the subsequent data points at
0.04 T, 0.08 T, 0.12 T and 0.16 T. Figure 4.42(a) clearly shows the decay of the AAS oscilla-
tions amplitude with increasing B. We note that oscillations periodic in h/2e can in principle
also occur as higher harmonics of AB oscillations. However, AB oscillations contribution in
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Figure 4.40: Fourier transformation of AAS and AB oscillations in the interferometer array.
Fourier spectrum in (a) is for magnetic field -0.02 T to 0.02 T, (b) 0.02 T to 0.06 T, (c)
0.06 T to 0.10 T, (d) 0.10 T to 0.14 T, (e) 0.14 T to 0.18 T, (f) 0.32 T to 0.36 T, (g) 0.84
T to 0.88 T, (h) 1.32 T to 1.36 T, (i) 1.80 T to 1.84 T and (j) 2.16 T and 2.20 T. As the
magnetic field increases, the AAS oscillation component in Fourier spectrum becomes less,
and invisible finally, however, the AB oscillation component is almost unchanged.
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Figure 4.41: (a) R(B) versus B at low B spanning +200 G; (b) After removing the WAL
positive magnetoresistance background from (a), AAS and AB oscillations clearly appear.
(c) Fourier transform of the data in (a) with two peaks clearly marked out: the h/e peak
corresponding to AB oscillation and the h/2e peak corresponding to AAS oscillation.
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Figure 4.42: Fourier component amplitudes (arbitrary units) versus B (B—values determined
as explained in the text). (a) AAS (h/2e) Fourier component versus B, illustrating the decay
of AAS oscillations with increasing B. (b) AB (h/e) Fourier component versus B, illustrating
the lack of monotonic decay of AB oscillations with increasing B.
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ring array will be small due to ensemble averaging. The observed decay with increasing B of
the h/2e component also strongly favors its identification as an AAS contribution. Using the
same method, Fig. 4.42(b) depicts the height of AB (h/e) Fourier component versus B over a
wider range of B, demonstrating that although AB oscillation amplitude varies due to local
magnetic flux, no monotonic decay with increasing B is apparent. The different behavior
of AAS and AB oscillation originates in the different symmetries, respectively temporal and
spatial which they are sensitive to.

4.5.3 Magnetic dephasing length Lz(B) and time-reversal symme-
try breaking

At low temperatures T in solid-state systems, many factors can contribute to reduction
of oscillation amplitudes, such as decoherence by fluctuations in the electromagnetic back-
ground (Nyquist decoherence) [51, 68, 69, 70], by particle leakage from the quantum system
(dwell-time-limited decoherence) [68, 71], and by energy smearing from excitation exceed-
ing the Thouless energy [48]. These mechanisms lead to irreversible dephasing, referred to
as decoherence [72], and determine the phase coherence length [y, defined as the distance
electrons travel before their quantum phase is randomized by inelastic scattering processes.
The characteristic length over which time-reversed partial waves dephase in B due to the
accumulated AB phase is a magnetic length Lg, which can be estimated from the quantum
interference effects of the AB phase. In an unconfined system, a closed trajectory will accu-
mulate a unity quantum phase if the trajectory encloses a magnetic flux f/e. Defining the
area enclosed by the trajectory as L%, we find Ly = I, = \/h/(eB). Lp is the character-
istic length for breaking of time-reversal symmetry and enters in expressions of decoherence
analogously to l,. The corresponding decoherence and dephasing rates (inverse times) can
be added according to Matthiessen’s rule [67, 73, 74]. In a diffusive approach, [, and Lp
are related to the phase coherence time 7, and magnetic dephasing time 75 respectively by
lg = /D7y and Lp = /D7, where D is the diffusion coefficient. The effective coherence
length Lo combining both effects hence is obtained as

Lo = (1% + L3 (4.7)

The expression Lg = y/h/(eB) only applies to unconfined systems, and Eq. 4.7 supposes
diffusive transport. Expressions for Lp have been derived extending the range of applica-
bility to confined [73], and ballistic [75, 76] systems, as explained below. Yet, hitherto the
expressions have not been put to a direct comparative experimental test. The work below
demonstrates the applicability of the expressions for Lg to quantum transport at low 7" by
using the intensity of AAS oscillation. A strong correlation between the Fourier amplitude
of the AAS oscillations and a length Lpg is observed. By fitting the Fourier amplitude of
AAS oscillations, we experimentally derive values for the mesoscopic time-reversal symmetry
breaking length Lpg as function of B.
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Due to spin-orbit interaction in the InGaAs/InAlAs heterostructure, a weak antilocalization
(WAL) [64, 70, 74, 77, 78] background in the magnetotransport is also observed.

The magnetic dephasing length Lp(B) assumes different forms depending on the relative
values of [, = \/h/(eB), l. and w. As mentioned, in an unconfined system without impedi-
ment to flux accumulation over a closed path and where necessarily [,,, < w and [, < w, we
have the unconfined diffusive expression for Lz (B)

Ly=1, (4.8)

Still in the diffusive regime (I, < w) and with diffusive boundary scattering, yet in a narrow
wire and at low B with [,,, > w, such that boundary conditions at the wire edges modify the
Landau level states, we have [73]

L = V32w (4.9)

In the diffusive regime but where [, ~ w, a crossover expression [79] can be applied,

Ly = /2, + 302 juw? (4.10)

In the ballistic regime where [, > w, and at low B limited by [,, > +/wl., we have an
expression taking flux cancellation into account [75, 76]

L = lypy/Cii2,1.Jw? (4.11)

Still in the ballistic regime (I, > w), and at intermediate B such that w < [,,, < vwl., we
have a crossover expression [75, 76]

Lp = lyp/C112, 1. /w3 + Col2 Jw? (4.12)

C; and C, are numerical constants with values depending on whether the boundary scattering
at wire edges is specular or diffusive. Specular boundary scattering is expected in wires
fabricated from the InggsGag 3eAs/Ing45Alp55As heterostructure due to the presence of a
depletion layer at the wire edge. For specular boundary scattering in a 2DES, C; = 4.75 and
Cy = 2.4. The ring array, with w ~ 100 nm, and [, = 1.54 pum, should satisfy the ballistic
condition.

With knowledge of Lg(B) and [, Eq. 4.7 provides the effective coherence length Lo(B). In
order to determine which model (Eq. 4.8 - Eq. 4.12) fits the experimental data best, we have
to introduce a method to map the AAS oscillation amplitude to the coherence length L.
For a quantum-coherent interferometer array [64, 65], an expression more complex than an
exponential decay with characteristic length Lo is appropriate as

A=a(Le/L)(1 —Tanh(L/Lc)) (4.13)

where A is amplitude is AAS oscillation, « is a constant factor, and L = nr. At low B,
we can assume Lp > [y, such that Lo ~ [, = 3 pm. We thus use the data point at
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the lowest B = 100 G in Fig. 4.42(a) to calibrate a using Le = 3 pum in Eq. 4.13. For
the remaining 4 points, the value of Lo (B) can then be obtained, and hence the value of
Lp(B) experimentally determined using Eq. 4.7. The results are depicted in Fig. 4.43. The
calibration point at B = 100 G lies off the graph since for this data point Lp is assumed
very long; a guideline was used to connect this point to the remaining data. Figure 4.43
also plots values of Lp calculated from Eq. 4.8 - Eq. 4.12. The model described by Eq. 4.12
provides the best match to the experimental values of Lp.

12

0.00 0.04 0.08 0.12 0.16
8(T)

Figure 4.43: Calculated values of Ig according to different models, {1 is Eq. 4.8, {2 is Eq. 4.9,
f3 is Eq. 4.10, {4 is Eq. 4.11, 5 is Eq. 4.12 (curves for Eq.4.9 and Eq.4.10 mostly overlap for
the present paramters and cannot be distinguished on the graph). The data labeled with
f shows the values calculated from experimental data according to Eq. 4.13. Details about
the method are explained in the text.

The result that the calculated experimental data for Lg(B) follows Eq. 4.12, is reasonable.
The system is confined to a wire of width w and is in ballistic regime, with [, > w. Hence
Eq. 4.8, 4.9 and 4.10 are not expected to be suitable, and the data indeed bears out this
observation. The condition /,, > v/wl, for Eq. 4.11 implies that B < 38 G. In Fig. 4.43,
B exceeds 38 G, and hence Eq. 4.11 is not expected to fit the data except at the lowest B
where no independent data is available. Using the condition w < [, < vwl., we obtain
38 G < B < 660 G. The condition implies that Eq. 4.12 is expected to match the data in
this range of B. The experiment bears out that in fact Eq. 4.12 provides a good description
of Lg(B) not only in this range, but beyond B = 660 G. We also note that at the higher
B, Cy can be set to 0. However, since our data is obtained from -200 G to 1800 G, a range
that includes low B, the full crossover expression given by Eq. 4.12 provides a prediction for
Lp(B) valid over a wide range of B in our ballistic system.
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A single ring in the array has a circumference about 4 ym. We can thus expect that when
Lg(B) is smaller than this value, the AAS oscillation amplitude should decrease significantly.
The data in Fig. 4.43 is consistent with this expectation, as the Fourier transform height of
the AAS oscillations almost merges into the background for Lg(B) < 3 um. We note that
an increase in AAS oscillation amplitude can be achieved by excluding the local magnetic
flux from the interferometer arms, although an experimental realization of this approach will
prove challenging. Alternatively, narrowing w will yield a more practical avenue to increase
the AAS oscillation amplitude, as in Egs. 4.9-4.12 L will lengthen with narrowing w. Insight
in this relation follows from considering that if a closed path is constrained to w along a
transverse direction in a wire, acquiring a given AB phase will require that the partial wave
travel over ~ [2 /w in the longitudinal direction, which becomes the effective free length for
AB phase accumulation, or hence the effective magnetic length and time-reversal symmetry
breaking length. The lengthening of Lp with narrowing w hence has a geometrical origin, in
a delay of accumulated local magnetic flux to higher B. The AB oscillations are not similarly
affected by the local magnetic flux, as the AB interference does not rely on time-reversal
symmetry and hence remains unaffected by Lp.

4.5.4 Phase coherence length in an AB ring array

The phase coherence length l4 is defined as the distance electrons travel before their quantum
phase is randomized by inelastic scattering processes, and, at low 7', [, can reach a few
pm [51]. The amplitude A of the AB oscillations observed in an electron interferometer
exponentially decays [52, 53] with the electron path length [, as:

A(l) = Apexp(—1/ly) (4.14)

where A is a prefactor dependent on energy smearing via the thermal energy kT (where
kp is the Boltzmann constant) and via voltage or current bias. For an AB ring, the h/e
oscillation period corresponds to a path length [ = 7r and is the strongest component in
the frequency spectrum in R(B). A weaker component at h/2e often exists, corresponding
to a path length [ = 27r. We can ignore the AAS oscillation when the magnetic field is
high enough, as the following data was obtained above 0.12 T where the AAS oscillation is
pretty weak from the above analysis. Rarely a component at h/3e is observed, corresponding
to a path length [ = 37r. From the experimentally observed amplitudes in the frequency
spectrum and using the correspondence between the h/ne mode and the path length [ = nzr,
Eq. 4.14 allows [, to be deduced [53]. The mobility mean free path forms another important
length scale, limited by elastic momentum scattering processes, and defined as [, = vpTe,
where vp is the Fermi velocity, 7. = um; /e is the momentum relaxation time derived from
the mobility u, and m} represents the electron effective mass (m; = 0.035m, at the I'-point
in our system, where m, represents the free-electron mass). Our rings are in the quasi-
ballistic regime, where [, approximately equals the path length 7r, and ballistic, rather than
diffusive, expressions are used to describe mesoscopic transport phenomena.
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Figure 4.44: The fit to Eq. 4.14 to extract phase coherence length [4. The inset shows the
Aharonov-Bohm magnetoresistance oscillations used for the Fourier transform, itself depicted
as the black solid line in the main graph. The red line with open circles depicts the fit to
Eq. 4.14.

The Fourier spectrum of R(B) can be used to deduce I, by applying Eq. 4.14, as outlined
in the introduction. Figure 4.44 demonstrates the process, yielding the value Iy = 3 pm at
T = 0.4 K. The low excitation current (I = 20 nA rms) and low 7" used to obtain the data for
the fit to Eq. 4.14 ensures that distortion of the value of 4 by energy smearing is minimized.
The value [, > [, = 1.7 ym shows that at low 7" inelastic phase breaking scattering events
will indeed be rarer than elastic momentum scattering events. We note that phase coherence
is in our samples mostly maintained over a length longer than 77, explaining the observation
of a strong AB effect.

4.6 Mounting LED to improve device performance

Interference oscillations are very strong in our measurements, even at 1.2 K. But at the
beginning of the experiments, the quantum interference usually decayed away when 7' reaches
above 1.0 K. We improved the device performance by mounting an LED to in proximity to
the sample. Figure 4.45 shows the device “R082410” mounted with an LED.
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Figure 4.45: An LED is mounted on the device “R082410”.

This technique turns out very useful for our heterostructure (n-type). The LED was tested
to work successfully from room temperature to 4.2 K before it was mounted to the real
device, although I didn’t test it below 4.2 K. According to later results, this kind of LED
works well below 4.2 K and above 0.4 K. Before using a particular type of LED, a test is
necessary, as many types of LED won’t work even at liquid nitrogen temperature.

When the system’s temperature cools down to the target point, we turn on the LED at
a current of 10 pA (this value may vary for a different type of LED) for several seconds.
The device’s resistance decreases as photons excite more carriers in the device. When the
LED is turned off, device’s resistance will increase and after a while it will stabilize for
measurements. This process can be repeated several times if you are not satisfied about the
results and not sure about the quality of the device. However, if measurements need to be
compared with each other, LED use between different measurements is not recommended,
as the state of the device will be changed by use of the LED.



Chapter 5

Hole system in p-type GaAs/AlGaAs

The materials used in this chapter are p-type GaAs/AlGaAs heterostructure (L. Pfeiffer,
Princeton), a Si-doped asymmetric quantum well in GaAs/Alj 35Gag g5As (named M423) and
a C-doped symmetric quantum well in GaAs/Alg 24Gag76As (named 94121). They have much
higher mobility than the n-type material we investigated before. We focused on studying
magnetoresistance of thin wires to explore antilocalization, quantum coherence and spin
coherence in these p-type GaAs/AlGaAs heterostructure.

5.1 M423 and 94121 hole systems

The heterostructure have a 2D hole system (2DHS) beneath the surface instead of a 2DES,
and the 2DHS layer is located much deeper than the 2DES that we investigated previously.
This small change requires corresponding adjustments in fabrication processes as described
later.

Figure 5.1 shows the schematic structure of M423, the Si-doped p-type GaAs/Alg 35Gag g5As
heterostructure, with the surface orientation (311)A. The 2DHS layer is located 100 nm
beneath the surface. At 0.4 K, the 2DHS hole density is p = 2.4 x 10'® m~2, the mobility
in the direction [011] is p = 25 m?/Vs, mean free path is [, = 2.0 yum. The quantum well is
asymmetric.

Figure 5.2 shows the schematic structure of 94121, the C-doped p-type GaAs/Alg24Gag76As
heterostructure with the surface direction orientation (001). The 2DHS is located 136 nm
beneath the surface. The quantum well is symmetric. For such material, we can fabricate
back or front gates to change its electronic transport properties by varying gate voltage in an
appropriate range. Sometimes, even by barely fabricating a back gate without applying gate
voltage, the electronic transport properties will be altered, and this is the case for us. We
made several devices from 94121, however, only two of them will be discussed, one without

82
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90 nm Aly 15Gag ¢sAs Si-doped

Buffers
GaAs(311)A

Figure 5.1: Schematic structure of M423 Si-doped p-type GaAs/Alg35Gages. The 2DHS
layer is located 100 nm beneath the surface.

28 nm GaAs
108 nm EREUPSLIRAE C-doped

2DHS -7 17.5 nm
95 nm A10_24Ga0.76AS

Buffers

GaAs(001)

Figure 5.2: Schematic structure of 94121 C-doped p-type GaAs/Alg2,Gagr6As. The 2DHS
layer is located 136 nm beneath the surface.
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back gate and one with back gate but without applying any gate voltage. At 0.4 K, for the
device without back gate, the 2DHS hole density is p = 14.5 x 104 m~2, mobility is u = 150
m?/Vs, mean free path is [, = 9.3 um; for the device with back gate, the 2DHS hole density
is p = 9.64 x 10" m~2, mobility is u = 130 m?/Vs, mean free path is [, = 6.6 pm.

5.2 Pattern design and fabricated devices

Figure 5.3 shows the device made from material M423, as captured through an optical
microscope. The base pattern is an L shaped Hall bar. A wires pattern is fabricated on one
leg, the other is used to measure the electronic transport properties, the dimension of this
Hall bar and a zoomed in view of the wires pattern is shown in Fig. 5.4. The width of this
Hall bar is 80 pm, the separation of two legs on one side is 160 ym. During measurements,
a magnetic field perpendicular to the 2DHS is applied, a constant low frequency AC current
flows through the Hall bar. Lock-in amplifier techniques are used to pick up the voltage
signals. This material has anisotropic properties, the mobility along direction [233] is higher
than direction[011]. Wires were fabricated along the high mobility direction [233].
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Figure 5.3: Optical microscope view of the device made from M423 and measurement config-
uration. The darker part is conducting, the light-colored parts are etched out by wet etching.
A schematic measurement configuration and crystal directions are shown as well.

The wire pattern is a set of 10 parallel wires, each wire has designed width 0.7 ym and
length 20 pm, the space between two neighbored wires is 2 pm. Figure 5.5 shows the
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Figure 5.4: Optical microscope view of the wires patterned on the chip. The 10 parallel wires
appear as 10 lines in this image as the resolution of the optical microscope is unsufficient.

Figure 5.5: SEM view of part of the wire pattern with dimensions. The darker parts are
etched out by ICP RIE, the light-colored part is conducting.
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SEM picture of those wires, the darker parts are etched out by ICP RIE, the light-colored
part is conducting. As the ICP RIE has a high fabrication accuracy, we can take the real
dimension of those wires as designed. However, for such devices, the thin conducting part
has significant depletion layers on its edges, the real conducting width has to be calculated
through transport measurement.

The photolithography (AZ5206 was used) process for those materials is the same as before.
However, the e-beam lithography (ZEP was used instead of PMMA) process needs to be
altered slightly as the quantum well is deeper and ICP RIE requires a longer time. Usually,
we try to minimize the time that a sample is exposed to ion plasma, with the dry etching
depth just reaching the quantum well. The RIE time is 75 s for M423 and 120 s for 94121.

As those materials have high mobility, weak localization is suppressed. Thus we intended
to introduce impurities artificially by designing antidots in a plain wire. Figure 5.6 shows
a device made from material 94121 p-type C-doped GaAs/Aly24GagrgAs. This device has
two wires with width 2 ym and 1.6 um respectively. Several antidots were fabricated in each
wire. The dimensions of the Hall bar and the measurement configuration are shown as well.
Figure 5.7 shows an SEM image of the narrower wire with width 1.6 pum of this device. The
two wires have length 6 pm, each antidot’s diameter is 0.4 pm.

Figure 5.6: Optical microscope view of the device made from 94121 and measurement con-
figuration.

Figure 5.8 shows another design for the material 94121, with details stated in the caption.
This pattern was fabricated on an L shaped Hall bar as Fig 5.3. An optical microscope view
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Figure 5.7: SEM view of the narrower wire on the 94121 device.

of the pattern after e-beam lithography is shown in Fig 5.9. Figure 5.10 shows the SEM
view of this antidot array. This device is used to study commensurability oscillation.

Figure 5.8: A design of antidot array, each square is an antidot. The side length of each
square if 0.5 pm, the spatial periodicity of this antidot array is 1.2 um, the separation
between antidot is 0.7 yum. The whole design can cover more than 160 pm x 80 pm area,
this view is part of the whole pattern.

5.3 Results and discussion

We investigated not only the quasi-one-dimensional (Q1D) hole wires, but also a bare Hall
bar for antilocalization.
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Figure 5.9: Optical microscope view of the pattern in Fig. 5.8 on a Hall bar after e-beam
lithography.

Figure 5.10: SEM view of the antidot array, the pits are the antidots. As stated in Fig. 5.8,
each antidot has a size of 0.5 yum x 0.5 pm, the spatial periodicity of this antidot array is
1.2 pm.
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5.3.1 Hall bar and wires on material M423

The material M423 has an asymmetric quantum well with an approximately triangular com-
ponent potential. Previous research [80][add more] indicates that spin-orbit interaction (SOI)
is strong in p-type GaAs heterostructures. The heavy hole subband splits into two subbands
even without external magnetic field in such situation. Low field Shubnikov-de Haas (SbdH)
oscillation measurements gave this expected results [81, 82, 83, 84, 85, 86]. Figure 5.11 shows
the SbdH oscillation of a Hall bar along direction [011] at 0.4 K. It has slightly different char-
acters compared to a general SbdH oscillation, as beating is present at low magnetic field.
The oscillation belows 3 T implies there is more than one frequency, indicating that this is
an inversion asymmetric system with unequal population in SOI-split subbands.
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Figure 5.11: Shubnikov-de Haas oscillations on a Hall bar on material M423 along direction
[011] at 0.4 K. The inset graph shows the measurement setup, the red lines indicate the
corresponding filling factors.

Figure 5.12 shows SbdH oscillations on a Hall bar along direction [011] and on wires along
direction [233], below 2 T at 0.4 K. Although mobilities along the two directions have different
values, SbdH oscillation has similar behavior and same filling factors which are marked with
v =7Tand v = 6. We can deduce carrier density (denoted as N) from SbdH oscillation.

Carrier density can be expressed as

(5.1)

1 1 1
where AE is the periodicity in 5 of SbdH oscillations. In order to get AE’ we need to do
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Figure 5.12: Shubnikov-de Haas oscillations of a Hall bar on material M423 along direction
[011] and on wires along direction [233] below 2 T at 0.4 K.
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Figure 5.13: Fourier transform of the SbdH oscillations in Fig. 5.12.



Shaola Ren Chapter 5. Hole system 91

1
a Fourier transform with B inversed to 5 The result is showed in Fig. 5.13. Three maxima

are marked as B_, B, and B to indicate the SbdH oscillation frequency for the subband with
spin-down holes, spin-up holes and degenerate holes respectively. We can get the densities
for the spin-split subbands as N_ = 1.00 x 10* 1/m? and N, = 1.51 x 10 1/m?, and the
total carrier density is N = 2.49 x 10' 1/m?. The total carrier density N = N_ + N, as
expected, and it also matches the value obtained from Hall effect N = 2.4 x 10'® 1/m? in
the previous section.

The strength of SIO can be quantified by assuming a cubic wave vector k dependence [80]
Aso = 28k* (5.2)

for heavy holes. The cubic Rashba coefficient /3 is [80]

ﬁ—\ﬁ N(N{ - N_)+AN(N, +N_)
A 6N? 1+ 2AN?

(5.3)

where N = N, + N_, AN = N, — N_, N. = /N £ AN, p, is the reciprocal effective mass
2

of heavy hole u, = , my = 0.34m,. Using the data obtained from SbdH oscillations,

2mj
the cubic Rashba coefficient is 8 = 1.78 x 1072 eVm?®. The splitting energy Ago of the
two subbands depends on wave vector k. The two subbands have different wave vectors,
ky = /4w Ny. for this calculation, we chose the wave vector k_ of the lower energy band

and obtained Ago = 0.50 meV [86].

We also investigated the temperature dependence of antilocalization of the Hall bar and Q1D
wires. Two methods are used to analyze the result, Hikami-Larkin-Nagaoka (HLN) theory
and intersubband scattering hypothesis.

Figure 5.14 shows the temperature dependence of antilocalization in a Hall bar parallel to
direction [001]. Temperature varies from 0.4 K to 3.0 K. When the temperature is low
enough, we can see a significant negative magnetoresistance around zero magnetic field,
almost disappearing at 7'~ 3 T.

Figure 5.15 shows the metallic behavior of the material resistivity at low temperature, re-
sistivity p is linear in T, which is consistent with the Coulombic interaction in this ballistic
system [87, 88].

Briefly, HLN theory [89] describes weak localization in disordered electronic systems at low
temperature. The simplified 2D HLN expression is

AJ(B):_ae_z[¢ (%+%) _¢<%+H¢;Hso>

1 (1 Hy\ 1 (1 Hy+2Hso (54)
(o) G

B B
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Figure 5.14: Temperature dependence of antilocalization of a Hall bar along [001]. Temper-
ature varies from 0.4 K to 3.0 K, each curve is offset for clarity. The actual value of R, is
about 200 2 at B = 0.
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Figure 5.15: Metallic behavior of resistivity of M423 at low temperatures.
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where the characteristic fields are related to the elastic scattering time 7., inelastic scattering
time 7, and spin-orbit interaction dephasing time 7go as

h h h
He - y H = s = —
4Der, ®~ 4Der, 0" 4Dergo

(5.5)

1
B is the external perpendicular magnetic field, D = 3V rl. is diffusion constant, v is digamma

function.

Figure 5.16 shows one fit of HLN theory for the antilocalization data of a Hall bar at 0.4 K. We
can obtain the corresponding characteristic times 7go and 74 from the fitting parameters. We
performed the HLN fit for data at different temperatures, thus the temperature dependence
of 750 and 7, can be derived. Those results are shown in Fig. 5.17. 750 is usually temperature
independent, however, the phenomenon of temperature dependence of 75¢ in this material is
not unique, a similar phenomenon was observed on InSb as well [90]. 74 follows rule 75 ~ T,
which is reasonable as this hole system is a Nyquist system. With those derived parameters,

h |N
we can get the coherence length by multiplying the Fermi velocity vy = — 7. = 3.75x 104
m T

m/s (N is the total density without considering splitting) and the corresponding times. At
0.4 Klso =0.25 pm and ly = 1.2 pum, at 2.0 K lgo = 26 nm and [, = 84 nm.

Although the HLN gives good fitting and we have the above reasons to believe the result,
we still take the result doubtful because of two reasons. 7go has a strong temperature
dependence and phase coherence length is shorter than the mean free path. Further, that
the theory is based on 1/2 spin electron systems and the data is from 3/2 spin hole systems.

We tried another method to analyze our data, this method assumes the magnetoresistance
correction is caused by multiband inter- and intra-band scattering [86, 91]. From the previous
SbdH oscillation analysis, the heavy hole band splits into two subbands with spin 3/2 and
1/2. According to this method, the longitudinal resistivity can be expressed as

m*

o e {TTN(K 1— z’wc[)—l] (5.6)

10 Nl \/NlNQ Kl —K12 eB
01 )= <\/N1N2 N, )’K: (—K12 K, )mdee=

N; and N, are subbands’ densities, K'1 and K2 are intra-subband scattering rates, the K
is inter-subband scattering rate, m* is the effective mass of the carrier. We fit this theory to
the data of Fig. 5.14 to get parameters K, Ky and K,, those values versus temperature T’
are displayed in Fig. 5.18 and 5.19.

Pzz =

where [ =

* 7

We performed a parabolic fit for the intra subband scattering rate. It reveals that Ky, Ky ~
T2, while the previous analysis (Fig. 5.15) shows resistivity p,, is linear in T in the range
of 0.4 K < T < 2 K. This may mean that the resistivity is not dominated by intra-subband
scattering, and the inter-subband scattering could play an important role in resistivity.
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Figure 5.16: One HLN fit for the data of antilocalization on a Hall bar n material M423 at

0.4 K.
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Figure 5.17: Temperature dependence of 750 and 7.
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Figure 5.18: Intra-subband scattering rates K, and K, versus temperature 7". The red line
is a parabolic fit of temperature.
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K = Aexp(—T,/T) + K,
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Figure 5.19: Inter-subband scattering rates K, versus temperature 7. An exponential
model is applied to the data to obtain the activation characteristic energy between the two
subbands.
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An exponential model K = Aexp(—Ty/T)+ Ky is introduced for the inter-subband scattering
rate to get the activation characteristic energy Ey = kpTj of the two subbands. We obtained
Ty = 4.2 K, and Fy =~ 0.36 meV. This value is comparable to the heavy hole subband
splitting energy 0.50 meV. The saturation of Ky, Ky and K5 at low temperature is not fully
understood so far by us.

The situation of the Q1D wires is more complicated. The 2D HLN and 2D multiband
scattering are not suitable for this Q1D case. Figure 5.20 shows the temperature dependence
of magnetoresistance in the Q1D wires. The shape of those curves are consistent with
antilocalization under strong SOI. We tried to apply a model suitable for 1D with specular
boundary scattering. The modified 1D HLN theory is described as [76, 92]

AO'(B) = —Oz;—L ( Z f/lm - Eoo) (57)

m==+1,0
where L, represents the triplet length, Loo is the singlet length and L is the length of the
wire. The triplet and singlet lengths in wires are given by [93]

= —-1/2

Lom = (L' + vamLss + L5?) (5.8)

with 1147 = 0.5, v19 = 1, and vyo = 0. The 1D magnetic length is L = [,,4/1 + 3[2/w?,

| h
where [,,, = B represents the magnetic length in 2D and 3D. However, in this ballistic
e

hole system, the mean free path is much greater than the wire width, we prefer to use the
result for ballistic wires first introduced by Beenakker [76] in weak localization theory. The
triplet and singlet lengths in ballistic Q1D wires become

Lo = (L;* + vanLd + Lp?)

-1 L Ly L (5.9)
(L' + vemLgo + Lg" +21°)

—-1/2

where 1141 = 0.5, 119 = 1, and vg9 = 0 as before. In ballistic Q1D wires, Lp is expressed as

2 2
1@:%¢a%h+@k (5.10)

w3 w2

The values of C'; and Cy depend on whether the boundary scattering is specular or diffusive,
for specular condition C; = 4.75 and Cy = 2.4.

In order to extract the information about Ly and Lgo, we fit the experimental data of
Fig. 5.20 to Eq. 5.7. However, the result is imperfect as shown in Fig. 5.21. There are
multiple reasons for this mismatch between theory and experimental data. The theory is
derived for an electron system with spin 1/2, the experimental data is collected from a hole
system with spin 3/2; hole-hole interaction is different from electron interaction; there may
exist inter subband scattering which is not considering in the theory.
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Figure 5.20: Temperature dependence of magnetoresistance of Q1D wires. Temperature
varies from 0.4 K to 3.0 K, curves are offset for clarity. The typical value of R is about 800
) at zero magnetic field.
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Figure 5.21: 1D antilocalization fit of experimental data.
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5.3.2 Hall bar and thin wire on material 94121

This device is designed to investigate weak localization and Altshuler-Aronov-Spivak (AAS)
oscillation. It has two Q1D wires with antidots to introduce artificial impurities in the bal-
listic system. We didn’t observed what we expected, however, there is no harm to elaborate
what we observed with this device and to learn that such high quality pure ballistic system
material yields unused results in the electronic transport coherence regime. This is highly
due to the fact that ballistic transport features dominate over quantum coherent transport
features. For this material, two trials were made, one without back gate and one with back
gate.

2.0 ——w/o backgate
——w/ backgate
15t v=2/3 v=3/5
r 1.0
§
x v=2
0.5 | - 04K
V=3
0 3 6 9
B(T)

Figure 5.22: Quantum Hall effect in 94121 p-type C-doped GaAs/Alj24Gag 76As heterostruc-
ture at 0.4 K, lower red line shows the result collected from the sample without back gate,
upper blue line shows the result collected from the sample with back gate. Filling factors
are marked on the corresponding plateaus. The inset graph shows the measurement config-
uration.

Figure 5.22 shows the quantum Hall effect in 94121 p-type C-doped GaAs/Aly24Gag76As
heterostructure at 0.4 K. The interesting phenomenon is that fractional quantum Hall effect
(the upper blue line) was observed when a back gate is applied to this device, which was
also observed in a similar material [83].

We investigated the magnetoresistance of the wire pattern carefully from low field to high
field. The device only gave some telegraph noise and universal conductance fluctuations
(UCFs) (those could be noise as well, however, none contradiction observations, so we as-
sume there are UCFs.). There is no obvious evidence of weak localization and energy band
splitting, thus we cannot used the previous antilocalization theories and multiband scatter-
ing model. There are several reasons for this result. The 94121 heterostructure’s quantum
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well is buried deeper than the M423 heterostructure. This fact increases the difficulty of
fabrication for material 94121, thus the quality of the sample is not guaranteed. While
the 94121 heterostructure’s hole mobility is greater, its hole density is lower than in M423,
this means the hole-hole interaction is stronger that in M423. We tried an autocorrelation
method to analyze the temperature dependence of UCFs and extract the phase coherence
length. Fig. 5.23 shows the magnetoresistance of the 2 ym width wire with magnetic field
from 1 T to 4 T at different temperatures 2.0 K, 1.0 K and 0.4 K. UCFs ride over the base
shape.

Figure 5.23: Magnetoresistance of the 2 pym width wire with magnetic field from 1 T to
4 T at different temperatures 2.0 K, 1.0 K and 0.4 K corresponding to curves from up to
down. The inset shows the measurement configuration. The shadowed part is analyzed by
autocorrelation in order to figure out the phase coherence length [,.

The quantity to be calculated in this autocorrelation method is correlation function
Cq(AB) = (0G(B)0G(B + AB)) (5.11)

where 6G(B) = G(B)—(G(B)), G(B) is the conductance of the Q1D structure in a magnetic
field B, (0G(B)dG(B + AB)) denotes the ensemble average value of §G(B)dG(B + AB),
and thus C¢(AB) is B independent. Fig. 5.24 shows the calculated results. There is a way
to relate this correlation function quantity to phase coherence length [94, 95],

e [ Ly
=5 \/ T+ B/ o/ L) (512

where [, is phase coherence length, Ly = 11 pm is thermal length [95], /5 is a constant factor,
0G = /C¢(0). With §G and Eq. 5.12, the phase coherence length [, could be obtained,
shown in Fig. 5.25.




Shaola Ren Chapter 5. Hole system 101

0 100 200 300
AB (gauss)

Figure 5.24: The autocorrelation function over magnetic field from 2.8 T to 3.0 T of a Q1D
wire at different temperatures 0.4 K, 1.0 K and 2.0 K.
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Figure 5.25: Calculated §G (a) and phase coherence length [, (b) versus 7.
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5.3.3 Antidot array on material 94121

This device is used to study the commensurability oscillations (COs) in the 2DHS of material
94121. The pattern of this device is an antidot array which was introduced in section 5.2. By
studying the temperature dependence of COs resulting from one antidot, the temperature
dependence of relative electron scattering rate was obtained.

The grid area has a different hole density and hole mobility from the bare Hall bar. At 0.4
K, the hole density is about p = 9.5 x 10" m~2, and the corresponding mobility is about
pu=8.7m?/Vs.

Four-contact measurements of the longitudinal resistance of the antidot grid were made
at different temperatures, ranging from 0.4 K to 3 K using standard lock-in techniques.
Figure 5.26 shows the magnetoresistance of the grid area with a quadratic background sub-
traction at different temperatures. At low field, there are ballistic transport peaks near
B = 40.1 T and B = +0.025 T. We call the peak at 0.1 T P1 and the peak at 0.025 T
P2. The cyclotron orbit radius of P1 is rp; = 0.6 um and the cyclotron orbit radius of P2
is rpy = 2.5 pm. This means that the P1 is caused by the electron localized around one
antidot and the P2 is caused by the electron going around about a 9 antidots square, roughly
matching the grid spatial periodicity.

The properties of the ballistic transport peaks as in Fig. 5.26 were studied before in different
materials [96, 97]. Here I used the method in these literature [96, 97| to analyze the data in
Fig. 5.26. The ballistic transport peak P and ballistic scattering rate 75 follows

P1 ~ exp(—27/w.T3) (5.13)

where P1 denotes the amplitude of the peak P1, w, is the cyclotron frequency calculated at
the field of peak P1, 73 is the ballistic scattering rate. Since the proportional factor is not
known, this relation only allows us to get the scattering rate with a constant offset which
is chosen as the scattering rate at 7' = 0.4 K. The relative ballistic scattering rate A7z is

defined as

A(1/75) = 1/75(T) — 1/75(T = 0.4 K) (5.14)

Figure 5.27 shows the temperature dependence of the relative ballistic scattering rate. Below
1.0 K, scattering rate is almost saturated, then it increases significantly as the temperature
goes up above 1.0 K. A(1/75) roughly follows a T? law.
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Figure 5.26: Ballistic transport peaks after subtracting a quadratic background at different
temperatures of the grid area. From top to bottom: 0.4 K, 0.5 K, 0.7 K, 1.2 K, 1.7 K, 1.9

K, 3.0 K.
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Figure 5.27: Temperature dependence of the relative ballistic scattering rate A(1/75) defined
as Eq. 5.14. The red solid line is a quadratic fit to the data.



Chapter 6

Conclusions

Quantum interference is an important method to study the properties of mesoscopic systems.
In this dissertation, we present quantum interference studies of confined 2D systems in
InGaAs and GaAs. Both 2D electron systems and 2D hole systems are studied. They have
relatively high carrier density and mobility, and are located about several tens to hundreds
of nanometers beneath the semiconductor surface. Further, we used various fabrication
techniques to laterally define structures on the 2D systems to form confined systems. The
techniques include photolithgraphy, electron-beam lithography, wet etching, dry etching,
chemical deposition, etc. The structures we studied are single Aharonov-Bohm (AB) rings,
ring arrays, Hall bars, narrow wires, anti-dot arrays, etc.

In the 2D electron system, two types of interferometers are made, single ring (AB ring) and
ring array. They are both confined ballistic systems. The single ring interferometer shows
Mach-Zehnder interferometry, and yields AB oscillation with varying magnetic field. The
ring array shows a combination of Mach-Zehnder interferometry and Sagnac-type interfer-
ometry, yielding AB oscillations and Altshuler-Aronov-Spivak (AAS) oscillations. The AB
oscillations have a magnetic flux periodicity of h/e, and are sensitive to spatial symmetry.
The AAS oscillations have a magnetic flux periodicity of h/2e, and are based on time-reversal
syminetry.

In the single ring interferometer, AB oscillations were observed in a wide range of magnetic
field, from 0 T to above 0.3 T. A clear modulation of the AB oscillation amplitude with
magnetic field was observed as well. Fourier transformation was used to analyze the prop-
erties related to AB oscillations. The oscillation periodicity in magnetic field matches the
AB prediction for the design. By determining the critical magnetic field of the decay of
the autocorrelation function, we derived the quasi-period of the AB oscillation amplitude
modulation. The AB oscillations spectrum is expected to be randomized when magnetic
flux threading through the interference arms varies by h/e, due to change in mesoscopic rep-
resentation (another example of this phenomenon are universal conductance fluctuations).
Another method assumes that the arms of the ring have a finite width which tends to give
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different orbit radii. The modulation of the oscillation is generated by the overlap of oscil-
lations with different frequencies. Both autocorrelation function and multiple modes point
to the finite width of the interferometer arms as the origin of the modulation. To study
the temperature and current dependency of the AB oscillation amplitude, we introduced an
energy scale, the Thouless energy, which depicts a critical excitation energy of a system.
The dependence studies show the existence of critical excitation energies consistent with
the Thouless energy. Quantum coherence in the mesoscopic interferometer is reduced for
thermally or electrically induced excitations beyond the system’s Thouless energy, with a
concomitant decrease in the AB oscillation amplitude.

Further, an in-plane magnetic field was applied to the single ring interferometer. The het-
erostructure has a strong spin-orbit interaction (SOI). The Rashba coefficient « was obtained
by analysis of the Shubnikov-de Haas oscillation. In-plane Zeeman effect induced Berry’s
phase and Aharonov-Casher (AC) phase change were studied. The effect of Berry’s phase
and AC phase in frequency of oscillations is negligible compared to AB effect, thus we cannot
observe them directly. Berry’s phase and AC phase are combined in the total phase. When
an in-plane magnetic field is sufficiently high, it modifies the condition for Berry’s phase and
AC phase to accumulate. The total phase is then modified in a complex way and affects the
amplitude of AB oscillations. The Fourier spectrum of AB oscillations with high in-plane
magnetic field is more broad and fuzzy. The critical Zeeman energy is consistent with the
Thouless energy as well.

In the ring array interferometer, quantum interference is strong. AB oscillations exist above
2.0 T. The strong AB oscillations allow us to determine the phase coherence length directly
from the Fourier transformation of the quantum interference. Similar to the AB oscillation
studied in the single ring interferometer, this ring array was used to study time-reversal
symmetry breaking due to local magnetic flux. The mesoscopic dephasing length scale de-
scribing time-reversal symmetry breaking was measured using this ballistic interferometer
array. This interferometer array has both AB oscillations and AAS oscillations. As in the
single ring interferometer, the magnetic field periodicity of the AB oscillations matches the
AB prediction of the design. The magnetic field periodicity of the AAS oscillations is about
half of the value of the AB oscillations, which corroborates the existence of AAS oscillations.
Fourier transformations over short magnetic field segments were used to quantify the am-
plitudes of oscillations. The component of the AB oscillations does not have a monotonic
decay with increasing magnetic field, which keeps to a high value even above 2.0 T. The
component of the AAS oscillations decays fast over magnetic field. When the magnetic field
is above 0.16 T, it is hardly resolved from the background. As AAS oscillations rely on
time-reversal symmetry, the decay of the AAS oscillations indicates time-reversal symme-
try breaking. This result confirms that the AB oscillations are unaffected by time-reversal
symmetry breaking under an applied magnetic field, whereas AAS oscillation is erased by
time-reversal symmetry breaking. An experimental effective magnetic length was obtained
from the intensity of the AAS oscillations, which was compared to predictions from several
theoretical models. The theoretical models can calculate effective magnetic length directly
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from magnetic field B. Our study allows experimental determination of dephasing length
associated with time-reversal symmetry breaking, which is equivalent to effective magnetic
length.

In the 2D hole system, the cubic Rashba coefficient 8 was calculated from the beat of low
field Shubnikov-de Haas oscillation. Antilocalization of a 2D Hall bar and a quasi-1D wire
was also studied. The 2D Hikami-Larkin-Nagaoka (HLN) theory and intersubband scattering
hypothesis were used to analyze the 2D antilocalization results. Both methods gave reason-
able results, but didn’t completely explain the experimental data. The antilocalization of
quasi-1D wires is more complicated, and the modified 1D HLN theory didn’t fit data well.
A possible reason: the theories are based on electron systems with low carrier interactions,
but the experiments were performed in a hole system with strong interaction due to the low
density in the heterostructure studied.

The C-dope 2D hole system we used turned out less suitable for quantum interference exper-
iments also, likely due to the dominant of ballistic transport effects. Universal conductance
fluctuations of a wire and commensurability oscillations of an anti-dot array were studied.
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