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Abstract

This thesis presents a set of experiments conducted on GaAs/AlGaAs heterostructures

fabricated into Hall bars and a lateral quantum dot device. The Hall bar experiments

seek to further the understanding of the complexity of the GaAs valence band of a two-

dimensional hole gas (2DHG). Meanwhile, the quantum dot experiments aim to improve

the performance of an RF-QPC readout employed for charge detection. These experiments

are significant for the development of future quantum technologies that utilize spins in

semiconductors, in fields such as spintronics and quantum computing.

Firstly, we study Hall bar devices formed in a 2DHG of a dopant-free GaAs/AlGaAs

heterostructure. The hole sheet density (p2d) is adjustable via a metal top-gate that induces

and confines holes to the GaAs/AlGaAs interface. We employ magnetotransport measure-

ments to assess both the device quality and the underlying physics of the valence band.

By measuring several devices, we identify fabrication parameters that lead to parasitic

parallel conduction and gate hysteresis. In our devices, featuring an asymmetric quantum

well hosting a 2DHG, Rashba spin-orbit interaction (SOI) leads to a beating pattern in the

Shubnikov-de Haas (SdH) oscillations of the two subbands of the heavy-hole (HH) valence

band. We employ Fourier analysis to isolate the frequencies present in the SdH oscillations.

The effective masses of the two spin-orbit split HH subbands are extracted via the tem-

perature dependence of the isolated oscillations, without invoking assumptions regarding

the band structure. This analysis is performed for different values of p2d and ranges of

magnetic field. The HH splitting induced by Rashba SOI is evaluated and compared to

modulation-doped samples in literature. Moreover, we extract the out-of-plane g factor

from thermal-activation measurements in the quantum Hall regime.

Secondly, we investigate non-linear magnetotransport in a Hall bar device, also formed

in a 2DHG of a dopant-free GaAs/AlGaAs heterostructure. We observe the SdH phase

inversion phenomenon and explore the empirical relationship between the hole temperature

and applied dc current through the Hall bar. In the quantum Hall regime, comprehensive

maps of the differential resistance (ρxx and rxy) as a function of current and magnetic field

(B) are generated to show the evolution of quantum Hall breakdown reaching filling factor

ν = 1. By adjusting the top-gate voltage, the hole sheet density (p2d) is incremented to
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reveal how the quantum Hall breakdown characteristics evolve with p2d. A Zener-type

tunneling model is employed to describe the size of the transport diamonds in current. We

examine the magnetic field dependence of the critical current compiled for different values

of p2d. The zero current anomaly (ZCA) phenomenon is observed and discussed. Hysteresis

observed in the quantum Hall breakdown regime of a two-dimensional electron gas (2DEG)

has been linked with dynamic nuclear polarization (DNP) through the interplay of electron

and nuclear spins via the hyperfine interaction. Motivated by examining the strength

of the hyperfine coupling between hole and nuclear spins, we investigate hysteresis near

breakdown in our 2DHG.

Finally, we present measurements on a lateral double quantum dot (DQD) device

formed in a 2DEG of a modulation-doped GaAs/AlGaAs heterostructure. These devices

demonstrate potential as a platform for advancing quantum information technologies, par-

ticularly when employed as single spin qubits. The fast, single-shot readout of spin states

is crucial, and using spin-to-charge conversion techniques, only the charge state readout

becomes essential. Thus, we design and setup an optimized radio frequency quantum point

contact (RF-QPC) charge sensor for the quantum dot device. Charge sensitivity measure-

ments are conducted using a standard QPC sensor, followed by the RF-QPC. Additionally,

we characterize a superconducting quantum interference device (SQUID) amplifier for inte-

gration into the RF-QPC readout. We successfully demonstrate a carrier nulling technique,

specifically to accommodate the SQUID amplifier’s limited dynamic range, and enable its

integration into the RF-QPC readout. After Incorporating the SQUID amplifier into the

RF-QPC readout, critical issues are identified and future work to address them is discussed.

vi



Acknowledgements

First and foremost, I would like to thank my supervisor, Dr. Jan Kycia. Your guidance

and support throughout my graduate career has been indispensable. Your passion for

experimental physics makes the lab an enjoyable place to work, learn, and succeed. I am

profoundly grateful for the privilege of learning under your mentorship.

Next I would like to thank my advisory committee members: Dr. Jonathan Baugh, Dr.

Sergei Studenikin, and Dr. Robert Hill, for their valuable insights and contributions to my

research. Additionally, I am grateful to Dr. Marek Korkusinki and Dr. Guy Austing from

NRC for their continuous feedback and support. Special thanks to Dr. Zbig Wasilewski’s

group and Sandia National Labs for providing the GaAs wafers, and to Dr. Jonathan

Baugh’s group for fabricating them into Hall bars. Huge thanks to Dr. François Sfigakis

for engaging in numerous conversations addressing the complexity of holes in GaAs.

I also need to thank the past and present members of the Kycia Group: Dr. Jeffrey Ma-

son, Dr. David Pomaranski, Clifford Plesha, Tianze Zou, Taylor Fraser, Andree Coschizza,

Cody Nademi, and Carolyn Chen. Your collective assistance, insights, and camaraderie

have made the lab an enriching and enjoyable place to work.

Finally, I would like to express my gratitude to my family. To my parents, Cheryl

and Lee, and my brother Ryan, as well as my future in-laws Robert and Kathryn, your

unwavering love and support throughout my entire educational journey have been immea-

surable. Most importantly, I need to thank my partner, Gillian. Your belief in me and

your constant encouragement were my pillars of strength, lifting me up whenever I had

doubts. I could not have achieved this without your unwavering love and support.

vii



Dedication

To Gillian and my parents, Cheryl and Lee

viii



Table of Contents

Examining Committee ii

Author’s Declaration iii

Statement of Contributions iv

Abstract v

Acknowledgements vii

Dedication viii

List of Figures xiv

List of Tables xix

List of Abbreviations xx

1 Introduction 1

1.1 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

ix



2 Background concepts 4

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Band structure of GaAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2.1 2D confinement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.2 Spin-orbit interaction (SOI) . . . . . . . . . . . . . . . . . . . . . . 7

2.3 Magnetotransport of 2D systems . . . . . . . . . . . . . . . . . . . . . . . 9

2.3.1 Shubnikov-de Haas Oscillations . . . . . . . . . . . . . . . . . . . . 9

2.3.2 Integer quantum Hall effect . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Quantum dots and 1D constrictions . . . . . . . . . . . . . . . . . . . . . . 14

2.4.1 Coulomb blockade . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.4.2 Conductance quantization in quantum point contact . . . . . . . . 15

2.5 SQUIDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5.1 Josephson junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5.2 DC SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.5.3 SQUID amplifiers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3 Experimental methods 25

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 2D devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.1 Heterojunctions and quantum wells . . . . . . . . . . . . . . . . . . 25

3.2.2 Modulation-doped devices . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.3 Dopant-free induced devices . . . . . . . . . . . . . . . . . . . . . . 28

3.3 Cryostat and experiment components . . . . . . . . . . . . . . . . . . . . . 30

3.3.1 Dilution refrigerator . . . . . . . . . . . . . . . . . . . . . . . . . . 30

x



3.3.2 Shasta cryostat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.3.3 Superconducting magnet . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3.4 Sample cell and electrical filtering . . . . . . . . . . . . . . . . . . . 33

4 Spin-orbit splitting in dopant-free GaAs/AlGaAs two-dimensional hole

gases 36

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.2.1 Spin-orbit splitting in 2DHGs . . . . . . . . . . . . . . . . . . . . . 38

4.2.2 Effective masses in 2DHGs . . . . . . . . . . . . . . . . . . . . . . . 41

4.3 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3.1 Measurement setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

4.3.2 Wafers and sample fabrication . . . . . . . . . . . . . . . . . . . . . 44

4.3.3 2DHG density and gate hysteresis . . . . . . . . . . . . . . . . . . . 45

4.3.4 Shubnikov-de Haas oscillations . . . . . . . . . . . . . . . . . . . . . 48

4.3.5 Parallel conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.3.6 2DHG Mobility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.3.7 HH-/HH+ effective masses . . . . . . . . . . . . . . . . . . . . . . . 57

4.3.8 Spin-orbit splitting . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3.9 Landau fan diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.3.10 Thermal activation measurements . . . . . . . . . . . . . . . . . . . 66

4.4 Conclusions and future work . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5 Quantum Hall breakdown and nonlinear phenomena in a dopant-free

GaAs/AlGaAs two-dimensional hole gas 74

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

xi



5.2 Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.2.1 History of quantum Hall breakdown . . . . . . . . . . . . . . . . . . 76

5.2.2 Mechanisms of breakdown . . . . . . . . . . . . . . . . . . . . . . . 82

5.2.3 Breakdown phase diagrams . . . . . . . . . . . . . . . . . . . . . . 84

5.2.4 Hysteresis near breakdown . . . . . . . . . . . . . . . . . . . . . . . 89

5.3 Experimental methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.3.1 Sample details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

5.3.2 AC+DC measurement setup . . . . . . . . . . . . . . . . . . . . . . 95

5.3.3 SdH phase inversion . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.3.4 Current-induced heating of 2DHG . . . . . . . . . . . . . . . . . . . 98

5.3.5 Breakdown at integer filling factors . . . . . . . . . . . . . . . . . . 101

5.3.6 Progression of colormaps with hole density . . . . . . . . . . . . . . 109

5.3.7 Magnetic field dependence of critical current . . . . . . . . . . . . . 115

5.3.8 Zero current anomaly . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.3.9 Investigation of hysteresis near breakdown . . . . . . . . . . . . . . 119

5.4 Conclusions and future work . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6 RF-QPC readout of lateral quantum dot device 131

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.2.1 Lateral quantum dot devices . . . . . . . . . . . . . . . . . . . . . . 132

6.2.2 QPC charge sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

6.2.3 RF-QPC charge sensor . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.3 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

xii



6.3.1 Matching network design . . . . . . . . . . . . . . . . . . . . . . . . 141

6.3.2 Matching network characterization . . . . . . . . . . . . . . . . . . 143

6.3.3 Readout circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.3.4 Charge sensitivity measurements . . . . . . . . . . . . . . . . . . . 148

6.3.5 Microstrip SQUID amplifier . . . . . . . . . . . . . . . . . . . . . . 157

6.3.6 Carrier nulling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

6.3.7 Integrating the MSA into RF-QPC readout . . . . . . . . . . . . . 168

6.4 Conclusions and future work . . . . . . . . . . . . . . . . . . . . . . . . . . 174

7 Summary and future work 176

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

References 180

Appendices 201

A Fourier analysis of the SdH oscillations 201

B Extended data 204

B.1 Effective mass analysis at other hole densities . . . . . . . . . . . . . . . . 204

B.2 Activation energies at other hole densities . . . . . . . . . . . . . . . . . . 206

B.3 Temperature dependence of the low B-field positive magnetoresistance . . . 207

C RF-QPC readout noise temperature and power dependence 208

C.1 RF-QPC noise temperature . . . . . . . . . . . . . . . . . . . . . . . . . . 208

C.2 RF-QPC power dependence . . . . . . . . . . . . . . . . . . . . . . . . . . 211

xiii



List of Figures

2.1 Schematic representations of the band structure of GaAs . . . . . . . . . . 6

2.2 Hall bar geometry with typical magnetotransport measurement scheme . . 10

2.3 2D density of states in a small perpendicular magnetic field . . . . . . . . . 11

2.4 2D density of states in a large perpendicular magnetic field . . . . . . . . . 13

2.5 Schematic representations to explain the integer quantum Hall effect . . . . 13

2.6 Capacitive model of a single quantum dot . . . . . . . . . . . . . . . . . . 15

2.7 Conductance quantization in a quantum point contact . . . . . . . . . . . 16

2.8 Schematic of a resistively-shunted Josephson junction . . . . . . . . . . . . 19

2.9 Schematic of a dc SQUID in the RCSJ model . . . . . . . . . . . . . . . . 21

2.10 Diagram of a typical SQUID amplifier . . . . . . . . . . . . . . . . . . . . 23

3.1 Modulation-doped example . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2 Schematic of a HIGFET structure . . . . . . . . . . . . . . . . . . . . . . . 29

3.3 Schematic of the modified Shasta 106 cryostat . . . . . . . . . . . . . . . . 32

3.4 Pictures of the cryostat and sample cell . . . . . . . . . . . . . . . . . . . . 34

4.1 SdH oscillations from Eisenstein et al. - square and triangular QW . . . . 39

4.2 SdH oscillations from Papadakis et al. - tuning the QW asymmetry . . . . 40

xiv



4.3 SdH oscillations from Habib et al. - 2DHG effective masses . . . . . . . . . 42

4.4 Circuit schematic for magnetotransport measurements . . . . . . . . . . . 44

4.5 Layer structure of the five GaAs/AlGaAs heterostructures characterized . . 45

4.6 Hole density as a function of top-gate voltage . . . . . . . . . . . . . . . . 47

4.7 SdH oscillations and Fourier transforms for samples G522 and G265 . . . . 49

4.8 Fourier spectra for samples G265 and VB1137 . . . . . . . . . . . . . . . . 51

4.9 SdH oscillations as a function of inverse magnetic field . . . . . . . . . . . 52

4.10 Parallel conduction - lifting of the SdH minima at high B-field . . . . . . . 54

4.11 Parallel conduction - Comparison between hole densities extracted from the

Hall effect and the SdH oscillations . . . . . . . . . . . . . . . . . . . . . . 55

4.12 2DHG mobility for all samples . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.13 Temperature-dependence of the SdH oscillations - effective mass analysis . 59

4.14 Effective masses and quantum scattering times over different magnetic field

ranges and hole densities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.15 Rashba coefficient and HH splitting as a function of hole density . . . . . . 63

4.16 Comparison of the SO splitting as a function of hole density to samples in

literature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.17 Landau fan diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.18 Temperature-dependence of the SdH oscillations in the quantum Hall regime

- thermal activation analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.19 Values of the g factor extracted for even- and odd-filling factor data at five

hole densities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.1 First measurement of breakdown by Ebert et al. . . . . . . . . . . . . . . . 77

5.2 Breakdown measurements from Kuchar et al. . . . . . . . . . . . . . . . . . 78

5.3 Breakdown data from Jeckelmann et al. . . . . . . . . . . . . . . . . . . . . 79

xv



5.4 Breakdown measurements from Ebert et al. . . . . . . . . . . . . . . . . . 80

5.5 Breakdown measurements from Eaves et al. . . . . . . . . . . . . . . . . . 81

5.6 Bootstrap electron heating model for breakdown . . . . . . . . . . . . . . . 83

5.7 Grayscale maps of breakdown from Studenikin et al. . . . . . . . . . . . . . 85

5.8 Colormap of breakdown from Yu et al. . . . . . . . . . . . . . . . . . . . . 87

5.9 Critical currents as a function of B-field from Yu et al. . . . . . . . . . . . 89

5.10 Electrical polarization of nuclear spins near breakdown . . . . . . . . . . . 92

5.11 Hysteretic behaviour near breakdown from Kawamura et al. . . . . . . . . 93

5.12 AC+DC circuit setup used for the nonlinear measurements . . . . . . . . . 95

5.13 Low B-field colormap of ρxx . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.14 Current-induced heating of 2DHG . . . . . . . . . . . . . . . . . . . . . . . 99

5.15 Magnetoresistance of the 2DHG measured in the linear response regime . . 102

5.16 Breakdown colormaps of the 2DHG at p2d = 2.0× 1015 m-2 and 50 mK . . 103

5.17 Colormap of ρxx with white lines intersecting the tips of the transport dia-

monds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.18 ρxx-I and rxy-I traces through ν = 1 and ν = 2 transport diamonds . . . . 109

5.19 Colormaps of ρxx measured at T0 = 50 mK and collected at four hole densities110

5.20 Vertical traces through the transport diamonds for p2d = 2.0× 1015 m-2 and

p2d = 1.3× 1015 m-2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.21 Vertical traces through the transport diamonds for filling factors ν = 1, 2 . 114

5.22 Critical current as a function of magnetic field . . . . . . . . . . . . . . . . 116

5.23 Selected traces of the zero current anomaly . . . . . . . . . . . . . . . . . . 118

5.24 Colormaps of ρxx for analyzing hysteresis . . . . . . . . . . . . . . . . . . . 120

5.25 Removal of trivial hysteresis . . . . . . . . . . . . . . . . . . . . . . . . . . 121

xvi



5.26 Corrected hysteresis colormaps . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.27 Quantifying the observed hysteresis near the ν = 1 transport diamond . . . 124

5.28 Hysteresis measured with the DC1 technique . . . . . . . . . . . . . . . . . 126

5.29 Hysteresis measured with the DC2 technique . . . . . . . . . . . . . . . . . 127

6.1 SEM image of the NRC DQD device . . . . . . . . . . . . . . . . . . . . . 133

6.2 Quantum point contact measurements using the DQD device . . . . . . . . 134

6.3 LC matching network design . . . . . . . . . . . . . . . . . . . . . . . . . . 136

6.4 Matching network characterization . . . . . . . . . . . . . . . . . . . . . . 144

6.5 RF-QPC readout circuit configured on the dilution refrigerator . . . . . . . 147

6.6 Single and double quantum dot circuits . . . . . . . . . . . . . . . . . . . . 149

6.7 DC-QPC readout configuration and DQD stability diagram . . . . . . . . . 150

6.8 DC-QPC readout charge sensitivity measurements . . . . . . . . . . . . . . 152

6.9 RF-QPC readout charge sensitivity measurements . . . . . . . . . . . . . . 155

6.10 Diagram and electrical schematic of the MSA . . . . . . . . . . . . . . . . 158

6.11 MSA gain as a function of frequency . . . . . . . . . . . . . . . . . . . . . 159

6.12 Noise temperature characterization of the MSA . . . . . . . . . . . . . . . 160

6.13 MSA gain and noise temperature as a function of rf power . . . . . . . . . 162

6.14 Simulated amplitude modulation of a carrier signal . . . . . . . . . . . . . 163

6.15 RF circuit for the carrier nulling experiment configured on the dilution re-

frigerator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.16 Carrier nulling experiment with the MSA . . . . . . . . . . . . . . . . . . . 167

6.17 RF-QPC readout with the nulling circuit and MSA configured on the dilu-

tion refrigerator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

6.18 RF-QPC readout and MSA interaction . . . . . . . . . . . . . . . . . . . . 170

xvii



6.19 RF-QPC readout with the MSA and a 10 dB attenuator . . . . . . . . . . 173

A.1 Preparation of the SdH oscillations for the Fourier transform . . . . . . . . 202

B.1 Additional effective mass data and analysis at p2d = 1.9× 1015 m-2 . . . . . 204

B.2 Additional effective mass data and analysis at p2d = 1.1× 1015 m-2 . . . . . 205

B.3 Additional effective mass data and analysis at p2d = 0.7× 1015 m-2 . . . . . 205

B.4 Additional thermal activation data . . . . . . . . . . . . . . . . . . . . . . 206

B.5 Temperature dependence of the low B-field positive magnetoresistance . . . 207

C.1 Shot noise of the RF-QPC readout . . . . . . . . . . . . . . . . . . . . . . 209

C.2 Power dependence of the RF-QPC readout . . . . . . . . . . . . . . . . . . 211

xviii



List of Tables

6.1 Matching network parameters . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.2 RF-QPC readout parameters . . . . . . . . . . . . . . . . . . . . . . . . . . 157

xix



List of Abbreviations

2DEG two-dimensional electron gas

2DHG two-dimensional hole gas

BIA bulk-inversion asymmetry

HH heavy-hole

LH light-hole

PTR pulse tube refrigerator

QW quantum well

RF-QPC radio-frequency quantum point contact

SdH Shubnikov-de Haas

SIA structure-inversion asymmetry

SOI spin-orbit interaction

SQUID superconducting quantum interference device

xx



Chapter 1

Introduction

Two-dimensional hole gases (2DHGs) are of significant interest for both fundamental stud-

ies [1, 2, 3] and potential applications in fields such as spintronics [4, 5, 6] and quantum

computing [7, 8, 9]. Among 2DHGs, GaAs holes are particularly attractive candidates for

spin-based qubits [10]. They are less prone to spin decoherence caused by hyperfine interac-

tions compared to GaAs electrons [11, 12]. This is because their p-orbitals do not overlap

with atomic nuclei [13]. Furthermore, their strong spin-orbit interactions enable rapid,

electrically-driven qubit control through electric dipole spin resonance (EDSR) [9]. Addi-

tionally, GaAs’s direct bandgap makes it suitable for applications such as spin-to-photon

conversion [14] or photon-to-spin conversion [15, 16].

In contrast to simpler two-dimensional electron gases (2DEGs), the complex proper-

ties of 2DHGs mentioned above can be regarded as additional parameters for engineering

novel devices based on hole spins. Inspired by recent advancements in the development

of high-quality 2DHGs in dopant-free devices [17, 18], our objective is to expand current

knowledge of the intricate properties of 2DHGs in the GaAs material system. In this thesis,

we investigate pertinent phenomena of 2DHGs, including spin-orbit interaction, hyperfine

interaction, as well as material properties such as effective mass and the Landé g factor.

Furthermore, in the context of spin-based qubits, we develop a radio-frequency quantum

point contact (RF-QPC) charge detector and explore integrating a superconducting quan-

tum interference device (SQUID) amplifier to enhance its sensitivity.
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1.1 Outline

This thesis is structured as follows:

Chapter 2 presents the background concepts relevant to the experiments in this work.

We begin by reviewing the key aspects of the band structure of GaAs and spin-orbit

coupling effects in solids. Next, we discuss the magnetotransport measurements used to

characterize 2D systems and probe their interactions. We also provide an overview of

Coulomb blockade for a single quantum dot and conductance quantization phenomena in

quantum point contacts. This chapter concludes by examining the physics governing the

superconducting quantum interference device (SQUID).

Chapter 3 briefly outlines the experimental methods. In this chapter, we describe the work-

ing principles of the relevant experimental devices, cryogenic equipment, and measurement

cell employed in the experimental work of this thesis.

Chapter 4 is the first results chapter. In this chapter, we focus on the characterization of

dopant-free, p-type GaAs/AlGaAs Hall bar devices. We identify fabrication parameters

that result in undesired parallel conduction and gate hysteresis. We identify four successive

and distinct SdH regimes at different magnetic field ranges, resulting from SOI and Zeeman

spin splitting within the Heavy-hole (HH) valence band. Furthermore, we extract the

effective masses and estimate the energy splitting of the heavy hole (HH) band under

Rashba SOI. This chapter concludes with an estimation of the out-of-plane g factor for

HH.

Chapter 5 is the second results chapter, which continues the measurements on dopant-

free, p-type GaAs/AlGaAs Hall bar devices. We explore the non-linear magnetotransport

characteristics of these devices. We present the SdH phase inversion phenomenon and

explore the empirical relationship between the hole temperature and applied dc current

through the Hall bar. The features of two-dimensional maps of differential resistance

as a function of magnetic field and current in the quantum Hall breakdown regime are

extensively described. The magnetic field dependence of the critical breakdown current

and electric field is examined. The zero current anomaly (ZCA) phenomenon is observed

and discussed. This chapter concludes with examining hysteresis behaviour in the quantum

Hall regime.
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Chapter 6 is the third results chapter. In this chapter, we focus on the development of an

RF-QPC charge detector in a lateral quantum dot device. We conduct charge sensitivity

measurements in the single electron regime using the RF-QPC readout and compare the

sensitivity to other readouts in literature. Additionally, we demonstrate a nulling technique

for RF-QPC readout, which is valuable for integrating a microstrip SQUID amplifier (MSA)

with limited dynamic range. This chapter concludes with integrating the MSA into the

RF-QPC readout.

Chapter 7 summarizes the results presented in this thesis. Additionally, we suggest some

future research directions that can follow from this thesis.
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Chapter 2

Background concepts

2.1 Introduction

In this chapter, we provide a comprehensive overview of the key concepts essential for

the experiments conducted in this thesis. We begin by examining the properties of 2D

holes within the GaAs material system. Following that, we outline the magnetotransport

measurements used to characterize 2D systems. Subsequently, we discuss important phe-

nomena relevant to lateral quantum dot devices. Lastly, we discuss the operating principles

behind the superconducting quantum interference device (SQUID). Additionally, each ex-

perimental results chapter begins with a specialized literature review.

2.2 Band structure of GaAs

GaAs is a III-V semiconductor that has a zinc blende crystal structure. The tight-binding

method approximates the electronic wave functions in a solid by using a superposition of

the wave functions for isolated atoms at each atomic site. Using the tight-binding ap-

proximation, the conduction band of GaAs is predominately made up of atomic s orbitals.

Atomic s orbitals have spherical symmetry and ℓ = 0 orbital quantum number. In contrast,

the valence band is reminiscent of atomic p orbitals. Atomic p orbitals have an anisotropic
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spatial symmetry and have ℓ = 1. The atomic p orbitals are three-fold degenerate with

respect to the total angular momentum J = L + S, the sum of the orbital L and spin S

angular momenta. With spin taken into account, the valence band becomes six-fold de-

generate. In bulk crystals, spin-orbit interaction (SOI) lifts the six-fold degeneracy of the

valence band into 3 bands: Heavy holes (HH), light holes (LH) and the split-off band (SO).

In the basis of total angular momentum J and the projection along a ẑ axis mj, |J,mj⟩,
HH have |3/2,±3/2⟩, LH have |3/2,±1/2⟩, and SO band has |1/2,±1/2⟩. Fig. 2.1a shows

the bulk GaAs band structure. Although J and mj are only approximately good quantum

numbers, they are used nonetheless for nomenclature.

The HH and LH bands are degenerate for wave vector k = 0, but are non-degenerate for

k ̸= 0. The SO band lies lower in energy by the spin-orbit gap ∆SO. In GaAs ∆SO = 0.34

eV [19]. In contrast to the conduction band, the valence band in bulk GaAs is highly

anisotropic and non-parabolic. Therefore, it is not possible to accurately describe a hole

system using a simple effective mass approximation, as is often the case for electrons.

2.2.1 2D confinement

The valence band becomes more complex due to size quantization in a 2DHG. In the case

of a 2DHG hosted in a symmetric quantum well (QW), the degeneracy between the LH and

HH bands at kz = 0 is lifted with an energy gap ∆hh−lh, as depicted in Fig. 2.1b. Here,

kz denotes the wave vector along the growth direction. For a 2DHG in an asymmetric

QW, Rashba SOI lifts the degeneracy of the mj = ±3/2 states in the HH band. This

leads to a splitting of the HH band into two bands denoted as HH+ (mj = +3/2) and

HH- (mj = −3/2) [20], as illustrated in Fig. 2.1c. Additionally, these two SOI-split bands

exhibit different effective masses, with HH+ having a larger mass and HH- having a smaller

one, both of which vary with kz. Similarly, the total angular momentum degeneracy is also

lifted in the LH and SO bands, resulting in LH-/LH+ and SO-/SO+.

In the context of transport in the 2DHG, at large values of the in-plane wavevector

(k||) corresponding to much higher hole densities p2d = k2F/2π (where kF represents the

Fermi wave vector) than those typically observed in transport experiments, an anti-crossing

between the HH and LH occurs (see Fig. 2.1d). This leads to the hybridization of their
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Figure 2.1: Schematic representations of the band structure of GaAs. (a) Conduction

band (CB) and valence band (VB) of bulk GaAs. The valence band consists of the heavy

hole (HH), light hole (LH) and split-off (SO) band. Band structure for (b) symmetric

quantum well (QW) and (c) asymmetric QW as a function of the wavevector along the

growth direction (kz). (d) Dispersion relation as a function of in-plane wavevector (k||) for

LH and HH bands, illustrating their anti-crossing. (inset) Zoomed-in view of the HH+ and

HH- dispersions, near a Fermi energy EF typically achieved in experiments. Figure made

by Dr. François Sfigakis.
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wavefunctions. While the mixing between HH and LH bands reaches its maximum at the

anti-crossing, and the LH band is unoccupied, hybridization is present to some extent for

all values of k||. This mixing/hybridization is the principal reason why J and mj are not

good (conserved) quantum numbers.

Furthermore, the LH-HH anti-crossing results in the effective masses of the 2DHG

hosted in a QW becoming anisotropic in space. Along the growth direction (kz), the

effective masses correspond to the band names, with the HH effective mass being larger

than LH. However, within the 2D plane (k||), a mass inversion occurs and the LH effective

mass becomes larger than HH. This is illustrated in Fig. 2.1d, where the curvature of the

HH band before the anti-crossing is steeper than that of the LH band.

2.2.2 Spin-orbit interaction (SOI)

Spin-orbit interaction (SOI) is a relativistic effect that couples an electron’s motion within

a potential to its spin degree of freedom. In atomic physics, this effect is incorporated into

the Hamiltonian through a non-relativistic approximation of the Dirac equation. SOI can

be understood as an effective Zeeman interaction arising from a Lorentz transformation of

electric and magnetic fields [21]. When an electron moves in a static electric field E⃗, it

perceives, in its reference frame, an effective magnetic field B⃗eff oriented perpendicular to

both its momentum p⃗ and the electric field E⃗

B⃗eff = − 1

2m0c2
p⃗× E⃗ (2.1)

where m0 is the rest mass of the electron, and c is the velocity of light in vacuum. This

magnetic field in the rest frame of the electron couples to the electron spin via the Zeeman

interaction. The spin-orbit Hamiltonian for a free electron in an electric field E⃗ = −∇V (r)

is given by [22]

HSO = − ℏ
4m2

0c
2
σ · p⃗× (∇V (r)) (2.2)

where ℏ is Planck’s constant and σ = (σx, σy, σz) are the Pauli spin matrices.

7



SOI in semiconductors

The spin degeneracy of electrons and holes in semiconductors is a result of time reversal

symmetry and spatial inversion symmetry [23]. In the presence of a finite magnetic field,

time reversal symmetry is broken and the spin degeneracy is lifted. Alternatively, once

spatial inversion asymmetry is introduced, spin degeneracy is lifted even for zero magnetic

field.

Spatial inversion asymmetry in semiconductors can arise from three mechanisms: bulk-

inversion asymmetry (BIA) [24], structure-inversion asymmetry (SIA) [25], or surface ter-

mination [26, 27]. The latter will not be explored in more detail, as it is significantly

smaller than the BIA or SIA terms and is less important for heterojunctions (utilized in

this work), where the wavefunction vanishes near the interface. The BIA term, also known

as Dresselhaus SOI, is present when the underlying crystal structure lacks an inversion

center. An electron moving through the asymmetric potential within the crystal lattice

couples to the electron spin through SOI and lifts the spin degeneracy. The BIA is an

intrinsic material property. Type III-V semiconductors that have a zinc blende crystal

structure, such as GaAs, InAs and InSb, lack inversion symmetry. In contrast, type IV

semiconductors like Si and Ge possess a diamond crystal structure with a center of inver-

sion. For (100) zincblende materials, the Dresselhaus SOI in the 2 × 2 HH subspace is

described by the following [28]

HD = γD(k+σ− + k−σ+) + βD1(k+k−k+σ− + k−k+k−σ+) + βD2(k
3
−σ− + k3+σ+) (2.3)

where k± = kx ± iky and γD, βD1 and βD2 are Dresselhaus parameters. The linear terms,

γD, and βD1 dominate while the cubic term is much smaller. Meanwhile the SIA term,

also known as Rashba SOI, occurs in 2D systems with inversion-asymmetric confinement

potentials. The shape of the confinement potential is adjustable with an external gate,

therefore Rashba SOI is tunable. The Rashba SOI for the 2× 2 HH subspace is described

by [28]

HR = iαR1(k+σ+ − k−σ−) + iαR2(k
3
+σ− − k3−σ+) + iαR3(k+σ+ − k−σ−)k

2 (2.4)

where the Rashba coefficients αRi are proportional to the shape of the asymmetric con-

finement potential. Using the axial approximation [29], αR1 and αR3 are zero, leaving only
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the cubic term [28]. The Dresselhaus terms are smaller than the Rashba counterparts.

In inversion-asymmetric systems (Chapter 4), the Rashba term dominates with a cubic

dependence on wavevector.

2.3 Magnetotransport of 2D systems

Two-dimensional electron or hole systems are typically characterized by performing low-

temperature magnetotransport experiments in a Hall-bar geometry, as depicted in Fig.

2.2. A current I is injected along the length of the Hall bar, and the longitudinal and

transverse voltages (Vxx and Vxy respectively) are measured. The longitudinal resistivity

of a 2D system for a Hall bar with width W and length L is given by ρxx = Vxx/[(L/W )I].

Meanwhile, the transverse resistivity is simply given by ρxy = rxy = Vxy/I. The transverse

resistivity (ρxy) in 2D does not depend on geometry because the voltage drop (Vxy) is

not from a current directed along the width (W ) of the Hall bar. Vxy is instead due to

the induced electric field (Ey = Vxy/W ) generated as a consequence of the Lorentz force

resulting from the movement of charged particles in the presence of a magnetic field.

2.3.1 Shubnikov-de Haas Oscillations

In classical physics, when a charged particle moves within a magnetic field, it experiences a

Lorentz force, resulting in cyclotron motion. The cyclotron radius depends on the particle’s

velocity and the strength of the magnetic field. At sufficiently low temperatures, the

quantization of the motion of charged particles in a magnetic field becomes resolvable.

Utilizing the effective mass approximation [22], we can treat a 2D system as having a

parabolic dispersion, where the effective mass is independent of the wavevector k. In this

framework, the Hamiltonian for a 2D system of non-interacting particles with charge q in

the presence of a magnetic field B applied along the z-axis is given by

Ĥ =
1

2m∗ (p̂− qÂ)2 (2.5)
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Figure 2.2: Hall bar geometry with the typical measurement scheme used for a magneto-

transport measurement.

where p̂ represents the canonical momentum, and Â is the magnetic vector potential. Using

the Landau gauge, A⃗ = Bzxŷ, we can derive the following

H =
p̂2x
2m∗ +

1

2m∗ (p̂y − qBzxŷ)
2 (2.6)

Assuming a wavefunction of the form ψ(x, y) = ψ(x)eikyy such that the operator p̂y com-

mutes with this Hamiltonian, we can replace p̂y with its eigenvalue ℏky. Identifying the

cyclotron frequency as ωc =
qB
m∗ , Eq. 2.6 becomes

Ĥ =
p̂2x
2m∗ +

1

2
m∗ω2

c

(
x− ℏky

m∗ωc

)2

(2.7)

The above Hamiltonian describes a one-dimensional quantum harmonic oscillator with a

frequency of ωc =
eBz

m∗ centered around ℏky
eBz

. The energy eigenvalues are therefore given by

E±
n =

(
n+

1

2

)
ℏωc ±

1

2
gzzµBBz (2.8)

The first term in Eq. 2.8 breaks up the constant density of states of a 2D system into

discrete levels, labeled by the index n. These levels are known as Landau levels, with an
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Figure 2.3: (a) Schematic representation of the density of states of a 2D system in the

presence of a perpendicular magnetic field. The separation between Landau levels is given

by the cyclotron energy ℏωc. The Zeeman energy further splits spin degenerate Landau

levels by gzzµBB. (b) Longitudinal resistivity as a function of perpendicular magnetic field

measured for a GaAs 2DEG in Hall bar geometry. Adapted from [30].

energy spacing of ℏωc. It is convenient to introduce the filling factor ν, which is defined

as the number of occupied Landau levels at a given magnetic field. In an ideal 2D system

without scattering, the Landau levels are true δ-functions. However, in a real system with

disorder, the carriers undergo scattering from impurities, resulting in a broadening of the

Landau levels with a width of Γ. Assuming a Lorentzian shape, the Landau level broad-

ening is on the order of Γ ∼ ℏ/τq, where τq is the quantum lifetime. The second term in

Eq. 2.8 describes the response of the spin to the magnetic field via the Zeeman interaction.

The Zeeman energy additionally splits the Landau levels by an amount gzzµBB, where gzz

is the out-of-plane g-factor and µB is the Bohr magneton. The density of states for a 2D

system in a perpendicular magnetic field is depicted in Fig. 2.3a.

In the limit of small magnetic fields for a single electric subband occupied, the oscillating

density of states modulates the classical Drude resistivity ρ0 according to [31]

ρxx(B, T ) = ρ0

[
1− 2e(−π/ωcτq)

χ(T )

sinhχ(T )
cos

(
2π
hp2d
2eB

)]
(2.9)

The oscillations in the longitudinal resistivity as a function of perpendicular magnetic field

are known as Shubnikov-de Haas (SdH) oscillations. From the cosine term, the oscillations

are periodic in 1/B with a periodicity 2e/hp2d, where p2d is the carrier density. The expo-
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nential term reflects the broadening of the Landau levels through the quantum lifetime τq.

Meanwhile, χ(T )/ sinhχ(T ) is the thermal dampening term that describes the temperature

dependence of the oscillations, where χ(T ) = 2π2kBT/ℏωc. Fig. 2.3b shows an example of

SdH oscillations for a GaAs 2DEG measured at 1.7 K.

2.3.2 Integer quantum Hall effect

At large magnetic fields and low temperatures, the discrete density of states also begins to

affect the transverse resistance, rxy. This is a consequence of the Landau levels becoming

sufficiently well-separated with no overlap, due to the larger cyclotron energy spacing ℏωc

and/or spin splitting gzzµBB. A plateau in the Hall resistance occurs when the Fermi

energy is positioned halfway between two adjacent Landau levels, as depicted in Fig. 2.4a.

The plateaus occur at values given by

rxy =
h

e2
1

ν
(2.10)

where ν = hp2d
eBz

is the filling factor. Every time ν Landau levels are completely filled, a

plateau in the Hall resistance occurs. Concomitantly, the longitudinal resistivity ρxx goes

to zero. These two properties are the hallmark features of the integer quantum Hall effect.

Fig. 2.4b shows an example of the SdH oscillations and Hall plateaus in the quantum Hall

regime for a GaAs 2DEG measured at 100 mK.

The microscopic explanation of the integer quantum Hall effect can be attributed to two

mechanisms: disorder potential and the formation of edge channels. The disorder potential

causes states in the bulk to become localized, resulting in suppressed bulk conductance at

the Fermi level. Concomitantly, the confinement potential bends the Landau levels upward

at the sample edges, giving rise to one-dimensional ballistic transport channels, as depicted

in Fig. 2.5. The motion of these channels is chiral in nature, meaning they move in opposite

direction on opposite edges of the sample. The number of edge states equals the filling

factor ν, with each state (spin non-degenerate) contributing half of a conductance quantum

(e2/h).
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Figure 2.4: (a) Density of states in the strong quantum Hall regime for filling factor ν = 2.

The spin split Landau levels do not overlap and the Fermi level is in a clear spectral gap

between the a fully occupied Landau level below (shaded gray) and empty level above. (b)

SdH oscillations (left y-axis) and Hall resistance (right y-axis) of a GaAs 2DEG in a Hall

bar geometry measured at 100 mK. The red numbers on the Hall plateaus indicate the

corresponding filling factor ν. Adapted from [30].

localized 

bulk states

edge 

channels

Figure 2.5: (a) A schematic representation illustrating the intersection of the Fermi level

with the first three Landau levels along the width of the Hall bar. (b) A top-down view

of the Hall bar displaying edge channels (numbered) and localized bulk states. The thick

lines denote the edges of the sample. Adapted from [32].
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2.4 Quantum dots and 1D constrictions

A quantum dot is a structure in which electrons or holes are confined in all three spatial

dimensions. In semiconductor devices, quantum dots are created by introducing additional

lateral confinement in a 2D electron or hole gas. This lateral confinement can also be

utilized to form 1D channels known as quantum point contacts (QPCs). In this section,

we will discuss the Coulomb blockade and conductance quantization phenomena that are

relevant to laterally defined semiconductor devices.

2.4.1 Coulomb blockade

Quantum dots can be described using a capacitive model, as depicted in Figure 2.6a for a

single quantum dot. The quantum dot, represented by a blue circle, is tunnel-coupled to

both the source and drain leads and is also capacitively-coupled to a gate. Tunnel coupling

implies that the dot is connected to the leads through a resistive connection, enabling the

exchange of charges with the leads, in addition to capacitive coupling. The gate is used to

shift the electrochemical potential of the quantum dot and consequently adjust the number

of charge carriers.

The energy spectrum of a semiconductor quantum dot is primarily governed by two

distinct energy scales. The first is the Coulomb repulsion experienced among charge car-

riers, which, in conjunction with the small size of the quantum dot, results in a charging

energy given by EC = e2/CΣ. This energy is required to add an additional charge carrier

to the quantum dot, where CΣ represents the total capacitance between the quantum dot

and its environment (which includes the source and drain leads and the metallic gate).

This effect leads to a suppression of the tunneling current, known as Coulomb blockade,

which is purely classical and arises from the discrete nature of electric charge. The second

energy scale pertains to the allowed orbital states of single-particle energies, denoted as

EN . The energy difference between adjacent electrochemical potentials, referred to as the

addition energy, is given by

Eadd(N) = µ(N)− µ(N − 1) = ∆E + EC (2.11)
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Figure 2.6: (a) Capacitive model of a single quantum dot. The quantum dot is tunnel

coupled to source and drain leads and capacitively-coupled to a gate. Applying a voltage

to the gate shifts the electrochemical potential, µN , of the QD relative to the leads. En-

ergy level diagrams showing conditions for (b) single electron transport and (c) Coulomb

blockade.

where ∆E represents the energy difference between two single-particle energy states. For

quantum dots in GaAs/AlGaAs heterostructures, EC is approximately 1 meV, and ∆E is

approximately 0.1 meV [30].

Fig. 2.6b shows a schematic energy level diagram for a single quantum dot, where

a ladder of levels is approximately equally spaced by EC . A source-drain voltage bias

produces an energy difference between the leads, µsd = µs − µd = −|e|Vsd, which is known

as the bias window. The voltage on the gate Vg positions the electrochemical potential

of the N -electron quantum dot state µN within the bias window, enabling single charge

transport. The magnitude of the current will depend on the dot-to-lead tunnel rate. In

Fig. 2.6c, the Coulomb blockade phenomenon is observed, where µN lies outside the bias

window, preventing the addition of a charge to the dot, and as a result, there is no current

flow.

2.4.2 Conductance quantization in quantum point contact

A quantum point contact (QPC) is a narrow constriction obtained in a 2D electron or

hole gas, with its width on the order of the Fermi wavelength and its length smaller than
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Figure 2.7: (a) (adapted from [33]) The first measurement of conductance quantization

in a QPC. The upper inset shows the split-gate constriction on top a 2DEG used for the

measurement. The lower inset (adapted from [30]) shows a voltage bias applied between

two electron reservoirs. (b) (adapted from [30]) Parabolic dispersion for three subbands.

Only the lowest two channels contribute to transport.

the elastic mean free path. By adjusting the width of the constriction using electrostatic

gates, one can observe a step-like change in its conductance. The conductance values at

these steps are multiples of the conductance quantum (2e2/h). Since its initial discovery by

Wees et al. in a GaAs 2DEG [33] (shown in Fig. 2.7a), quantized conductance in a narrow

constriction has proven to be a universal effect, independent of fabrication technology and

host material.

Consider the QPC as a long ballistic conductor of width W connected to two electron

reservoirs, as illustrated in the lower right inset of Fig. 2.7a. The lateral confinement in

the y-direction gives rise to a series of quantized transverse modes. Each of these modes

can be approximated as having a parabolic dispersion relation given by

En(kx) = En +
ℏ2k2x
2m∗ , En =

π2ℏ2

2m∗W 2
n2 (2.12)

with energy offset En as depicted in Fig. 2.7b. Applying a voltage e(µL − µR) across the

QPC results in a current flow. Using the Landauer-Büttiker formalism, the conductance
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of a QPC with n occupied modes is given by [30]

G = gs
e2

h

∑
n

∫ +∞

−∞
Tn(E)[f(E, µL)− f(E, µR)] dE (2.13)

where Tn(E) is an energy-dependent transmission probability that accounts for back-

scattering, and f(E, µi) represents the Fermi functions for the left and right reservoirs.

Each mode n contributes to the total conductance given by the integral in Eq. 2.13. The

prefactor gs accounts for spin degeneracy, with gs = 2 being applicable to a GaAs 2DEG

at zero magnetic field. In the limit of zero temperature the Fermi functions in the inte-

gral of Eq. 2.13 are replaced by step functions. For ideal transmission modes, the QPC

conductance with N occupied modes is given by

G = 2N
e2

h
(2.14)

The conductance is quantized in integer multiples of the conductance quantum (2e2/h).

In the presence of a magnetic field, the spin degeneracy is broken, leading to plateaus at

integer multiples of e2/h.

2.5 SQUIDs

The operation of the superconducting quantum interference device (SQUID) relies on two

key phenomena in superconductivity: the Josephson effect and the quantization of mag-

netic flux. In this section, we will present the theoretical principles underlying the SQUID

operation.

2.5.1 Josephson junctions

A Josephson junction is composed of two superconductors connected by a very weak link.

This weak link can take the form of an insulator (superconductor-insulator-superconductor,

SIS), a normal metal (SNS), or a narrow constriction (ScS). The physical size of the weak

link is significantly smaller than the coherence length of the Cooper pairs, which allows it
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to couple the wave functions of the two superconductors. This coupling leads to distinctive

electrical properties, such as a phase-dependent supercurrent or a sinusoidal alternating

current across the junction. The current-voltage characteristics of Josephson junctions are

defined by the two Josephson relations. The Josephson current-phase relation is given by

Is = I0 sin(δ) (2.15)

where Is represents the supercurrent carried by Cooper pairs passing through the junction,

and I0 denotes the maximum or critical current that the junction can support without ex-

periencing any voltage drop. The critical current is dependent on the material, geometry,

and temperature. δ = θ1 − θ2 corresponds to the phase difference between the two macro-

scopic wave functions of the two superconductors. The Josephson voltage-phase relation

is given by
dδ

dt
=

2eV

ℏ
(2.16)

where V is the voltage drop across the junction, e is the elementary charge, and ℏ is

Planck’s constant.

Resistively Capacitance Shunted Junction (RCSJ) model

When the current passing through the junction exceeds the critical current I0, a voltage

abruptly develops across the junction. However, this voltage only returns to zero for a

current significantly lower than I0. In other words, the Josephson junction alone exhibits a

hysteretic current-voltage (I-V) relationship. To utilize a Josephson junction in a SQUID,

this hysteresis must be eliminated. This is accomplished by incorporating a shunt resistor

in parallel with the junction. In the case of insulating barriers in an SIS configuration,

the junction areas are sufficiently large to yield junctions with adequate critical currents,

resulting in an effective capacitance across the junction. Therefore, an accurate model of

a non-hysteretic Josephson junction should include resistor and capacitor elements. The

resistively and capacitively shunted junction (RCSJ) model incorporates these components,

as shown in Fig. 2.8a. Using Kirchhoff’s law, the sum of all currents flowing across the

junction in the RCSJ model is given by [34]

I = I0 sin(δ) +
V

R
+ C

dV

dt
(2.17)
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(b) (c)(a)

Figure 2.8: (a) Schematic of resistively-shunted Josephson junction. Tilted “washboard”

potential derived from the RCSJ model depicting (a) I < I0 and (b) I > I0. Adapted from

[34].

Using the Josephson voltage-phase relation (Eq. 2.16), Eq. 2.17 can be re-written as

I − I0 sin(δ) =
ℏC
2e
δ̈ +

ℏ
2eR

δ̇ (2.18)

which is a nonlinear second-order differential equation. One can recognize the similarity

between Eq. 2.18 and the standard equation of motion for a particle moving in a one

dimensional potential. In the mechanical analogue, the mass of the particle is equivalent

to m = ℏC/2e, the viscous drag component to γ = ℏ/2eR, and the non-linear force term

to F = I − I0 sin(δ). The particle moves in a potential given by (F = −∇UJ = −dUJ/dδ)

UJ = −Iδ − I0 cos(δ) (2.19)

resulting in an effective “washboard” potential. It can be parameterized by the ratio of

the current to the critical current I/I0. When I/I0 < 1, the periodic potential wells of the

washboard trap the phase (particle) δ at certain values, leading to no voltage drop across

the junction. This situation is depicted in Fig. 2.8b.

When I/I0 > 1, the washboard becomes tilted from the term Iδ in Eq. 2.19, enabling

the phase (particle) to advance down the “washboard” potential. We can parameterize the

effect of the capacitance (mass) by introducing the Stewart–McCumber parameter, given

by

βc =
2eI0R

2C

ℏ
(2.20)
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When βc ≪ 1, the junction is considered to be over-damped, which means that the viscous

drag (resistive) term dominates over the inertia term. The over-damped solution results

in a non-hysteretic I-V characteristic, which is necessary for the practical operation of a

SQUID. As βc increases and the junction enters the under-damped regime, the I-V curve

exhibits hysteresis. In this case, once the phase (particle) starts to evolve, the dominant

inertial term prevents the phase (particle) from becoming trapped in one of the washboard

ripples, as depicted in Fig. 2.8c. Typically the junction is shunted with a damping resistor

that is much smaller than the normal conductance of the junction. This reduces βc and

prevents hysteresis.

2.5.2 DC SQUID

A DC SQUID is a device that utilizes two shunted Josephson junctions connected in parallel

within a closed superconducting loop. The DC SQUID primarily functions as a magnetic

flux-to-voltage transducer. The device’s operation relies not only on the Josephson effect

but also on the quantization of magnetic flux within the superconducting loop.

Recall that the macroscopic wavefunction of a superconductor can be represented by

a complex order parameter, described by Ψ = ψ0e
iθ, where ψ0 is the amplitude and θ is

the phase. In the case of superconductors with non-trivial topologies, such as a loop, a

boundary condition is imposed, ensuring that the wavefunction remains single-valued at

every point along the loop. Consequently, a phase shift of 2π does not affect Ψ. Thus,

for a superconducting loop, the phase change when traversing the entire loop must be an

integer multiple of 2π in order to maintain the single-valued nature of the wavefunction.

This results in the magnetic flux threading a superconducting loop to be quantized by the

magnetic flux quantum (Φ0 = h/2e).

Fig. 2.9a shows a schematic of a DC SQUID, with each junction represented by an

RCSJ. The SQUID operates as follows: a dc current greater than twice the critical current

of each junction, 2I0, is supplied to the SQUID, dividing the current between the two

branches that contain the junctions. In the absence of a magnetic field threading the

loop, the current is evenly distributed between the branches. However, when an external

magnetic field is applied to the loop, a screening current is induced around the loop to
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Figure 2.9: (a) Schematic of a dc SQUID in the RCSJ model. (b) I-V characteristic at

integer and half-integer values of applied magnetic flux threading the SQUID loop. The

bias current, Ib, is greater than twice the critical current of each junction, 2I0. (c) The

output voltage across the SQUID as a function of magnetic flux. Adapted from [34].

counteract the applied magnetic flux, reducing it back to zero. This induced screening

current supplements the applied current through one junction and opposes the current in

the other junction. When the current passing through one junction exceeds the critical

current, I0, a voltage develops across that junction and consequently across the entire

SQUID loop. When the applied magnetic flux exceeds half a flux quantum, Φ0/2, instead

of screening the flux, it becomes energetically favorable to allow one flux quantum in the

loop. As a result, the screening current changes direction to adjust the net flux in the loop

to one flux quantum. This behavior continues as the applied magnetic flux is increased,

with a periodicity of one flux quantum, Φ0.

Fig. 2.9b shows the SQUID I-V characteristic for both half and integer values of

Φ0 threading the loop. As the applied magnetic flux increases, the I-V curve oscillates

continuously between these two extremes shown in Fig. 2.9b. For a given bias current

Ib > 2I0, the voltage across the SQUID oscillates with applied magnetic flux, also with a

periodicity of one flux quantum, Φ0. An example of a V − Φ curve is shown in Fig. 2.9c.
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2.5.3 SQUID amplifiers

In a conventional design of a SQUID, as used in Chapter 6, a square geometry is employed

for the loop. It consists of a large “washer” connected to a small counter-electrode through

two Josephson junctions, as depicted in Fig. 2.10. Typically, thin films of niobium (Nb)

are used for both the washer and the counter-electrode. Additionally, aluminum oxide

(Al2Ox) is commonly employed as the insulating barrier to create Nb-Al2Ox-Nb junctions.

The junctions are also resistively shunted to produce a non-hysteretic I-V characteristic.

In a SQUID amplifier, a signal is applied to an input coil that is inductively coupled

to the SQUID washer. The input coil converts electric current into magnetic flux, and

the SQUID functions as a current-to-voltage transducer. The input coil is inductively

coupled to the SQUID loop with a mutual inductance M = α
√
LinLsq, where α represents

a geometry-dependent coupling constant, and Lin and Lsq denote the inductance of the

input coil and SQUID washer, respectively. The mutual inductance determines how much

flux a given current through the input coil produces.

In order to utilize the SQUID as a practical amplifier, it must be biased appropriately

to maximize the output voltage swing and linearize the flux-to-voltage relationship. The

maximum slope of the V − Φ relation, ∂V
∂Φ

, occurs when a static flux of (2n − 1)Φ0

4
is

supplied to the SQUID, where n is an integer. This flux bias is achieved by passing a dc

current through a feedback coil coupled to the SQUID. To maintain this operating point

for changes in applied flux from the input coil, a flux locked loop (FLL) circuit is employed.

The FLL circuit involves a feedback circuit that keeps the flux through the SQUID constant

by adjusting the current through the feedback coil. The FLL increases the dynamic range

for linear operation to several thousand flux quanta.

Microstrip SQUID amplifier (MSA)

In the typical operation of a SQUID amplifier, the input signal is applied across the two

ends of an input coil that is tightly coupled to the SQUID loop, as shown in Fig. 2.10. To

achieve good coupling, the input coil is usually lithographically patterned directly above the

SQUID, separated only by a thin insulating layer. However, when operating at frequencies
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Figure 2.10: (a) Diagram of typical SQUID (adapted from Ref. [35]). The square washer

and counter-electrode are shown in gray, connected by two Josephson junctions represented

by the cross-indents. The input coil is depicted by the copper color and is patterned above

the square washer. (b) Electrical schematic of a conventional SQUID amplifier. The input

signal is coupled to both ends of the input coil. The additional coil carrying current Iϕ is

the feedback coil. (b) Electrical schematic of a microstrip SQUID amplifier (MSA). The

input signal is coupled to one end of the coil and the SQUID washer. The other end of the

coil is left open.

exceeding tens of megahertz, the parasitic capacitance between the input coil and the

SQUID washer can lead to a substantial reduction in the device’s gain. This issue can be

overcome by coupling the input signal between one end of the input coil and the SQUID

washer. In this configuration, the input coil now acts as a transmission line resonator.

When the input coil is driven at a frequency close to the λ/2 standing wave resonance of

the microstrip, the current is enhanced proportionally to quality factor Q of the microstrip

[36]. This leads to an increased gain at the resonance frequency while maintaining a low-

level of noise. A SQUID operated in this configuration is known as a microstrip SQUID

amplifier (MSA), first reported in Ref. [37]. Fig. 2.10b shows the electrical configuration

of an MSA.

One drawback of an MSA is that they can only operate in an open-loop configuration.

This limitation arises from their higher-frequency operation, which prevents the use of the

FLL scheme outlined earlier to increase the dynamic range. Due to technical constraints,

the utilization of FLL is restricted to frequencies up to a few megahertz [38]. Nevertheless,
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the noise temperature of MSAs has been demonstrated to be very low when cooled, primar-

ily limited by the thermal noise produced by the shunt resistors. In Ref. [39], the authors

demonstrated that an MSA cooled to 20 mK achieved a noise temperature of 50 mK at 520

MHz, within a factor of two of the quantum limit and over an order of magnitude lower

than the best semiconductor amplifiers.
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Chapter 3

Experimental methods

3.1 Introduction

This chapter serves a dual purpose. First, we provide a concise overview of the architecture

and operational principles of the devices employed in our experimental work. Second, we

elaborate on the characteristics and specifications of the cryostat utilized for conducting

these experiments.

3.2 2D devices

Charge carriers can be confined within a 2D layer of a semiconductor through band gap

engineering. These 2D devices can then be fabricated to take the form of Hall bar geome-

tries, narrow one-dimensional constrictions, or zero-dimensional quantum dot structures.

This section focuses on presenting the techniques employed to fabricate these 2D devices.

3.2.1 Heterojunctions and quantum wells

A heterostructure is simply a semiconductor arrangement where the chemical composi-

tion varies with position. A single heterojunction represents the most basic form of a
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heterostructure, consisting of an interface between two dissimilar semiconductors. Het-

erostructures are typically grown using the molecular-beam epitaxy (MBE) technique,

allowing for precise control over the thickness and chemical composition of each atomic

layer. Heterostructures serve as the fundamental building blocks for advanced semicon-

ductor devices. Within a heterojunction interface or a thin layer of material in a double

heterojunction (also known as a quantum well), a conductive two-dimensional layer, such

as a two-dimensional electron gas (2DEG) or a two-dimensional hole gas (2DHG), can be

formed. The confinement of this 2D gas to a narrow region (approximately on the order

of tens of nanometers) creates discrete energy level subbands along the growth direction.

Typically, for charge carrier densities around 1× 1015 m-2, only the lowest subband is oc-

cupied, allowing the system to be effectively treated as two-dimensional. However, in wide

quantum well structures (approximately 30 - 50 nm), the second subband is considerably

lower in energy and can become populated even at low densities, around 1× 1015 m-2.

The gallium-arsenide/aluminum-gallium-arsenide (GaAs/AlGaAs) material system is

the most studied III-V heterostructure. A typical GaAs/AlGaAs heterojunction is formed

by combining GaAs and AlxGa1-xAs. In the second layer, Al replaces some fraction of the

Ga in the lattice (typically x ≈ 0.3 - 0.5). The crystal lattices of GaAs and AlGaAs are

similar, which produces structures with little strain and minimal defects. Consequently,

confined electrons or holes move through the crystal lattice encountering very few scattering

sites. This low level of scattering and disorder results in high mobility structures.

The formation of the 2D electron or hole gas in heterostructures arises from two mech-

anisms. The semiconductor materials that make up the single or double heterojunctions

have different band gaps. Consequently, the conduction and valence band across a hetero-

junction develop step-like profiles and establish a common Fermi energy. The difference in

band gaps alone does not form a 2D gas. The second crucial ingredient is an electrostatic

potential that causes the conduction or valence band to bend appropriately at the hetero-

junction. To form a two-dimensional electron gas (2DEG), the conduction band is bent

downwards to dip below the Fermi level. Alternatively, to form a two-dimensional hole gas

(2DHG), the valence band is bent above the Fermi level. The electrostatic potential to

bend the band structure is achieved by modulation doping or by gating the heterostructure.
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Figure 3.1: Modulation-doped example. (a) Energy band diagrams of the p-doped AlGaAs

layer (p-AlGaAs) and intrinsic GaAs layer (i-GaAs) before contact. (b) Alignment of the

energy bands and Fermi level after contact, illustrating the formation of a 2DHG at the

heterojunction interface.

3.2.2 Modulation-doped devices

The standard method for creating an electrostatic potential involves introducing dopants

into the material system, a technique known as modulation doping [40]. In modulation

doping, during the wafer growth via MBE, a thin dopant layer is incorporated near the

heterojunction. To form a 2DEG in a GaAs/AlGaAs heterojunction, an n-type dopant

like silicon is introduced into the AlGaAs layer, replacing some of the Ga or Al atoms.

As a result, some electrons from the n-type doping migrate into the GaAs layer, leaving

positively charged ions in the n-AlGaAs layer. These positive ions cause a bending of the

conduction band, while the free electrons accumulate to form the 2DEG. Alternatively, to

create a 2DHG in a GaAs/AlGaAs heterojunction, a p-type dopant such as carbon is added

to the AlGaAs layer. This leads to the migration of some holes from the p-type doping

into the GaAs layer, leaving behind negatively charged ions. The negative ions induce a

bending of the valence band, while the free holes accumulate to form the 2DHG. As an

example, Fig. 3.1a shows the energy bands and Fermi level of a physically separated p-

doped AlGaAs layer and intrinsic GaAs layer. Upon the contact of these two materials, the

alignment of energy levels produces a 2DHG at the GaAs/AlGaAs interface, as depicted
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in Fig. 3.1b. Modulation-doped structures can be readily fabricated with ohmic contacts

to establish electrical connections with the 2D gas. As a standard technique, metal is

deposited atop the heterostructure and then annealed at high temperatures, causing the

metal to diffuse down to make contact with the 2D gas [41].

3.2.3 Dopant-free induced devices

An alternative approach to modulation doping involves the application of an external elec-

tric field along the growth direction of the heterostructure to modify the band structure

and induce a 2D gas. This external electric field can be generated by applying a voltage to

a metallic electrode or gate positioned on top of the heterostructure. To prevent leakage

currents, a suitable dielectric material is initially deposited beneath the gate. Together,

the gate and the 2D gas function as a parallel plate capacitor. This specific type of de-

vice is commonly referred to as a Heterostructure-Insulator-Gate Field Effect Transistor

(HIGFET). Fig. 3.2a shows a schematic of a top-gated GaAs/AlGaAs HIGFET, represen-

tative of the devices investigated in this work. Fig. 3.2b depicts the energy band diagram

of the heterostructure in its insulating state when no voltage is applied to the top-gate.

To create a 2DHG, a negative voltage is applied to the gate, causing the energy bands

and Fermi level to bend accordingly. With a sufficiently negative voltage, the Fermi level

becomes pinned below the valence band, resulting in the formation of a 2DHG at the

AlGaAs/GaAs interface, as illustrated in Fig. 3.2c.

Unlike modulation-doped devices, dopant-free devices do not conduct unless a voltage

is applied to the gate. Because the gate only induces a 2D gas directly beneath it, the

fabrication of ohmic contacts for dopant-free devices is considerably more complicated. One

approach, employed for the devices investigated in this work, involves recessing the ohmic

contact into the material by etching a portion of the heterostructure and subsequently

depositing the ohmic material directly at the heterojunction. This process allows for lateral

diffusion of the material in addition to the downward diffusion. More comprehensive details

on the fabrication of ohmic contacts in dopant-free devices can be found in Refs. [42, 43, 44].
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Figure 3.2: (a) Schematic of HIGFET structure. (b) Energy band diagrams when the

device is unbiased. The Fermi level is midway between the conduction and valence band

and the device is insulating. (c) When a negative voltage is applied to the top-gate, the

Fermi level moves below the valence band resulting in a 2DHG layer at the heterojunction

interface.

While dopant-free devices require more extensive and complex fabrication processes

compared to their modulation-doped counterparts, they offer several advantages. In modulation-

doped devices, the presence of remote-ionized donors from intentional dopants can lead to

scattering through Coulomb interactions, limiting the mobility of the 2D gas [45]. In con-

trast, dopant-free structures have their mobility primarily limited by unintentional back-

ground impurities introduced during MBE growth. The reduced disorder in dopant-free

devices allows for the study of 2D gases at lower carrier densities [46]. At these lower

carrier densities, electron-electron (2DEG) or hole-hole (2DHG) interactions become more

pronounced, facilitating the investigation of phenomena like Wigner crystallization [47, 48].

In modulation-doped devices, the charge carrier type (electrons or holes) is fixed during

heterostructure growth using n-type or p-type dopants. However, dopant-free devices can

be configured as ambipolar, enabling the simultaneous study of both electron and hole

charge carriers in the same device [49]. Ambipolar operation in 2D gases is valuable

for fabricating lateral p-n junction devices, which are useful in quantum optoelectronic

applications [50]. Additionally, dopant-free devices can create much shallower 2D gases,

making them suitable for quantum dot spin qubits [51]. The absence of dopants has also
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been demonstrated to reduce telegraph (charge) noise in quantum dots [52].

In Chapters 4 and 5, we investigate GaAs/AlGaAs heterojunctions in a HIGFET geom-

etry. These devices were fabricated into Hall bars for magnetotransport experiments. In

Chapter 6, we utilize an n-type modulation-doped GaAs/AlGaAs heterojunction fabricated

into a lateral quantum dot device.

3.3 Cryostat and experiment components

3.3.1 Dilution refrigerator

The cooling mechanism of the dilution refrigerator relies on the phase separation of a 3He-
4He mixture in the mixing chamber. At temperatures below 0.87 K, the mixture undergoes

phase separation into two distinct phases: a 3He rich phase and a 3He dilute phase. As the

temperature approaches absolute zero, the 3He rich phase becomes increasingly pure, while

the 4He rich phase maintains a constant 3He concentration of 6.6 % at saturated vapor

pressure, even when reaching 0 K. Leveraging this residual 3He concentration in the 4He

rich phase is essential for achieving such low temperatures. The 3He rich phase has a lower

density and will float on top of the 3He dilute phase. To facilitate the cooling process,
3He from the concentrated phase is transferred across the phase boundary into the 3He

dilute phase. In practice, this is accomplished by pumping on the 3He dilute side, reducing

the temperature to approximately 0.7 K. At this temperature, the vapor pressure of 3He

becomes about 1000 times higher than that of 4He. As a result, a significant portion of
3He is drawn out from the dilute phase, disrupting its desired equilibrium concentration of

6.6 %. This forces 3He to cross the phase boundary and enter the dilute phase in order to

reestablish equilibrium, leading to a positive change in entropy. For this to occur, energy

must be absorbed from the environment, resulting in an overall decrease in the system’s

temperature.
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3.3.2 Shasta cryostat

The experimental work presented in this thesis was conducted using a customized High Pre-

cision Devices Shasta cryostat (model 106). Fig. 3.3 shows the schematic of the modified

Shasta cryostat. This cryostat was equipped with a Cryomech (model PT410) dual-stage

pulse tube refrigerator (PTR). The first stage of the PTR maintained a nominal temper-

ature of 60 K, while the second stage maintained a temperature of 2.8 K. In the original,

unmodified cryostat configuration, the second stage of the PTR was used for pre-cooling

an adiabatic demagnetization refrigerator (ADR). However, in the modified cryostat setup,

we removed the ADR stage and replaced it with an Oxford 200 dilution unit. The dilu-

tion fridge has a base temperature of approximately 40 mK. One particularly notable and

advantageous feature of this cryostat is its dry operation. In recent years, the acquisition

of liquid helium for wet-style dilution fridges has become both costly and unpredictable.

In our dry-style dilution fridge, only inexpensive and readily available liquid nitrogen is

required for a charcoal cold trap within the room.

In a wet-style dilution fridge, pre-cooling of the 3He-4He mixture is accomplished using

a 4He bath and a 1 K pot condenser. However, in a dry-style dilution fridge, this pre-

cooling is achieved by connecting the incoming return line to the cold stages of the PTR.

The 3He-4He mixture enters the cryostat at the 300 K plate with copper tubing, reaching a

copper gasket seal located within the main vacuum space. Stainless steel tubing connects

this fitting to the PTR’s first stage. From there, the gas passes through a charcoal trap

designed to freeze out contaminants. This trap connects to tubing coiled around the

PTR’s second stage regenerator. Subsequently, the gas flows through a small copper-nickel

capillary wound around a copper block mounted on the PTR second stage before entering

the custom-made main flow impedance and the Oxford 200 Dilution unit.

On the output side of the dilution unit, the still’s pumping orifice connects to a stainless

steel pipe, which is thermally anchored with clamps to the PTR’s first and second cold

stages. A radiation baffle at the PTR first stage serves to block 300 K radiation from

reaching the still. To accommodate thermal expansion and contraction stresses, a flexible

bellows is positioned between the PTR first stage and the 300 K plate. At the top of the

cryostat, the output of the still pipe is connected to a double-gimbal metal bellows, which
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Figure 3.3: Schematic of the modified Shasta 106 cryostat, outlining the various cold stages,

heat exchangers, and the Oxford 200 dilution unit.
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was designed by Dr. David Pomaranski following the guidelines outlined in Ref. [53]. This

gimbal system is specifically engineered to minimize vibrations transmitted to the cryostat

from the pumping line due to the building and/or mechanical pumps. The still pumping

line is connected to the gas-handling system via a 10-foot-long, 8” diameter PVC pipe.

The pumping system is comprised of an oil vapor booster diffusion pump (Edwards, model

9B3) for achieving a low still pressure, backed by a mechanical rotary pump (Alcatel, model

402723). For more information regarding the cryostat modification, additional details can

be found in Ref. [54].

3.3.3 Superconducting magnet

To conduct the magnetotransport measurements in Chapters 4 and 5, we installed a super-

conducting solenoid (magnet) on the second stage of the PTR. This magnet was purchased

from Cryomagnetics and can generate a 9 T magnetic field within the central bore when

supplied with 47.1 amps of current. We constructed thick copper cables for the room,

and installed high-temperature superconducting leads (obtained from High Precision De-

vices) between the first and second stages of the PTR. These superconducting leads enable

high-current operation for the magnet while introducing minimal heat load to the PTR’s

second stage. We observed that after the installation of the superconducting leads, the

base temperature of the PTR’s second stage increased by approximately 50 mK. Given the

approximate cooling power of the second stage of the PTR is ∼ 1 mW/mK, this corre-

sponds to a heat load of approximately 50 mW. This heat load was acceptable for operation

of the dilution fridge, as the condensation of the 3He/4He mixture critically depends on

maintaining the base temperature of the PTR’s second stage. Fig. 3.4a shows a photo of

the magnet installed in the cryostat next to the Oxford 200 dilution unit.

3.3.4 Sample cell and electrical filtering

Low-frequency twisted-pair wiring runs from a hermetic feedthrough located at the top of

the cryostat to the mixing chamber, where the sample cell is mounted. For the segment

of the wire that runs from room temperature to the PTR second stage at 2.8 K, we use
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Figure 3.4: (a) Photo of the 2.8 K cold space within the cryostat and (b) sample cell used

for measurements.

manganin wire. Beyond the PTR second stage, superconducting wire (copper-nickel clad

with a niobium-titanium core) with poor thermal conductivity is used down to the mixing

chamber. All the wiring is heat sunk at each successive cold stage by wrapping it around

copper posts and securing it in place with GE varnish.

Measurements conducted at ultra-low temperatures are highly susceptible to external

noise from the surrounding environment. In all experiments in this work, the sample was

probed using electrical connections originating from room temperature electronics. Al-

though shielding and the use of a twisted pair configuration help mitigate noise pickup

from the wiring within the room and the cryostat, there will inevitably be some residual

electrical noise that affects the sample. To first attenuate high-frequency noise, we imple-

mented low-pass pi filters (Spectrum Control, model E, 800 kHz cutoff), which consist of

inline inductors with capacitors grounded on either side, at the cryostat feedthroughs.
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The sample cell used for experiments was constructed from copper and adapted based

on a design by Dr. Jeffrey Mason. Fig. 3.4b shows a photo of the sample cell. This

cell connects to low-frequency wiring on the fridge through a 25-pin micro-D connector,

while high-frequency connections use UT-47 copper coaxial cables. The sample holder was

designed by the NRC group, featuring a 19-pin socket and a high-frequency-compatible

laminate printed circuit board (PCB, Rogers, TMM6). The sample holder was mounted

on a standard PCB to provide structural support to the copper cold finger. Devices were

GE varnished to the compatible chip carrier and plugged into the sample holder. A copper

shield surrounds the device to shield it from 2.8 K radiation emanating from the PTR

second stage.

To further reduce noise before reaching the sample, a compact single-pole RC-type filter

was designed and constructed, as shown in Fig. 3.4b. For dc lines designated for metallic

gates on the device that do not source current, we used 10 kΩ resistors and 5.6 nF discoidal

capacitors (NPO dielectric, Spectrum Control), resulting in a cutoff frequency of 2.8 kHz.

Meanwhile, for dc lines designated for current-carrying ohmic contacts, we increased the

cutoff frequency to prevent heating effects and/or capacitive loading effects when using a

current preamplifier. Therefore, the ohmic line filtering consisted of 1 kΩ resistors and 220

pF discoidal capacitors, producing a cutoff frequency of 720 kHz. To minimize the parasitic

capacitance of the resistors, each resistor was securely mounted inside a hole in the copper

block, where the hole’s diameter was only slightly larger than that of the resistor. The

resistors were thermally connected to the copper block using GE varnish.
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Chapter 4

Spin-orbit splitting in dopant-free

GaAs/AlGaAs two-dimensional hole

gases

This chapter is adapted from: N. A. Cockton, F. Sfigakis, S. R. Harrigan, J. Baugh, Z.

R. Wasilewski, S. A Studenikin, D. G. Austing, M. Korkusinski, G. Nichols, Z. Merino, A.

Shetty, M. C. Tam, L. A. Tracy, J. L. Reno, T. Hargett, J. B. Kycia. Spin-orbit splitting

in dopant-free GaAs/AlGaAs two-dimensional hole gases. Manuscript in preparation.

4.1 Introduction

The majority of research on low-dimensional semiconductor structures has focused on two-

dimensional electron gases (2DEGs) within modulation-doped GaAs/AlGaAs heterostruc-

tures. The presence of dopants in modulation-doped devices can result in undesirable side

effects, including reduced mobility, random telegraph noise, and poor reproducibility [55].

Alternatively, these issues can be mitigated by using devices fabricated from dopant-free

GaAs/AlGaAs heterostructures, where the 2DEG is induced by a biased top-gate, operat-

ing analogously to enhancement-mode MOSFETs. Furthermore, in the context of quantum
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devices, the promising properties of two-dimensional hole gases (2DHGs) in GaAs-based de-

vices may provide significant advantages over their 2DEG counterparts, including reduced

susceptibility to spin decoherence due to hyperfine interactions and strong spin-orbit in-

teractions that enable electrical control of spin. In this chapter, we investigate 2DHGs

created from dopant-free GaAs/AlGaAs heterostructures with the aim of enhancing de-

vice performance and developing a deeper understanding of the physics underlying future

hole-spin-based quantum devices.

While dopant-free devices offer numerous advantages over their modulation-doped coun-

terparts, one potential challenge with dopant-free devices is the possible induction of addi-

tional conduction channels within the system. The desired 2DHG is typically generated at

the specified GaAs/AlGaAs interface, but unintended conduction may occur at a different

interface in the heterostructure. It is critical to eliminate these parallel conducting channels

to maintain precise electrostatic control over the targeted 2DHG of interest. Furthermore,

while the tunable carrier density is an attractive feature in gated dopant-free devices, gate

hysteresis could be another issue of concern. In this chapter, we study parallel conduction

and gate hysteresis in our devices, resulting in fabrication improvements for future devices.

The spintronic properties of GaAs-based 2DHGs are of current interest for future quan-

tum devices. Spin splitting in 2DHGs arises from either inversion asymmetry via spin-orbit

interaction or an applied magnetic field via the Zeeman interaction. In this chapter, we

will investigate both of these phenomena. We employ a Fourier transform technique to

examine the Rashba spin-orbit splitting and effective masses of heavy-holes in our GaAs

2DHGs. We leverage our dopant-free 2DHGs, which enable us to attain higher mobilities

(up to 70 m2/Vs) compared to previous studies (7.7 m2/Vs [56] and 65 m2/Vs [57]). No-

tably, our devices demonstrate one of the largest spin-orbit splittings observed in GaAs

2DHGs. From analysis of the Zeeman spin splitting, we estimate the out-of-plane g factor

and also gain insight of the heavy-hole character at higher magnetic fields in the quantum

Hall regime.
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4.2 Literature review

In this section, we will review previous experimental work characterizing spin-orbit splitting

in 2DHGs and the methods employed to quantify the effective masses.

4.2.1 Spin-orbit splitting in 2DHGs

The first demonstration of Rashba spin-orbit interaction (SOI) induced spin splitting in

a 2DHG was by Stormer et al. in 1983 [58]. They investigated magnetotransport in

a GaAs/AlGaAs 2DHG heterojunction sample, which revealed a beating pattern in the

Shubnikov-de Haas (SdH) oscillations, indicating the existence of two oscillation frequen-

cies. The authors attributed these two frequencies to arise from two distinct Fermi surfaces

resulting from the spin splitting.

Eisenstein et al. [59] expanded upon this study by comparing the SdH oscillations of

a 2DHG in two different confinement potentials: a single heterojunction sample with a

triangular well and a symmetric (square) quantum well. In the SdH oscillations of the

single heterojunction, a distinct beating pattern was evident, whereas the square well only

exhibited evidence of conventional Zeeman splitting. The frequencies of the oscillations

were extracted to estimate the ratio of the spin-split subband populations p+/p−. In the

case of the single heterojunction, p+/p− was found to be 2.44, while for the square well, it

was 0.98. In the square well, the evenly spin-split populations are due to Zeeman splitting.

However, in the heterojunction sample with an asymmetric confinement potential, spin-

orbit splitting resulted in different populations for the two spin states. Additionally, the

ratio p+/p− in the heterojunction sample was found to be independent of the perpendicular

magnetic field, indicating that the spin degeneracy was already lifted even at B = 0.

In the samples described above, the electric fields responsible for the asymmetric con-

finement potential were determined by heterostructure composition (intentional doping)

and were therefore fixed. However, the confinement potential can be electrically tuned in

devices where the electric field is supplied by an external gate. This was first demonstrated

by Wieck et al. in a (100) Si MOSFET 2DHG [60], where the strength of the spin-orbit

splitting was tuned by adjusting the gate voltage, which also changed the hole density. A
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Figure 4.1: Shubnikov-de Haas (SdH) oscillations for single heterojunction sample with a

triangular well (top panel) and for a symmetric square well (bottom panel). A clear beating

pattern is observed for the single heterojunction sample while the square well sample shows

no beating pattern. Adapted from Ref. [59] with permission.

similar experiment was later carried out by Lu et al. for a (311) GaAs/AlGaAs 2DHG het-

erojunction [61]. In both reports, the authors found that the spin-orbit splitting increased

with hole density. However, in the single gated devices used in these two experiments,

changing the gate voltage also resulted in changes to the hole density, thus inextricably

linking the confinement potential asymmetry and carrier density.

Subsequently, double-gated devices were fabricated with a top- and back-gate. This

enabled the investigation of the spin-orbit splitting strength at a constant density, and

separation of the effects of the confinement potential from density. This was first demon-

strated by Papadakis et al. with a top- and back-gated (311) GaAs quantum well (QW)

[62]. In this setup, the QW’s asymmetry, and consequently the electric field ϵz across the
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Figure 4.2: The diagrams on the left (taken from [22]) indicate the shape of the quantum

well (QW) based on the confinement potential. Front and back gates are used to adjust

the net electric field ϵ across the QW from positive, through zero, to negative. (a) SdH

oscillations for a (311) GaAs 2DHG QW at a fixed hole density of p2d = 3.3× 1015 m-2 for

two crystal directions [top trace (011̄) and bottom trace (2̄33)]. (b) Fast Fourier transform

of the SdH oscillations. When the QW is asymmetric (|ϵ| > 0), beating occurs and two

peaks are resolved. When the QW is symmetric (ϵ = 0), there is no beating and only one

peak is resolved. Adapted from Ref. [62] with permission.
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heterostructure, could be adjusted from positive to zero and to negative values, all while

maintaining a constant density of p2d = 3.3× 1015 m-2 (see left panel of Fig. 4.2). In Fig.

4.2, panel (a) shows the SdH oscillations, while panel (b) displays the corresponding fre-

quencies obtained using a Fourier transform (FT). When the QW is asymmetric (|ϵz| > 0),

the SdH oscillations exhibit a beating pattern and two distinct frequency components are

resolved in the FT. The difference in frequency between these FT peaks increases with

ϵz, serving as a measure of the strength of the spin-orbit splitting. In contrast, when the

QW is symmetric (|ϵz| = 0), the SdH oscillations show no beating, and only one frequency

component is present. Thus, this experiment demonstrates that spin-orbit splitting can be

electrically tuned on or off by altering the shape of the confinement potential, independent

of density.

4.2.2 Effective masses in 2DHGs

In a 2DHG of an asymmetric quantum well (QW), the beating pattern in the SdH oscilla-

tions complicates the determination of the effective mass. The spin-orbit splitting results

in the heavy-hole (HH) band splitting into two subbands, HH- and HH+, with effective

masses m1 and m2, respectively. At low magnetic fields, only the lighter effective mass

m1 is typically observable and can be extracted using the standard technique of analyzing

the resistivity amplitude decay ∆ρxx/ρxx of SdH oscillations as a function of temperature

[63, 64]. The heavier effective mass m2 can then be inferred by assuming a parabolic dis-

persion, leading to m2/m1 = p2/p1 as used in Ref. [59], or m2/m1 = τ2/τ1 as in Ref. [65].

However, the valence bands cannot be accurately approximated by parabolic dispersion

relations. Furthermore, the evaluation of effective masses from cyclotron resonance exper-

iments is also problematic. Most experiments either report a single value for the HH band

[66, 67, 68, 69] or measure two values at high magnetic fields, making it challenging to

relate them to values near B = 0 [70].

Habib et al. were the first to deduce the HH effective masses in transport measurements

without assuming parabolic dispersion curves for HH- and HH+ [56] (see Fig. 4.3). They

conducted magnetotransport measurements in a (100) GaAs/AlGaAs 2DHG heterojunc-

tion and applied a Fourier transform to the SdH oscillations in 1/B. The individual spec-
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Figure 4.3: (a) Shubnikov-de Haas (SdH) oscillations of a (100) GaAs/AlGaAs 2DHG het-

erojunction, showing a beating pattern. (b) Fourier spectrum of the oscillations at T =

0.03 K and 0.25 K. Dashed boxes show the square windows used to isolate the two frequen-

cies f+ and f− for the effective mass analysis. Adapted from Ref. [56] with permission.

tral components for HH- and HH+ were then isolated using finite-width square-window

filters, as depicted in Fig. 4.3b. Once a peak is isolated in Fourier space, the inverse

Fourier transform reveals the corresponding SdH oscillations. The effective masses were

subsequently extracted using the standard technique of analyzing the resistivity amplitude

decay ∆ρxx/ρxx of SdH oscillations of the isolated HH- and HH+ as a function of tempera-

ture. However, this technique cannot be applied when there is a small separation between

successive peaks (small SO splitting). To address this limitation, Nichele et al. extracted

the effective masses by simply analyzing the temperature decay of the individual peaks for

HH- and HH+ in Fourier space [57]. This method is suitable for situations with limited

SO splitting and was employed in this study to estimate the effective masses of heavy holes

(HH) in our dopant-free GaAs 2DHGs
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4.3 Experimental methods

4.3.1 Measurement setup

Magnetotransport measurements were conducted in a dilution refrigerator with a base

temperature of ∼ 40 mK, equipped with a 9 T magnet (see Chapter 3 for details). The

Hall bar was probed in a constant current mode using the measurement circuit depicted

in Fig. 4.4. To prevent Joule heating, currents of less than 3 nA were employed. Two

Stanford Research Systems (SRS, model SR830) lock-in amplifiers (LIAs) were employed to

simultaneously measure the longitudinal voltage drop (∆Vxx, LIA-1) and transverse voltage

drop (∆Vxy, LIA-2) of the Hall bar. These two LIAs were synchronized at a frequency of

17 Hz. The sine output from LIA-1 was connected to a 100:1 voltage divider and then

through a 10 MΩ current-limiting resistor to the source contact of the Hall bar, while the

drain contact was electrically grounded. The DC voltage for the top-gate was supplied

with an IOtech digital-to-analog converter (DAC, model DAC488HR/4).

To reduce the noise level in the Shubnikov-de Haas oscillations (∆Vxx) when using

weak excitation currents of ∼ 1 nA, we utilized a low-noise differential preamplifier. The

amplifier design was described by Scandurra et al. in Ref. [71], and was constructed by Dr.

David Pomaranski. The amplifier featured a voltage gain of 100× and an equivalent input

voltage noise of 1.2 nV/
√
Hz at 10 Hz and 1 nV/

√
Hz at 1 kHz. By comparison, the SR830

LIA alone typically has an input voltage noise of 6 nV/
√
Hz at 1 kHz. Since measuring

∆Vxx and ∆Vxy simultaneously required sharing one of the Hall bar contacts (see Fig. 4.4),

the noise from LIA-2 measuring ∆Vxy would increase the noise at the preamplifier input

measuring ∆Vxx, with the noise adding in quadrature. Consequently, to fully benefit from

the lower noise of the preamplifier, we often exclusively measured ∆Vxx to attain a lower

noise.
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Figure 4.4: Schematic of the circuit used for the measurements of the Shubnikov-de Haas

oscillations and Hall voltages. A SR830 lock-in amplifier produced an alternating current

through the Hall bar and the longitudinal (∆Vxx) and transverse (∆Vxy) voltages were

measured. The longitudinal voltage was measured using a custom-built low-noise differen-

tial voltage preamplifier. See text for details.

4.3.2 Wafers and sample fabrication

Five GaAs/AlGaAs heterostructures were analyzed in this work, all of which were grown

using molecular beam epitaxy (MBE). Fig. 4.5 presents the MBE layer structure and

the AlGaAs composition for each of these wafers. Wafer VB1137 was grown at Sandia

National Laboratories, whereas the remaining four wafers were grown at the University of

Waterloo by Prof. Zbig Wasilewski’s group (led by Dr. Man Chun Alan Tam). All of the

heterostructures were grown on semi-insulating (SI) GaAs (100) substrates without any

doping. Some wafers, namely VB1137, G372, and G373, were grown with a smoothing

superlattice in the buffer layer, while others, G265 and G522, employed low-temperature

(LT) GaAs instead. The superlattice buffer was comprised of alternating GaAs and AlGaAs

layers, used to clean the MBE chamber and suppress structural defects during growth.
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Figure 4.5: Layer structure of the five GaAs/AlGaAs heterostructures characterized (not

to scale). The red dashed line indicates the location of the induced 2DHG.

Single-gated Hall bars were fabricated on all wafers at the University of Waterloo by

Prof. Jonathan Baugh’s group. The Hall bar channel was oriented in the high-mobility

crystal direction [11̄0] and had dimensions of 300 µm in length and 50 µm in width. In

the case of the G522 wafer, additional narrow Hall bars with a 15 µm wide channel were

also fabricated. Consequently, samples from the G522 wafer are designated as G522-50

(with a 50 µm wide Hall bar) and G522-15-1, G522-15-2 (two identical 15 µm wide Hall

bars). The fabrication details of the recessed ohmic contacts can be found in Refs. [43,

49, 42]. The p-type ohmic contacts were created through the deposition of an AuBe alloy

followed by annealing. A 300 nm layer of SiO2 was deposited on top of the heterostructure

using plasma-enhanced chemical vapor deposition (PECVD). Above this gate dielectric, a

patterned Ti/Au top-gate was deposited, which overlapped with the ohmic contacts and

the Hall bar channel. By utilizing the field effect generated by the insulated top-gate, a

2DHG was induced (accumulation mode) at the GaAs/AlGaAs interface, located 60− 310

nm below the GaAs/SiO2 interface. Typical ohmic contact resistances were measured from

a combination of two- and four-terminal measurements and were found to be less than 800

Ω at B = 0, and 5− 7 kΩ at B = 5 T.

4.3.3 2DHG density and gate hysteresis

When the top-gate voltage Vg is zero, the dopant-free Hall bars do not conduct. For all

Hall bars reported here with 300 nm of SiO2, Vg < −1 V is necessary to induce a 2DHG.

Typically, when -5 V < Vg < -3 V, the hole density can be linearly tuned within the range of
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0.75 < p2d < 2.5 ×1015 m-2. When -3 V < Vg < -1.5 V, the resistances of the ohmic contacts

become very large (≳ 10 kΩ), making it challenging to obtain accurate measurements of

the Hall bar voltages in this range. Typically, when Vg = V0 < −5 V, the voltage-density

relationship p2d(Vg) shifts irreversibly towards more negative top-gate voltages for a given

cooldown, by ∆V = V0 + 5 V. By cycling the sample to room temperature for several

hours with all contacts grounded, the original p2d(Vg) can be recovered in a subsequent

cooldown. The mechanism behind the observed top-gate voltage shift ∆V is attributed to

the trapping of charges at the GaAs-SiO2 interface at the top of the heterostructure. These

charge traps become populated when holes from the 2DHG tunnel through the AlGaAs

barrier while Vg < −5 V. These charge traps generate an opposing electric field that screens

the field from the top-gate. Factors influencing the value of V0 include the thickness and

aluminum composition of the AlGaAs barrier, the thickness of the gate dielectric, and the

permittivity of the dielectric material.

For small magnetic fields (< 0.5 T), the Hall resistance rxy exhibits a linear relationship

with the magnetic field B, in accordance with the classical Hall effect. To determine the

hole density p2d of our 2DHGs, we used the slope of rxy(B) between 0.1 T and 0.2 T and

the following relation: slope = 1/(e · p2d), where e is the elementary charge. Measurement

of the slope, rather than measuring rxy at a single B-field value, eliminates any offsets

that may occur in rxy at B = 0. Fig. 4.6a shows p2d as a function of top-gate voltage Vg

for two samples, G522-50 and VB1137. As expected, the density-voltage profile is linear.

The slope of this profile reflects the dielectric strength and thickness, primarily influenced

by the 300 nm of SiO2, while the x-intercept represents the turn-on voltage required to

induce the 2DHG. For sample VB1137, the turn-on voltage was approximately Vg ∼ −1.5

V, and the density-voltage profile remained stable within the range of -5 V < Vg < −3 V.

However, for sample G522-50, V0 was approximately −4.5 V instead of −5 V, leading to

a shift in the voltage-density curve of about ∆V ∼ −0.5. Consequently, the operational

range of G522-50 was limited to -4.5 V < Vg < −3 V. Samples G372, G373, and G265

exhibited similar turn-on voltages to VB1137, ranging from approximately −1.0 V to −1.5

V, as depicted in Fig. 4.6b. The slightly shallower slope of G265 is attributed to the

significantly thicker AlGaAs layer of 300 nm, compared to G373 and G372, which have

layer thicknesses of less than 150 nm.
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Figure 4.6: Hole density (p2d) extracted from the Hall effect as a function of top-gate

voltage (Vg) for (a) VB1137 and G522-50 and (b) G372, G373, and G265.

The thickness of the AlGaAs layer above the 2DHG was identical (50 nm) for both

G522-50 and VB1137 (see Fig. 4.5). However, the aluminum content in the AlGaAs layer

differed, with VB1137 containing 50% aluminum while G522-50 had only 30%. A higher

aluminum content increases the AlGaAs barrier height, which likely inhibits holes in the

2DHG from populating charge traps at the GaAs-SiO2 interface. Thus, this difference

in aluminum content likely accounts for the reduced V0 observed in G522-50 compared

to VB1137. In samples G372, G373, and G265, the AlGaAs thickness exceeded 110 nm,

preventing this issue from occurring. However, in the case of electrostatically defined

structures with surface metallic gates (i.e., lateral quantum dot devices), it is advantageous

to use a minimal AlGaAs thickness to achieve finer features in the 2DHG. Consequently,

increasing the AlGaAs thickness to prevent this issue is typically undesirable. Instead,

this observation highlights the importance of using 50% aluminum content in the AlGaAs

layer to prevent gate hysteresis for top-gate voltages up to Vg = −5 V across devices with

varying 2DHG depths. Additionally, this will also increase the upper limit of the top-gate

voltage (V0) and, consequently, increase the maximum achievable hole density.
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4.3.4 Shubnikov-de Haas oscillations

In this section, we present the Shubnikov-de Haas (SdH) oscillations in a 2DHG, for the

G522-50 Hall bar. Fig. 4.7a shows the longitudinal resistivity as a function of perpendicular

magnetic field for T = 40 mK and p2d = 1.5×1015 m-2. The B-field was swept from 0.1 T to

1.5 T at a rate of 0.5 T/hour. The SdH oscillations show a beating pattern consistent with

the spin-orbit splitting of the heavy-hole (HH) band. To reveal the individual HH- and

HH+ populations, a Fourier transform (FT) of the SdH oscillations in 1/B is performed.

The FT analysis employs standard techniques such as background subtraction, windowing

and zero-padding (see Appendix A for details). For the FT to be valid, the analysis is

limited to small magnetic fields where ρxx ̸= 0. Fig. 4.7b shows the Fourier spectra of the

SdH oscillations of the data in Fig. 4.7a. The frequency axis f can be directly converted

into hole density p by p = f · e/h. Several distinct peaks in the Fourier spectra can be

resolved. The peak labeled (p1 + p2) matches the Hall density pHall, which matches the

sum of the individual peaks p1 and p2. The peak labeled 2p1 arises from the low B-field

Zeeman splitting and is also a harmonic of p1. The peak labeled (p1+p2)/2 corresponds to

the average of the peaks p1 and p2. This anomalous peak has been reported before [57, 72],

and has been interpreted using non-adiabatic effects [73]. In Figs. 4.7a-e, four successive

and distinct SdH regimes can be identified at different magnetic field ranges. The magnetic

field values bounding these regimes vary with hole density p2d, but occur in a successive

order of appearance:

• Regime I, with a single SdH frequency (p1)

• Regime II, with Zeeman splitting (p1; 2p1)

• Regime III, with spin-orbit splitting (p1; p2)

• Regime IV, with the quantum Hall effect onset

Regime I is most clearly illustrated in sample G265 within the magnetic field range of 0.07

T to 0.20 T (see Fig. 4.7c), where the first SdH oscillations become visible. Landau levels

have formed and can be distinguished because their energy separation, ℏωc = ℏeB/m∗,
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Figure 4.7: (a) Shubnikov-de Haas (SdH) oscillations at T = 40 mK and p2d = 1.5× 1015

m-2 for G522-50. (b) Corresponding Fourier transform of the SdH oscillations from panel

(a). (c) SdH oscillations at low B-fields with inset providing a closer view of the same

dataset for G-265. Power spectrum (P.S.) of the Fourier transform on the data in panel

(c) illustrating (d) Regime I and (e) Regime II (see text).
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exceeds the thermal energy kBT . At very low temperatures (T < 50 mK) however, it is

the mobility (i.e., disorder) that dictates the B-field onset of SdH oscillations. Disorder

effectively reduces the Landau level energy separation. The full width at half maximum

(FWHM) of a Lorentzian-shaped Landau level can be defined as 2Γ, where Γ = ℏ/2τq and
τq is the quantum lifetime [64]. Consequently, SdH oscillations become apparent only when

the temperature satisfies the condition kBT < (ℏωc − 2Γ). In all of our samples, the onset

of SdH oscillations occurs near B ∼ 60 mT, a strong indication of high mobility and low

disorder. The positive magnetoresistance observed for B < 0.1 T (see Fig.4.7c) has been

interpreted with classical two-band transport [74, 75]. In our high-mobility, low-disorder

samples, we do not observe any evidence of weak anti-localization (WAL) effects, which

typically manifest as a small resistivity dip around zero magnetic field [19].

Significantly, only one SdH oscillation frequency p1 is observed in Regime I; no other

peaks are present in the Fourier spectrum from Fig. 4.7d. One possible explanation is

that the energy splitting between the HH- and HH+ is too small to be resolved at this

temperature. However, this same energy splitting is clearly resolved at higher magnetic

field, so this explanation is unlikely to be correct. Recalling that the Landau level energy

spacing has a direct dependence on effective mass, two sets of Landau levels might form, one

set for each effective mass present in the 2DHG, m1 and m2. In this scenario, only one set

of SdH oscillations is visible because kBT < (ℏeB
m1

− 2Γ) for HH- whereas kBT > (ℏeB
m2

− 2Γ)

for HH+, i.e. the Landau level energy separation for the higher effective mass m2 is too

small to be resolved at this temperature. Stated differently, the HH-/HH+ spin-orbit

splitting has already occurred even for B = 0, but the SdH oscillations associated with

HH+ are simply not resolved at this temperature and magnetic field. At larger magnetic

fields B ≳ 0.3 T, the Landau level energy spacing becomes sufficient to resolve the SdH

oscillations from both m1 (HH-) and m2 (HH+).

Regime II is best illustrated in sample G265 within the magnetic field range of 0.20

T to 0.35 T (see Fig. 4.7c), where a second SdH oscillation frequency appears at 2p1

(see Fourier spectrum in Fig. 4.7e), twice the value of the SdH frequency observed in

Regime I. This second set of SdH oscillations is consistent with an out-of-plane Zeeman

splitting, g∗⊥µBB, where g∗⊥ is the out-of-plane Landé g factor. For GaAs holes, g∗⊥ = 7.2 is

theoretically predicted [22], while experimental studies have extracted values in the range

50



(a) (b)𝑝1

𝑝2 − 𝑝1

2𝑝1
𝑝2

𝑝1 + 𝑝2(𝑝1 + 𝑝2)/2

𝑝1 + 2𝑝1

VB1137G265

𝑝1 + 𝑝2
𝑝2

2𝑝1

(𝑝1 + 𝑝2)/2

𝑝2 − 𝑝1

𝑝1Regime III

T = 40 mK

𝑝2𝑑 = 1.9 × 1015𝑚−2

Regime III

T = 40 mK

𝑝2𝑑 = 2.5 × 1015𝑚−2

Regime III

Figure 4.8: Fourier spectra of the SdH oscillations for samples (a) G265 and (b) VB1137

in Regime III.

of g∗⊥ ∼ 2−7 [76, 77, 78, 79]. In Sec. 4.3.10, we will experimentally measure g∗⊥. The onset

of Zeeman spin-splitting occurs at similar B-field values observed in literature [80, 81],

when g∗⊥µBB > kBT . This transitory regime occurs briefly after the onset of the first SdH

oscillations but before the onset of the complex SdH beating pattern. The small (p1+2p1)

peak observed in Fig. 4.7e is an artifact of the Fourier analysis, and does not correspond

to any real SdH oscillations.

Regime III is best observed in sample G522-50 within the magnetic field range of 0.25

T to 0.75 T [see Fig.4.7a], where the SdH oscillations from HH+ become resolved, i.e.,

kBT < (ℏeB
m2

− 2Γ). The SdH beating pattern now emerges, and p2 appears in the Fourier

spectrum for the first time [see Fig.4.7b]. Fig. 4.8 shows examples of the Fourier spectra

in Regime III for samples G265 and VB1137.

The first three regimes can also be identified without the Fourier analysis by simply

plotting the Landau level filling factor ν as a function of inverse magnetic field. Fig. 4.9a

shows the SdH oscillations in 1/B for sample G522-50. The peaks in the SdH oscillations

correspond to half-integer values of the Landau level filling factor ν. The filling factor

index is determined for the SdH peaks for B ≳ 1 T in the quantum Hall regime by the

corresponding Hall plateau. For each successive peak upon decreasing the B-field (increase
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Figure 4.9: (a) SdH oscillations as a function of inverse magnetic field. (b) Index of extrema

[red data points in panel (a)] of ρxx as a function of 1/B. The three regimes are clearly

identified by changes in slope.

in 1/B), the Landau level index is incremented by a value of one. Fig. 4.9b shows the

Landau level index as a function of 1/B for 0.1 T < B < 1.5 T. A linear trend is observed

for each regime, and the slope of each line (SI , SII , SIII) can be directly converted into

hole density p by p = slope · e/h. For Regime I we obtain p1 = SI · e/h while for Regime

II we obtain 2p1 = SII · e/h. From right to left in Fig. 4.9b, the change in slope at

B = 0.16 T corresponds to the transition from Regime I to Regime II. For Regime III

we obtain p1 + p2 = pHall = SIII · e/h. Similarly, the change in slope at B = 0.29 T

corresponds to the transition between Regime II to Regime III. It is noteworthy that

Regime II was also discernible using this technique, albeit not explicitly identified, in one

of the earliest publications in GaAs 2DHGs (see “triangular well” in Fig. 4.1 from Ref.[59]).

This straightforward examination of the data clearly demonstrates that Regime II is real

and not merely an artifact of the Fourier analysis.

Finally, Regime IV occurs for magnetic fields larger than B ≳ 1 T, when the SdH

oscillation minima reach zero resistance (ρxx = 0). Due to ρxx = 0, Fourier analysis is not

appropriate in this regime. Nevertheless, the SdH oscillations in Regime IV continue their

periodicity from Regime III (see Fig. 4.9), reflecting the total hole density p1 + p2 = pHall.
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4.3.5 Parallel conduction

Well-defined SdH oscillations at low temperatures were observed in all Hall bars. However,

samples fabricated from wafers grown with a smoothing superlattice buffer (see VB1137,

G372, G373 in Fig. 4.5) displayed evidence of parallel conduction. The most sensitive and

universal sign for parallel conduction is the lifting of SdH oscillation minima above ρxx = 0

at high magnetic fields in the quantum Hall regime. This is best illustrated by comparing

the high B-field data from samples G522-50 and VB1137. Fig. 4.10 shows ρxx and rxy

for the two samples with filling factors ν = 1− 4 labeled using the Hall plateaus. For the

sample G522-50 with no superlattice buffer, the SdH minima first reach ρxx = 0 at B ∼
1.5 T (ν ∼ 6) and this behaviour persists up to B = 9 T (ν = 1). However, for the sample

VB1137 with a superlattice buffer, the SdH minima never reach zero, with ρxx ∼ 5 Ω when

B = 1− 2 T (ν = 4− 6) and increasing to ρxx ∼ 60 Ω at B = 7 T (ν = 1).

Another, less sensitive symptom of parallel conduction in a 2DHG is a mismatch be-

tween the total hole density extracted from the Hall effect and the 2DHG carrier density

extracted from the FT analysis of SdH oscillations. In our single heterojunction 2DHGs,

the HH-/HH+ spin-splitting causes two frequencies to appear in the FT of the SdH os-

cillations, yielding two separate carrier densities (FT frequencies), p1 and p2. The sum of

the two HH density components equals the total 2DHG carrier density, p1 + p2. Ideally,

p1 + p2 should be equal to the Hall density, p1 + p2 = pHall, as shown in Fig. 4.11a and

4.11b for G265 and G522-50, respectively. On the other hand, Fig. 4.11c shows that

p1 + p2 ̸= pHall for G372, where the difference amounts to at least 20% of the 2DHG

density. The difference between the Hall and SdH densities is also at least 10% for G373

(Fig. 4.11d), but is at most 1% for VB1137 (Fig. 4.11e). The most likely culprit for the

observed parallel conduction is the low-density population of one or more of the 2.5 − 3

nm wide GaAs quantum wells nearest the intended 2DHG, contained in the smoothing

GaAs/AlGaAs superlattice of wafers G372, G373, and VB1137. We note that the hole

density of the parallel conducting channel does not appear to change with top-gate volt-

age once the intended 2DHG populates. This is precisely the same behaviour observed

in hole bilayers with two 2DHGs located in two different quantum wells, with the lower

2DHG not responding to a surface gate once the upper 2DHG populates [82]. The very
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Figure 4.10: (a) ρxx (black, left y-axis) and rxy (red, right y-axis) as a function of B-field

measured for the G522-50 Hall bar (no superlattice buffer) showing no evidence of parallel

conduction. (b) Comparable dataset to panel (a) but for the VB1137 Hall bar (with a

superlattice buffer), demonstrating the lifting of SdH minima at high B-field, indicative of

parallel conduction.

small difference between the Hall and SdH densities in wafer VB1137 is consistent with

its larger AlGaAs barrier and 50% aluminum content (10 nm of Al0.5Ga0.5As) between the

intended 2DHG and the nearest narrow GaAs quantum well in the smoothing superlattice,

relative to G372 and G373 (2.5 nm of Al0.3Ga0.3As). Hence, to prevent unwanted parallel

conduction, future devices should not incorporate a superlattice buffer layer during MBE

growth. Removing the superlattice buffer has the potential to reduce the 2DHG mobility,

as the primary purpose of the superlattice buffer is to clean the MBE chamber and miti-

gate structural defects during growth. Nevertheless, prioritizing the elimination of parallel

conduction takes precedence over the 2DHG mobility.
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Figure 4.11: Comparison between hole densities extracted from the Hall effect and the

SdH oscillations for all samples. (a) G265 and (b) G522-50 without a superlattice where

p1 + p2 = pHall (no parallel conduction). (c) G372, (d) G373, and (e) VB1137 with a

superlattice where p1 + p2 ̸= pHall (parallel conduction).
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4.3.6 2DHG Mobility

The mobility µ of our 2DHG can be calculated using the relation: µ = 1/(e·p2d ·ρxx), where
e is the elementary charge, p2d is the hole density, and ρxx is the longitudinal resistivity.

The extraction of the mobility in our GaAs 2DHGs at low temperatures (T ≈ 50 mK) is

non-trivial. In 2DEGs, the mobility is typically evaluated for using the value of ρxx at small

(B ≤ 0.1 T) or zero magnetic field. However in our 2DHGs, at zero magnetic field, recall

that a dip in ρxx (positive magnetoresistance) occurs (see Fig. 4.7c) which is attributed to

classical two-band transport [19]. The temperature sensitivity of the ρxx(B = 0) value is

considerably higher than that of the desired background resistivity, as outlined in Appendix

B.3. Consequently, using the value of ρxx(B = 0) for our 2DHG could overestimate the

mobility. Additionally, the onset of the SdH oscillations in our low-disorder 2DHGs occurs

at B ≈ 60 mT (see Fig.4.7c inset). The combination of these effects makes it difficult to

accurately extract the mobility at a single value of magnetic field. Therefore, we extract

the mobility in our 2DHGs by estimating the background resistivity (ρ0) from a sweep of

ρxx(B) in the range of 50 mT to 150 mT.

Fig. 4.12 shows the mobility µ of the 2DHG as a function of hole density for all

samples, except for G372 and G373, which exhibited significant parallel conduction. In all

cases, as the hole density increases, the mobility initially rises, reaches a peak value, and

subsequently decreases. Sample G522-50 had the highest mobility, reaching a peak value

of µ = 69 m2/V · s at p2d = 1.5 × 1015 m-2. At low density, the mobility is limited by

scattering from non-intentional background impurities, whereas it is limited by interface

roughness scattering at higher densities [31, 18]. While higher mobilities up to ∼ 580

m2/V · s have been demonstrated in modulation-doped GaAs 2DHGs [83, 84, 85], our

dopant-free devices suffer much less from Landau level broadening [86] and can go to much

lower carrier densities [46]. Recently, a dopant-free GaAs/AlGaAs quantum well achieved

a maximum 2DHG mobility of µ = 150 m2/V · s [80].

Here we also present mobility data for the two narrow width Hall bars made from

the G522 wafer (G522-15-1 and G522-15-2) with w = 15 µm. The mobility of the 15 µm

samples is approximately 30% less compared to the 50 µm sample (G522-50) from the same

wafer. While this reduction in mobility could be simply attributed to variability in the
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Figure 4.12: 2DHG mobility for all samples except for G372 and G373 which had significant

parallel conduction.

wafer, it is also consistent with the boundary scattering effect that occurs in narrow Hall

bars [87]. When the elastic mean-free path ℓ for a long Hall bar (L > ℓ) becomes comparable

to the Hall bar width w, boundary scattering with the sample edge becomes significant and

reduces the mobility. For the Hall bars with mobility in the range µ ∼ (40− 70)m2/V · s,
the estimated hole mean-free path is ℓh ∼ 3−5 µm, calculated using ℓ = µℏkF/e, where the
Fermi wavevector is given by kF =

√
2πp2d. In the 50 µm sample, the mean-free path is an

order of magnitude less than the Hall bar width and the boundary scattering is negligible.

However, in the 15 µm samples, the mean-free path is only ∼ 5× smaller, and therefore

the reduced mobility is consistent with boundary scattering.

4.3.7 HH-/HH+ effective masses

For a system with only a single electric subband occupied, the effective mass is typically

extracted by analyzing the resistivity amplitude decay ∆ρxx/ρxx of the SdH oscillations as

a function of temperature [63], which can be fit to the following expression [30]

∆ρxx
ρxx

= 2 exp

(
− π

ωcτq

)
2π2kBT/ℏωc

sinh(2π2kBT/ℏωc)
(4.1)

However, due to the complex beating of the SdH oscillations at low magnetic fields in our

57



asymmetric quantum wells, ∆ρxx cannot be simply normalized by a thermal dampening

factor. Instead, we employed a technique pioneered in Refs. [56, 57]. This technique

involves applying a Fourier transform (FT) to the SdH oscillations in 1/B and then fitting

the individual FT peak heights of p1 (HH-) and p2 (HH+) as functions of temperature

using Eq. 4.1. The SdH oscillations for a given temperature and B-field range can thus be

individually re-constructed for m1 and m2. The background resistivity ρ0 and spin-orbit

split subband densities p1, p2 are directly obtained from the experimental data, while m∗

and τq are fitting parameters. The Fourier analysis employs standard techniques such as

windowing and zero-padding. These manipulations are valid as long as the same procedure

is applied to the calculated resistivities as well. This method is robust in that it does not

require any assumption regarding the form of the HH bandstructure.

Fig. 4.13a shows the temperature-dependence of the SdH oscillations for the G522-50

sample, ranging from 40 mK to 200 mK. The temperature-dependent data was collected in

10 mK increments from 40 mK to 100 mK and 25 mK increments from 125 mK to 200 mK.

The G522-50 sample was selected for the effective mass analysis because it had the highest

mobility of all samples and therefore had the largest FT amplitudes for p1 and p2. Fig.

4.13b shows the temperature-dependence of the p1 and p2 FT peaks within the magnetic

field range of 0.12 T to 0.70 T for the SdH data set shown in panel (a). Fig. 4.13c shows

the corresponding FT peak heights of p1 and p2 as a function of temperature, fitted to Eq.

4.1. Our analysis yields the following: m1 = (0.333 ± 0.003)me and τ1 = (13.72 ± 0.09)

ps for HH-, and m2 = (0.69± 0.01)me and τ2 = (20.0± 0.9) ps for HH+. The error bars

reported reflect the statistical errors of the fits. For Lorentzian-shaped Landau levels with

a FWHM of 2Γ, where Γ = ℏ/2τq, we calculate Γ1 ≈ 24 µeV and Γ2 ≈ 16 µeV .

Due to thermal broadening when T ≳ 0.1 K, the FT peak p2 disappears, while p1 only

disappears for T ≳ 0.2 K. This observation is consistent with m2 being nearly twice as

large as m1, a characteristic that directly influences the visibility of the SdH oscillations

through the cyclotron energy ℏωc = ℏeB/m∗. For T ≳ 0.2 K the SdH beating pattern

is thermally smeared out, and only one SdH frequency, p1, is observable in the Fourier

spectrum. However, the disappearance of p2 in the Fourier spectrum does not imply the

vanishing of the spin-orbit splitting ∆HH ; rather, it means that the SdH oscillations can

no longer resolve this splitting.
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Figure 4.13: (a) Temperature-dependence of the SdH oscillations at p2d = 1.5 ×1015 m-2

using Iac = 1 nA excitation. The temperature data was collected in two different ranges:

40 mK to 100 mK in 10 mK increments, and 125 mK to 200 mK in 25 mK increments.

(b) Temperature-dependence of the FT peaks p1 and p2 within the magnetic field range of

0.12 T to 0.70 T. (c) FT peak heights from panel (b) fitted to Eq. 4.1, using m∗ and τq as

fit parameters.
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To ensure that the effective hole temperature was not saturating and skewing results,

the analysis in Fig. 4.13 was also performed with the four lowest temperature points (40

mK, 50 mK, 60 mK, and 70 mK) of m1 removed: the results of the fit were unchanged,

indicating that the achieved hole temperature is close to that of the thermometer mounted

on the mixing chamber of the dilution refrigerator. For consistency, the FT peaks (p1+p2)

and 2p1 were also analyzed as fictitious masses and yielded the correct results of (m1+m2)

and 2m1.

Hole density and B-field dependence of the effective masses

The same temperature-dependent Fourier analysis as in Fig. 4.13 was also performed over

different ranges of magnetic field, and is shown in Fig. 4.14a and 4.14b. To produce

these plots, the “start” of a B-sweep of SdH oscillations is always B = 0.12 T and the

x-axis represents the “end” of the B sweep over which the SdH oscillations are Fourier-

transformed. As mentioned previously, the FT analysis is not strictly valid once the SdH

minima reach zero resistance in the strong quantum Hall regime. At p2d = 1.5 ×1015 m-2

and T = 40 mK, the first instance where the SdH minima reached zero resistance occurred

at B = 0.78 T, thereby limiting our Fourier analysis to magnetic fields below B < 0.75

T. The abrupt deviation in the trend observed for m2 near B ≈ 0.78 T is likely due to

artifacts resulting from the Fourier analysis.

Over the range where the FT analysis is valid (i.e., 0.1 < B < 0.75 T), Fig. 4.14a

shows that both m1 and m2 are only very slightly increasing with magnetic field, in broad

agreement with the modulation-doped 2DHGs from Ref. [57] but not with Ref. [56]. For

B < 0.75 T, both quantum lifetimes τ1 and τ2 decrease almost linearly with magnetic field,

indicating an increase in scattering due to transport becoming more localized.

Finally, the same temperature-dependent FT analysis was performed at four hole den-

sities, shown in Fig. 4.14c and 4.14d (see Appendix B.1 for raw data and analysis). Over

the measured density range of p2d = (0.7− 1.9)× 1015 m-2, the HH- effective mass is con-

stant with a value of m1 ∼ 0.35me while the HH+ effective mass increases approximately

linearly from m2 ∼ (0.58 − 0.75)me. Both observations are in broad agreement with the

gated modulation-doped 2DHG in Ref. [57].
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Figure 4.14: (a) Effective masses and (b) quantum scattering times analyzed over different

magnetic field ranges at a constant hole density of p2d = 1.5 ×1015 m-2. (c) Effective masses

and (d) quantum scattering times for different hole densities, using the SdH oscillations

for 0.12 ≤ B ≤ 0.7 T.
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4.3.8 Spin-orbit splitting

The spin-orbit splitting ∆HH between HH- and HH+ is primarily driven by SOI due to

the structural inversion asymmetry (SIA) of the confining potential, also known as Rashba

SOI. In GaAs 2DHGs, Rashba SOI has a k3 dependence, and the approximate dispersion

relation E− (E+) for HH- (HH+) is typically described by [22]

E±(k∥) =
ℏ2

2m∗k
2
∥ ± αHHk

3
∥ (4.2)

where m∗ is the average of the two HH effective masses m1 and m2, and αHH is the Rashba

parameter for HH in the valence band, which is given by [57]

αHH =
ℏ2

2m∗√π
p2 − p1

p
3/2
2 + p

3/2
1

(4.3)

The energy difference between the spin-split HH subbands is then given by ∆HH = 2αHHk
3
∥.

However, the Fermi wave vectors for the two HH subbands, k1 and k2, are different due to

the unequal populations of p1 and p2, as calculated from the relation ki =
√
4πpi. Following

the convention used in Refs. [57, 74], we adopt the smaller wave vector (k1) as an estimate

for the lower bound of the splitting. The Rashba coefficient and subband splitting were

calculated as functions of density for the G522-50 sample and are shown in Fig. 4.15. The

calculation of ∆HH incorporated the density-dependent effective masses extracted in Sec.

4.3.7. In the accessible density range, ∆HH(p2d) is linear, as expected for a k3 dependence.

In GaAs (100), linear behavior in ∆HH(p2d) has also been observed in experiments at high

densities [p2d = (1.5 − 3.0) × 1015 m-2] [57, 74] and low densities [p2d = (0.2 − 0.4) × 1015

m-2] [88].

The strength of the spin-orbit (SO) splitting can be parameterized by the population

difference of the HH-/HH+ subbands normalized by the total hole density, expressed as

∆p/p = (p2−p1)/(p2+p1) [57]. Fig. 4.16a shows the density dependence of the SO splitting

for all samples measured in this work, excluding G372 and G373 due to significant parallel

conduction. The curves are very similar for all 50 µm wide Hall bars from wafers VB1137,

G265, and G522, showing an increase in ∆p/p with increasing hole density induced by a

more negative top-gate voltage. In our device architecture, a more negative top-gate voltage
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Figure 4.15: (a) Rashba coefficient as a function of hole density calculated using Eq. 4.3.

Dashed line is a guide to the eye. (b) Corresponding energy gap ∆HH between HH- and

HH+ as a function of hole density. Solid line is a linear fit through the data.

results in a steeper confining potential for the 2DHG, resulting in stronger Rashba SOI.

Indeed, the scaling of ∆p/p between the three samples is consistent with their individual

potential profile. Sample VB1137, with the largest ∆p/p, has the steepest 2DHG potential,

due to its close proximity to the top-gate (50 nm AlGaAs) and the tallest AlGaAs barrier

(50% Al content). Sample G265, with the smallest ∆p/p, also has the weakest 2DHG

potential from being the furthest away (300 nm AlGaAs) and shallow AlGaAs barrier

(30% Al content). Sample G522 ranks between the other two samples, which is consistent

with being close to the top-gate (50 nm AlGaAs) but having a shallow AlGaAs barrier

(30% Al content).

The scaling and trends of ∆p/p is consistent for all 50 µm wide Hall bars. However, the

15 µm wide Hall bars (G522-15-1, G522-15-2) show the opposite trend at low density (less

negative top-gate voltage), exhibiting an upturn in the splitting. This anomalous behavior

is not yet understood but may be an artifact of the boundary scattering effect in narrow

Hall bars, as discussed in Sec. 4.3.6 [87]. Further investigation of the SO splitting on Hall

bars with varying widths would be valuable to understand the origin of this effect.

Fig. 4.16b presents a comparison of ∆p/p between the G522-50 sample and modulation-
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Figure 4.16: (a) SO splitting as a function of hole density for samples measured in this

work. (b) Comparison of the SO splitting of G522-50 to other works in literature: Nichele

et al. (2014) [57] [carbon doped 15 nm quantum well], Habib et al. (2004) [56] [beryllium

doped single heterojunction], Grbić et al. (2008) [74] [carbon doped single heterojunction],

Grbić et al. (2004) [65] [carbon doped single heterojunction], Yuan et al. (2009) [76]

[carbon doped 15 nm quantum well].

doped samples from literature. The literature samples include both quantum wells and

single heterojunctions, as indicated in the figure caption. In Nichele et al. (2014) [57] and

Grbić et al. (2004) [65], the devices also featured a top-gate, allowing for the adjustment

of the density and concomitantly the confining potential for the 2DHG. Factors influencing

∆p/p in modulation-doped samples include the thickness and concentration of the dopant

layer, as well as the thickness of the spacer layer between the dopant layer and the 2DHG.

These parameters vary among samples, accounting for the significant variation in ∆p/p

for modulation-doped samples. In contrast, our 50 µm wide dopant-free samples exhibit

consistent splitting between samples, with the variation aligning with the 2DHG potential

profile as outlined above. Our devices, with the exception of Habib et al. (2004) [56],

exhibit one of the largest SO splittings, with ∆p/p ≈ 0.3 at p2d = 2.0 ×1015 m-2.
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4.3.9 Landau fan diagrams

In our gated devices, the hole density p2d can be varied continuously with the top-gate

voltage. This feature allows one to collect a high resolution data set of ρxx as a function

of hole density and B-field. The hole density can be converted to an equivalent Fermi

energy from the relation E = p2dπℏ2/m∗. Fig. 4.17 shows the colormaps of ∆ρxx/ρ0 as a

function of energy and B-field. Such colormaps are known in literature as “Landau fans”.

The effective mass was taken to be an average of the HH subbands (m∗ ≈ 0.5 me) and

the energy is negative following standard convention for holes in the valence band. The

observed energy range falls between -0.4 meV to -1 meV, corresponding to hole densities

in the range of p2d ∼ (1 − 2) × 1015 m-2. The low B-field colormap for G522-50 (see Fig.

4.17a) was generated by sweeping the top-gate voltage from -4.5 V to -3 V at a sweep rate

of 10 mV/s and stepping the B-field from 0.1 T to 1.5 T in 2.5 mT increments. The high

B-field colormap of G265 (see Fig. 4.17b) was generated by sweeping the top-gate voltage

from -5 V to -3 V at a sweep rate of 20 mV/s and stepping the magnetic field from 8 T to

0.1 T in 5 mT increments.

Diagonal stripes of dark blue correspond to ρxx minima and can be assigned to integer

filling factors ν with the corresponding Hall data. At low energy (low density), ν is lower

for a given B-field, as expected according to ν = p2dℏ/eB. Horizontal sections through

the colormaps correspond to a typical plot of SdH oscillations, which were analyzed in

detail via Fourier analysis in Sec. 4.3.4. All lines in the low B-field colormap in Fig. 4.17a

appear to be straight and do not show any signs of curvature. However, in the high B-field

colormap presented in Fig. 4.17b, fractional states are observed to emerge between ν = 1

and ν = 2. Additionally, the high B-field boundary of ν = 1 starts to exhibit curvature at

higher energy. The nature of this non-linearity is not understood. In a fan diagram of a

Ge/SiGe 2DHG heterostructure at high energies, curvature was observed and attributed

to the vanishing Zeeman splitting driven by SOI [89]. Fermi energies up to -18 meV were

obtained, primarily due to the significantly lighter effective mass of holes in Ge/SiGe of

m∗ ≈ 0.06 me [90].
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Figure 4.17: Landau fan diagrams at low B-field for (a) G522-50 and high B-field for (b)

G265.

4.3.10 Thermal activation measurements

The Landé g factor is a fundamental parameter that governs the spin energy splitting in

a magnetic field. In the case of GaAs 2DHGs, the g factor exhibits significant anisotropy,

with theoretical predictions of g∗∥ = 0 and g∗⊥ = 7.2 [22]. Our focus is solely on the

scenario where a magnetic field is applied perpendicular to the plane of the 2DHG. Here,

we estimate the out-of-plane g factor (g∗⊥) by examining the temperature-dependence of

the SdH oscillations at small filling factors in the strong quantum Hall regime (Regime IV

from Sec. 4.3.4).

In the limit of strong magnetic fields (B ≳ 1 T) and low temperatures (T ≈ 50 mK), the

cyclotron energy ℏωc = ℏeB/m and Zeeman energy (g∗⊥µBB) both significantly exceed the

thermal energy (kBT ). This leads to well-separated Landau levels and results in ρxx = 0 at

the SdH minima. At an odd-filling factor ρxx minimum, the Fermi level is midway between

two spin-split Landau levels (N, ↑) and (N, ↓), where N is the Landau level index. Near

equilibrium (small ac excitation current), the energy required to activate holes from the
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Fermi level to extended states in the broadened Landau level (N, ↓) is equal to Eodd/2,

where Eodd = |g∗⊥|µBB− 2Γ [the energy gap between (N, ↑) and (N, ↓)] [64, 91]. Similarly,

at an even-filling factor ρxx minimum, the Fermi level is midway between two Landau

levels with different N and opposite spin (N, ↓) and (N+1, ↑). The activation energy

required to populate extended states in the broadened Landau level (N+1, ↑) is Eeven/2,

where Eeven = ℏωc − |g∗⊥|µBB − 2Γ [the energy gap between (N, ↓) and (N+1, ↑)]. These
activation energies can be extracted via the temperature-dependence of the ρxx minima, for

odd- and even-filling factors separately, from an Arrhenius plot of ρxx ∼ exp(Egap/2kBT ).

Fig. 4.18a shows ρxx as a function of B-field for temperatures ranging from 50 mK

to 650 mK. With the exception of the trace at 50 mK, the temperature-dependent data

was gathered within the temperature range of 125 mK to 650 mK, in steps of 37.5 mK.

The SdH minima corresponding to filling factors ν = 2 − 7 all reach ρxx = 0 at T =

50 mK. However, at 650 mK, the minimum at ν = 2 remains pronounced, while the

minima for ν ≥ 5 disappear due to thermal broadening. It is noteworthy that in our

GaAs 2DHG, we observe temperature-dependent behavior of the ρxx minima for both

even and odd ν over the same temperature range. In similar measurements on 2DEGs

[92, 93], to observe temperature-dependence at ρxx minima for even ν requires significantly

higher temperatures (larger kBT ) than for odd ν. This is primarily a consequence of

the much smaller effective mass in 2DEGs (m∗ = 0.067me for electrons in GaAs [94]),

which leads to a much larger cyclotron energy gap compared to the Zeeman spin-split gap

ℏωc = ℏeB/m∗ ≫ g∗⊥µBB.

Fig. 4.18b shows the plots of ln[ρxx] as a function of 1/T for ν = 2− 7. For each filling

factor, an appropriate temperature range is selected where the behaviour of ln[ρxx(1/T )]

is linear. At ν = 2, the ρxx minimum lifts from zero at T ≈ 0.35 K (1/T ≈ 2.9 K−1),

and has a linear trend with temperature up to the maximum temperature measured of T

= 0.65 K (1/T ≈ 1.5 K−1). However, the ρxx minimum at ν = 7 immediately lifts from

zero at T = 0.125 K (1/T = 8), and has a linear trend only up to T ≈ 0.312 K (1/T ≈ 3.2

K−1), saturating at higher temperatures. A linear fit was applied to the data at each filling

factor and Egap was extracted. Fig. 4.18c shows the values of Egap plotted as a function

of magnetic field (at the B-field values where the ρxx minima are located), which will be

used to estimate the absolute value of the out-of-plane g factor |g∗⊥|.
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Figure 4.18: (a) Temperature-dependence of ρxx as a function of B-field for p2d = 1.8

×1015 m-2 using Iac = 3 nA excitation. Excluding the B-field sweep at T = 50 mK, the

temperature-dependence was collected over the range 125 mK to 650 mK in increments of

37.5 mK. (b) Arrhenius plot of ln[ρxx] as a function of 1/T for the data in panel (a) at the

SdH minima ν = 2, 3, 4, 5, 6, and 7. Linear fits are applied to each filling factor. (c) Egap

as a function of B-field determined from the linear fits in panel (b). Solid lines in red (odd

ν) and blue (even ν) are linear fits.

68



In magnetotransport measurements on 2DEGs, the value of g∗⊥ extracted from odd-

filling factors is known to be enhanced due to many-body electron-electron exchange in-

teractions [93, 91, 64]. We could also expect similar hole-hole exchange interactions in our

2DHG that could lead to enhanced values of g∗⊥. Thus, we will consider the value of g∗⊥
extracted from even- and odd-filling factors separately. We will begin by analyzing data in

Fig. 4.18c at odd-filling factors ν = 3, 5, and 7. Using the slope extracted from a linear fit

to Eodd = |g∗⊥|µBB − 2Γ, we find |g∗o⊥| = 4.2 ± 0.9, where the subscript o is to emphasize

that the g factor is appropriate for an odd-filling factor that may be subject enhancement

by many-body hole-hole exchange interactions. The error bar reflects the uncertainty in

the slope of the linear fit, for which there are three data points. This value is consistent

with those reported in literature for GaAs holes, g∗⊥ ∼ 2 − 7 [76, 77, 78, 79], but lower

than the bare theoretical value of g∗⊥ = 7.2 from Ref. [22]. Reduced values of g∗⊥ (e.g.,

g∗⊥ ∼ 2.5 in Ref. [95]) were reported from optical spectra of excitons and was attributed

to light-hole–heavy-hole (LH-HH) mixing [96, 97].

Additionally, we can estimate the g factor using the even-filling factor data at ν = 2, 4,

and 6 in Fig. 4.18c. Recall that for even filling factors, the corresponding energy gap being

probed is Eeven = ℏωc− |g∗⊥|µBB− 2Γ, and therefore to estimate g∗⊥ requires the cyclotron

energy ℏωc = ℏeB/m∗ and a value for the effective mass. At small B-fields (B ≲ 1 T) in

our GaAs 2DHG, we have two effective masses, m1 (HH-) and m2 (HH+), derived from two

distinct sets of Landau levels. The periodicity of the SdH oscillations at large B-fields in

the quantum Hall regime reflects the total density from the sum of p1 (HH-) and p2 (HH+),

which matches the Hall density pHall (see Sec. 4.3.4). However, due to the limited number

of SdH oscillations at high B-field (periodic in 1/B), we cannot determine the individual

populations of HH+/HH-. Thus, it is not clear if a single value for the effective mass would

be appropriate, or, what value of m1 or m2 to use in the quantum Hall regime for this

analysis. In the low B-field SdH analysis, we observe evidence of Zeeman spin splitting

of the Landau levels from HH- with m1 ∼ 0.35me (Regime II with 2p1 from Sec. 4.3.4)

but find no evidence for spin splitting of HH+ with m2 = (0.58− 0.75)me. Nevertheless,

we can use the values of m1 and m2 obtained in Sec. 4.3.7 to calculate the resulting g∗e⊥,

where the subscript e is to emphasize that the g factor is appropriate for an even-filling

factor.
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Using the valuesm2 = (0.58, 0.63)me from HH+ obtained for the smallest hole densities

p2d = (0.7, 1.1) × 1015 m-2, we calculate |g∗e⊥| ∼ (0.2, 0) using the slope extracted from a

linear fit to Eeven = ℏωc − |g⊥|µBB − 2Γ. A value of |g∗e⊥| ∼ 0 implies that the energy gap

measured in the experiment, Eeven, is equal to the cyclotron energy gap (i.e., Eeven ∼ ℏωc =

ℏeB/m2), indicating no Zeeman spin splitting. This contradicts the relatively high value

obtained for the odd-filling factor, |go⊥| = 4.2, and the large predicted value of |g⊥| = 7.2

[22]. For the values m2 = (0.69, 0.75)me from HH+ obtained for the largest hole densities

p2d = (1.5, 1.9)×1015 m-2, the cyclotron energy is smaller than the energy gap measured in

the experiment (i.e., ℏeB/m2 < Eeven), and this lacks a meaningful physical interpretation.

Thus, this strongly suggests that the Landau levels in the quantum Hall regime do not

reflect that of HH+ with m2 = (0.58− 0.75)me. If we instead use the value m1 ≈ 0.35me

for HH-, we calculate |g∗e⊥| = 2.5± 0.4. This value is consistent with reports in literature

for GaAs holes, g∗⊥ ∼ 2 − 7 [76, 77, 78, 79]. Therefore, the HH character at high B-field

in the quantum Hall regime appears to reflect the Landau levels for HH- (m1), not HH+

(m2). A Zeeman splitting of HH- (m1) is also consistent with the low B-field SdH analysis

(Regime II with 2p1 from Sec. 4.3.4).

One can also employ the thermal activation analysis to provide a rough estimate of the

Landau level broadening Γ, by analyzing the zero B-field (y-axis) intercepts of Fig. 4.18c

[92]. From the intercepts, Γ falls within the range ∼ 50 − 100 µeV, which is comparable

to the values obtained in Sec. 4.3.7 (15− 20 µeV) for the G522-50 sample. We stress that

the effective mass analysis for determining Γ is more robust, while the estimation method

employed here is not so well established.

The same temperature-dependent g factor analysis presented in Fig. 4.18 was repeated

at five hole densities over the range p2d = (1.0−2.2) ×1015 m-2. Fig.4.19 shows the g factors

extracted from odd- and even-filling factor data (see Appendix B.2 for Egap Vs B data used

to obtain other |g∗⊥| values). |g∗e⊥| varies between 2.0− 3.3 in the measured range, but no

clear trend is observed. However, |g∗o⊥| shows a strong density-dependence, increasing from

0.8 − 4.6 over the measured density range. The estimated uncertainty in these values

is ±0.4, determined from the uncertainties in the slopes. In 2DEG systems, it is well

established that the g factor increases at lower densities due to the increasing importance

of electron-electron exchange interactions [98, 91, 77]. In contrast for our 2DHG, |g∗o |
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Figure 4.19: Values of the g factor extracted for even- and odd-filling factor data at five

hole densities over the range p2d = (1.0−2.2) ×1015 m-2. For the even-filling factor analysis,

m∗ = m1 = 0.35 me was used. The predicted value of g∗⊥ = 7.2 [22] is indicated by the

dashed gray line.

decreases at lower densities, which may suggest a lack of exchange enhancement in our

2DHG. Further evidence for this in GaAs 2DHGs has been reported in Refs. [99, 77].

However, the behaviour of decreasing |g∗o | with decreasing density is not yet understood.

4.4 Conclusions and future work

In summary, we have conducted magnetotransport measurements on Hall bar devices that

were fabricated within dopant-free GaAs/AlGaAs 2DHG heterostructures. We evaluated

five different wafers, all grown by MBE, which exhibited variations in 2DHG depths, alu-

minum composition, and the presence or absence of a smoothing superlattice buffer. We

have established that the aluminum content and/or the thickness of the AlGaAs layer in-

fluence charge trapping and gate hysteresis in our devices. As a result of this work, it is

recommended to use an AlGaAs composition with an aluminum content of 50% to pre-

vent gate hysteresis within the designed operational voltage range (Vg ≤ −5 V) for future

devices. Additionally, we have determined that the smoothing superlattice buffer layer is
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responsible for the undesired parallel conduction in our devices. The most likely cause of

the parallel conduction is the low-density population of one or more of the 2.5−3 nm wide

GaAs quantum wells closest to the intended 2DHG, contained within the GaAs/AlGaAs

superlattice. Thus, for future wafers, it is advisable to grow them without a superlattice

buffer to eliminate parallel conduction in these devices.

By leveraging our low-disorder dopant-free 2DHGs, four successive and distinct SdH

regimes can be identified at different magnetic field ranges, in order of appearance:

• Regime I, with a single SdH frequency (p1)

• Regime II, with Zeeman splitting (p1; 2p1)

• Regime III, with spin-orbit splitting (p1; p2)

• Regime IV, with the quantum Hall effect onset

The first three regimes are clearly identifiable from a Fourier transform of the SdH oscilla-

tions in 1/B. These regimes are also evident without the Fourier analysis by simply plotting

the Landau level filling factor ν as a function of 1/B. The latter verifies that Regime II is

indeed real and not merely an artifact of the Fourier analysis. The average 2DHG mobility

for all samples was approximately µ ∼ 50m2/V · s, with G522-50 exhibiting the highest

mobility, reaching a peak value of µ = 69m2/V · s at p2d = 1.5× 1015 m-2.

We extracted the effective masses of the spin-orbit split heavy hole (HH) band, extend-

ing the results to lower hole densities than those reported in modulation-doped samples

in literature. Over the density range of p2d = (0.7 − 1.9) × 1015 m-2, the HH- effective

mass is constant with a value of m1 ∼ 0.35 me while the HH+ effective mass increases

approximately linearly from m2 ∼ (0.58− 0.75)me. This increase is attributed to the SOI-

induced nonparabolicities in the valence band. These observations are in broad agreement

with the gated modulation-doped 2DHG in Ref. [57]. Based on the extracted quantum

lifetimes of τq ∼ (14− 20) ps, we estimate the Landau level broadening to be on the order

of Γ ∼ 20 µeV . This minimal broadening allowed us to extract the HH-/HH+ effective

masses at the lowest hole densities.
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We calculated the HH splitting in our GaAs 2DHG arising from Rashba SOI with a

k3 dependence. Over the density range of p2d = (0.7 − 1.9) × 1015 m-2, we estimated a

lower bound for the HH splitting to be within the range of ∆HH ∼ (0.10− 0.35) meV. The

strength of the spin-orbit (SO) splitting can be parameterized by the population difference

of the HH-/HH+ subbands normalized by the 2DHG density, expressed as ∆p/p = (p2 −
p1)/(p2+p1). Our dopant-free devices demonstrate one of the largest SOI driven HH+/HH-

spin splittings in literature for a GaAs 2DHG, with ∆p/p ≈ 0.3 at p2d = 2.0 ×1015 m-2.

We estimated the out-of-plane g factor via thermal-activation measurements at both

odd- and even-filling factors. Over the density range of p2d = (1.0− 2.2)× 1015 m-2, the g

factor representing even-filling minima was nearly constant |g∗e⊥| ∼ 2.8, while analysis of the

odd-filling minima reveals a strong density-dependence, increasing from |g∗o⊥| ∼ 0.8− 4.6.

The analysis of the data at even-filling factor minima suggests that the high magnetic

field regime predominantly reflects the Landau levels for HH- with an effective mass of

m1 ∼ 0.35me, rather than HH+ with m2 ∼ (0.58− 0.75)me.

In terms of future work, Hall bars could be fabricated with two separate accumulation

gates, one for the ohmic contacts and another for the Hall bar itself. This configuration

would allow for the investigation of lower hole densities where interactions are more pro-

nounced, facilitating the study of phenomena such as Wigner crystallization and/or weak

anti-localization (WAL). The latter can be utilized an additional technique to probe the

SOI strength. Additionally, in devices made with 50% aluminum content in the AlGaAs

layer, repeating the effective mass analysis at higher hole densities would provide additional

insight into the shape of the valence band and SOI strength.
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Chapter 5

Quantum Hall breakdown and

nonlinear phenomena in a

dopant-free GaAs/AlGaAs

two-dimensional hole gas

This chapter is adapted from: N. A. Cockton, D. G. Austing, F. Sfigakis, S. R. Harrigan,

J. Baugh, Z. R. Wasilewski, S. A Studenikin, M. Korkusinski, M. C. Tam, J. B. Kycia.

Quantum Hall breakdown and nonlinear phenomena in dopant-free GaAs/AlGaAs two-

dimensional hole gases. Manuscript in preparation.

5.1 Introduction

In Chapter 4, we investigated the magnetotransport properties of GaAs/AlGaAs 2DHGs

Hall bars using small currents in the linear response regime. The use of small currents was

critical in preventing Joule heating of the 2DHG, enabling low-temperature measurements

of the SdH oscillations and the quantum Hall effect (QHE). The QHE was characterized

by plateaus in the transverse (Hall) resistance, at values of rxy = h/νe2, accompanied by a
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vanishing longitudinal resistivity ρxx ∼ 0). In several measurements in Chapter 4, elevated

temperatures caused gradual deviations in ρxx from the zero-temperature limit.

In this chapter, we explore the nonlinear magnetotransport properties of a GaAs/AlGaAs

2DHG Hall bar subjected to an additional dc current. At small magnetic fields, the current

induces heating effects, while at large magnetic fields, the current gives rise to nonlinear

behavior, including the breakdown of the quantum Hall effect. In contrast to elevated

temperatures causing gradual deviations in ρxx, current-induced quantum Hall breakdown

typically results in ρxx abruptly lifting from zero by several orders of magnitude above a

critical current threshold (Ic). Above Ic, the response is nonlinear. While quantum Hall

breakdown has been investigated since the discovery of the QHE, there is still no complete

consensus on the mechanism.

An understanding of quantum Hall breakdown was initially motivated by metrology.

In January 1990, the global resistance standard became the Von Klitzing constant, given

by RK = e2/h ≈ 25.8 kΩ, based on the QHE. For high-precision standard measurements,

the current should be as high as possible but should not exceed the critical current Ic,

beyond which dissipative current flows. Breakdown and other nonlinear phenomena have

regained interest recently as a tool for studying fundamental physics. Some examples of

the nonlinear magnetotransport phenomena accessible in 2D systems include: Hall field-

induced resistance oscillations [100], phase inversion of SdH oscillations [64, 101, 102],

hysteresis near odd integer filling factors arising from dynamic nuclear polarization via the

interaction of electron and nuclear spins through the hyperfine interaction [103, 104], and

electric instability resulting in resistance fluctuations and negative differential resistance

[105, 106, 107, 108].

The exploration of the aforementioned phenomena has primarily been carried out in

2DEGs, motivating us to investigate such behavior in our 2DHG. In this chapter, we

explore a wide variety of nonlinear phenomena with holes, contrasting our results with

those obtained for more widely studied electron systems. Additionally, we aim to gain a

further fundamental understanding of our GaAs/AlGaAs 2DHG system, complementing

the results obtained from Chapter 4.
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5.2 Literature review

In this section, we will present previous experimental work on quantum Hall breakdown,

including proposals to explain the underlying mechanism. We will also describe recent work

on breakdown that inspired the measurements in this thesis. For additional information

on breakdown, refer to the review by Nachtwei [109].

5.2.1 History of quantum Hall breakdown

The first instance of quantum Hall breakdown was reported by Ebert et al. [110] in 1983,

three years after Klaus von Klitzing discovered the quantum Hall effect [111]. The authors

investigated the current-voltage characteristics of a Hall bar within a GaAs/AlGaAs 2DEG

at a filling factor ν = 2. Fig. 5.1 shows the longitudinal electric field Ex ∝ Vxx plotted

against the sheet current density Jx = I/w (bottom x-axis) and the transverse (Hall)

electric field Ey = Vxy/w = Irxy/w (top x-axis), where rxy = h/νe2 is the quantized

Hall resistance for a particular filling factor ν. It is important to highlight that the Hall

resistance rxy does not significantly deviate from its quantized value even when dissipation

is observed in Vxx, a point that will be further emphasized below. In Fig. 5.1, breakdown

is associated with a sharp jump in Ex at a sheet current density of jx ∼ 0.56A/m. Initially,

the solid line in Fig. 5.1 might suggest an abrupt breakdown. However, upon zooming in

on Ex by 50,000× (dashed line), a more gradual pre-breakdown increase becomes apparent

before the sudden increase.

As mentioned above, the behaviour of rxy near breakdown is typically very subtle

in comparison to rxx. Thus, the hallmark feature of breakdown is associated with the

collapse of the dissipationless rxx ∼ 0 state. For example, Komiyama et al. [113] measured

only a 1.6% deviation in rxy for a Hall electric field twice that of breakdown at ν = 4.

Similarly, Iizuka et al. [114] measured a deviation of ∆RH/RH ∼ −8ppm at breakdown,

also for ν = 4. Therefore the assumption of a constant Hall resistance rxy = h/νe2 in

the calculation of the Hall electric field Ey is reasonably valid. However, for magnetic

fields above and below the integer plateau ν, a small deviation in the Hall resistance is

typically observed. The work by Kuchar et al. [112] highlights this behaviour. Fig. 5.2
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Figure 5.1: Breakdown voltage-current characteristic for filling factor ν = 2 measured at a

temperature of 1.4 K. The upper inset shows the SdH oscillations and ν = 2 at B = 4.7 T.

The lower inset shows the device geometry consisting of a 380 µm wide Hall bar. The solid

line (zoomed out) shows the abrupt increase in Ex for jx ∼ 0.56A/m while the dashed line

(50,000× zoomed in) reveals breakdown is actually more gentle. Adapted from Ref. [110]

with permission.

shows various traces of Vxx and Vxy at different magnetic fields above and below the ν = 2

plateau. In Vxx, breakdown is observed at a critical current of Ic ∼ 0.7 mA at the center of

the ν = 2 plateau (B = 4.4 T). For Vxy at B = 4.4 T, a linear dependence is observed above

and below the critical current, consistent with the classical Hall effect. However, above

(below) the center of the ν = 2 plateau, an increase (decrease) in Vxy from the expected

value is measured for a current greater than the critical current. This same behaviour was

reproduced in more recent work in Ref. [92].
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Figure 5.2: (a) Longitudinal voltage drop Vxx and (b) transverse (Hall) voltage drop as a

function of dc current. Adapted from Ref. [112] with permission.

In the review by Jeckelmann and Jeanneret [115], they approximately demonstrate that

the critical current decreases linearly as the magnetic field moves away from the center of

an integer plateau. Figure 5.3a illustrates this behavior at filling factor ν = 2, forming a

triangular-shaped region where the QHE remains stable. However, in more recent works

described later in Sec. 5.2.3, it is noted that the stable regions do not have straight edges;

instead, they may exhibit curved boundaries, especially in samples with very high mobility.

Jeckelmann and Jeanneret also provide a compilation of data from various authors,

illustrating the critical Hall electric field Ec = hIc/νe
2w and its dependence on B-field

for GaAs Hall bar devices at different electrons densities. Fig. 5.3b shows the results for

even-filling factors ν = 2 and ν = 4. The straight lines on the log-log plot with a slope of

3/2 closely match the data, suggesting that Ec is approximately proportional to B3/2. It

is worth noting that Kawaji [117] also found an approximate Ec ∝ B3/2 relationship for

odd-filling factors in a GaAs 2DEG. However, later on in Ref. [119], a further compilation

of the Ec dependence on B-field was examined. The authors concluded that a linear

B dependence fit is nearly equivalent to a B3/2 fit [119]. In more recent work in Refs.

[91, 120], the authors also reported a linear B dependence.
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Figure 5.3: (a) Critical current Ic as a function of magnetic field in the vicinity ν = 2

plateau at two (data from Jeckelmann et al. [116]). (b) Critical Hall electric field Ec as a

function of magnetic field compiled from several authors. • Jeckelmann et al. [116], normal

400 µm Hall bars. △ Kawaji et al. [117], Hall bars with 600 µm long constriction in the

middle (butterfly-type). ■ Ebert et al. [118], normal 380 µm wide Hall bars. The lines on

the log-log plot have a slope of 3/2. Adapted from Ref. [115] with permission.

Multi-step transitions near breakdown

The behaviour of Vxx near breakdown is not always abrupt at the critical current Ic, but

can be gentle with a pre-breakdown increase in Vxx. Additionally, several studies have

reported multi-step transitions near breakdown [110, 121, 122, 123, 124, 125, 126, 127] by

either sweeping the magnetic field at large currents or by sweeping the current at fixed

magnetic field. Fig. 5.4 shows an example of such jumps in ∆Ex (or equivalently ∆Vx)

for temperatures T ≤ 5.87 K while sweeping the current in Ref. [110]. Explanations

for this particular behaviour include a novel type of quantization in narrow constrictions

[128, 126], the population of one or more Landau levels above the equilibrium Fermi energy

[121, 124, 125], or simply macroscopic inhomogeneities within the Hall bar [127, 129].
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Figure 5.4: Current-voltage characteristics for ν = 2 (B = 6 T) of a Hall bar at different

lattice temperatures TL. Several multi-step transitions are visible for TL ≤ 5.87 K. Adapted

from Ref. [110] with permission.

Breakdown in a 2DHG

The reports outlined above studied breakdown in 2DEGs. To our knowledge, the only

report of breakdown in a 2DHG is by Eaves et al. in 2000 [130]. They report breakdown in

a modulation doped GaAs/AlGaAs 2DHG Hall bar (w = 200 µm) for filling factors ν = 1

and ν = 2, as shown in Fig. 5.5. The values of Ic obtained are Ic ∼ 9.3 µA (∼ 8.5 µA) for

ν = 1 (ν = 2) at 4.2 T (2.1 T) for p2d = 1.0× 1015 m-2. Thus, Jc and Ec are, respectively,

∼ 0.046 A/m and ∼ 2 kV/m (∼ 0.042 A/m and ∼ 0.55 kV/m) at ν = 1 (ν = 2). For

even-filling factor ν = 2, Jc and Ec are approximately an order of magnitude less than that

reported in GaAs/AlGaAs 2DEGs.

The authors also report multi-step transitions and hysteretic behaviour in the voltage-

current curves upon sweeping the magnetic field up and down near the filling factors

ν = 1, 2, as shown in figure 5.5. They interpret the steps and hysteresis phenomena in terms

of an electronic hydrodynamic model. In Refs. [131, 130, 106, 105, 132], quantum Hall
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Figure 5.5: Breakdown in a 2DHG at T = 300 mK, highlighting hysteretic behaviour. (a)

Breakdown at ν = 1, measured at a fixed current of I = 9.2 µA. The numbers refer to

the order of the sweeps and the arrows indicate the direction of the B-field sweep. (b)

Breakdown at ν = 2, measured for various constant currents. Solid (dotted) lines are

sweeps up (down). Adapted from Ref. [130] with permission.

breakdown has been described analogously to classical fluid dynamics (hydrodynamics).

Specifically, the electron flow in the quantum Hall regime at low current resembles classical

laminar flow of a fluid in a pipe. However, when the critical current is reached, the

dissipationless electron flow along the Hall bar breaks down. Similarly, when the critical

volume flow rate is reached, this marks the transition between laminar and turbulent flow,

the latter of which is associated with classical irregular fluctuations and eddies. Hysteresis

and sporadic noise have been observed at the laminar-to-turbulent transition, hence the

analogy between the step-like features and hysteresis observed for quantum Hall breakdown

in Fig. 5.5. In Sec. 5.2.4, we will discuss other mechanisms for hysteresis.
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5.2.2 Mechanisms of breakdown

Several mechanisms have been put forward to explain quantum Hall breakdown. Early pro-

posals included quasielastic inter-Landau level scattering (QUILLS) [128], electron heating

[113], Cherenkov-like acoustic phonon emission [133], and the formation of a compressible

conduction filament [134]. These models generate various predictions that might distin-

guish them, such as the magnetic field dependence of the critical Hall electric field. How-

ever, the none of these models satisfactorily explained the data available. In particular,

the predicted values of the critical Hall electric field were typically at least an order of

magnitude larger than experimental values. Furthermore, some of the predictions from

the models are dependent on details such as the particular nature of scattering or phonon

emission, higher order tunneling processes, or Landau level broadening resulting from the

Hall electric field [117].

Bootstrap electron heating model

In 2000, in an effort to reconcile the disparities between theoretical models and experiments,

Komiyama and Kawaguchi developed a model that extended their previous electron heating

model [113] and the QUILLS model introduced by Eaves and Sheard [128]. Here, we

outline their model, referred to as bootstrap electron heating (BSEH) [135]. The basis

for the BSEH model is that, regardless of the microscopic mechanisms that may induce

breakdown, significant heating of the electron system must accompany breakdown.

We will now outline the relevant aspects of the BESH model. First, consider the

equilibrium situation where a small dc current is applied to the Hall bar, along the x-

direction, with the system in a stable dissipationless state rxx ∼ 0. The non-zero current

will create a Hall electric field EH along the width (y-direction) of the Hall bar. This

Hall electric field tilts the Landau levels n and the Fermi level ϵF in the y-direction,

U(y) = −eEyy, as illustrated in Fig. 5.6a.

Fluctuations in the energy distribution at the Fermi level result in electrons being

excited into higher Landau levels. Under non-zero electric fields, this excitation may occur

through a Zener-type tunneling process (labeled ZT in Fig. 5.6a). Alternatively, for non-
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Figure 5.6: Bootstrap electron heating (BSEH) model. (a) Schematic of trajectories for

electrons to be excited to a higher Landau level via Zener tunneling (ZA) or thermal ac-

tivation (TA). An excited electron can lose kinetic energy (S, system is stable) or gain

kinetic energy (US, system becomes thermally unstable). (b) Impact ionization process

generating electron-hole pairs. (c) Illustration of carrier avalanche multiplication process.

(d) Exponential increase in electron temperature Te resulting from carriers traversing the

breakdown length LB after avalanche multiplication. Adapted from Ref. [135] with per-

mission.
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zero temperature, a thermal excitation process (labeled TA in Fig. 5.6a) is also possible.

The combination of these excitations generates a finite density of excited, non-equilibrium

carriers capable of initiating breakdown. These carriers can lose kinetic energy through

acoustic phonon emission or gain kinetic energy due to scattering events. The ratio of

energy gained to energy lost per carrier determines whether breakdown is triggered.

When the Hall electric field is below the critical Hall electric field EH < Ec, excited

carriers, on average, lose kinetic energy at a faster rate than they gain (labeled S in

Fig. 5.6a), and they become reabsorbed into the Fermi sea through recombination. In

this scenario, the quantum Hall state remains stable. Conversely, for EH > Ec, excited

carriers, on average, gain kinetic energy at a faster rate than they lose (labeled US in Fig.

5.6a). The high density of excited carriers can collide with cold carriers in the Fermi sea

of a lower energy Landau level, leading to carrier avalanche multiplication through impact

ionization. This results in an exponential increase in excited carriers, causing a sudden

rise in electron temperature, and the system transitions from equilibrium to a dissipative

state. The avalanche multiplication occurs over a macroscopic length scale, LB (Fig. 5.6b),

dependent on the sample mobility.

While the BSEH model is generally the most widely cited among the breakdown com-

munity, the predicted breakdown Hall electric fields still exceed those experimentally mea-

sured (see Fig. 6 in Ref. [135]). Additionally, it is subject to assumptions about the

energy-relaxation mechanism.

5.2.3 Breakdown phase diagrams

Experimental studies on quantum Hall breakdown in the literature have traditionally con-

centrated on limited data sets, specifically a small number of Vxx − I traces near integer

filling factors. In this section, we examine two recent reports in the literature that dis-

tinctively provide comprehensive measurements of breakdown. These studies served as the

motivation for the experimental work presented in this chapter.

In 2012, Studenikin et al. [64] conducted a study on non-linear transport in two distinct

modulation-doped 2DEG systems: an InGaAs/InP quantum well (QW) structure and a
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Figure 5.7: Grayscale maps of rxx for (a) InGaAs/InP quantum well and (b) high mobility

GaAs/AlGaAs heterostructure. Adapted from Ref. [64] with permission.

high-mobility GaAs/AlGaAs heterostructure. The authors measured non-linear effects of

the longitudinal differential resistance rxx as a function of dc current and perpendicular

magnetic field. Distinct from previous works in literature, comprehensive measurements of

rxx are presented in a map or “phase diagram” by successively sweeping the current and

stepping the magnetic field. Fig. 5.7 shows the maps in the quantum Hall regime up to

filling factor ν = 5 for the two material systems studied.

The maps reveal diamond-shaped structures (dark regions) where the quantum Hall

state is stable, and dissipationless current flows. Outside these diamond-shaped regions or

away from integer filling factors (white regions), dissipative current flows. The width of the

diamonds in magnetic field is inversely proportional to the carrier mobility, explaining the

narrow-width diamonds observed for the higher mobility GaAs/AlGaAs heterostructure.

While the width of the diamonds in current is related to energy, a direct conversion is

non-trivial. However, the diamond size generally increases with the magnetic field, albeit

for even- and odd-filling factor diamonds separately. For both material systems, the width

of the diamonds in current for odd-filling factors is significantly less than for even-filling

factors. The authors note that this behavior aligns with the two energy scales of the

spin-resolved Landau levels, namely the cyclotron energy gap (ℏωc = ℏeB/m∗) for even-

filling and the Zeeman spin splitting (|g|µBB) for odd-filling. In both cases, the energy
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grows linearly with the magnetic field, leading to larger diamonds at higher magnetic fields,

consistent with the observations in Fig. 5.7.

In 2018, Victor et al. [91] generated similar maps, also utilizing a InGaAs/InP QW

2DEG structure. Colormaps of rxx were obtained for large sheet current densities, up to

∼ 1 A/m, and strong magnetic fields up to 9 T, reaching filling factor ν = 1. Fig. 5.8

illustrates a colormap collected by sweeping the current and stepping the magnetic field at

a electron density of n2d = 1.9 × 1015m−2. Similar to Ref. [64], the size of the diamonds

alternates between even- and odd-filling factors in accordance with relevant energy gaps.

For their analysis, the authors consider Zener-type tunneling transitions between tilted

Landau levels across the Hall bar arising from the Hall electric field when a large dc current

is applied. This Zener-type tunneling mechanism was outlined in Sec. 5.2.2, which is also

known in literature as quasi-elastic inter-Landau-level scattering [128, 135]. Within this

model, for odd-filling factors, we anticipate that the maximum width in current of the

(2N + 1)th diamond (N = 0, 1, 2, ... for ν = 1, 3, 5) reflects the transition (N, ↑) → (N,

↓), wherein the spin is flipped (via hyperfine or spin-orbit coupling [104]), but the Landau

level index N is conserved. This transition has energy |g|µBB. For even-filling factors, the

maximum width in current of the (2N+2)th diamond (N = 0, 1, 2, ... for ν = 2, 4, 6) could

reflect the transition (N, ↓) → (N+1, ↓), where the spin is conserved but the Landau level

index N is increased. However, it is more likely to reflect the smaller energy transition (N,

↓) → (N+1, ↑), where the spin is also flipped. This transition has energy ℏωc−|g|µBB. In

Fig. 5.8, white guide lines are drawn at the bounding tips for even- (odd-) filling factors

to reflect the growth in the cyclotron energy (Zeeman energy) with increasing B-field.

Fig. 5.8a-g illustrate the alignment of spin-resolved Landau energy levels corresponding

to the features marked in the colormap. The extended states of each level are represented

as rectangular bars, with blue (white) indicating filled (empty) states. The left (right)

ladder of levels is filled up to the chemical potential µL (µR). Here, L and R denote two

physical coordinates along the y-axis of the Hall bar, defined such that µL ≥ µR so that

transitions occur from the left ladder to the right ladder for both current polarities.

At ν = 2, the chemical potential is midway between (0, ↓) and (1, ↑). At the tips of

the ν = 2 diamond, breakdown occurs when the fully filled (0, ↓) state at L aligns with the
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Figure 5.8: Colormap of rxx for a InGaAs/InP QW 2DEG structure. White guide lines

intersect the tips of even- (odd-) filling factor diamonds which principally reflect the growth

in the cyclotron energy (Zeeman energy splitting) with B-field. Schematics (a)-(g) illustrate

the alignment of Landau levels for for various points on the colormap. Adapted from Ref.

[91] with permission.
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empty (1, ↑) state at R (depicted in Fig. 5.8a), enabling an inter-Landau-level transition

with a spin flip. Likewise, at ν = 1, the chemical potential is midway between (0, ↑) and
(0, ↓). At the tips of the ν = 1 diamond, breakdown occurs when the fully filled (0, ↑)
state at L aligns with the empty (0, ↓) state at R (illustrated in Fig. 5.8f), enabling a

transition between the spin-split subband level of the N = 0 Landau level. Several other

schematics are shown for various points on the colormap.

From Fig. 5.8, the authors estimate that Ic ∼ 6 µA (∼ 5 µA) from the tips of the ν = 2

(ν = 1) transport diamonds at 3.9 T (7.8 T) for n = 1.9 × 1015 m-2. Correspondingly, Jc

and Ec are 0.4 A/m and 5.2 kV/m (0.33 A/m and 8.6 kV/m), respectively. These values

are comparable to those reported for GaAs/AlGaAs 2DEG heterostructures compiled in

Refs. [117, 115], with Ec typically in the range of 2-6 kV/m at 4 T (∼ 6 kV/m at 8 T)

for even-filling (odd-filling) factors. These values serve as a useful reference, which we will

compare to later for the transport diamonds we measure in our GaAs 2DHG.

Within the framework of the simple Zener-type tunneling model, the authors estimate

the characteristic length scale δ associated with the separation of points L and R. They

assume uniform tilt of the Landau levels across the Hall bar. From the colormap in Fig. 5.8,

the authors estimate Ec ∼ 5.2 kV/m at ν = 2 (B = 3.9 T). For a pure Zener-type tunneling

mechanism shown in Fig. 5.8, one should expect Ec ∼ ∆/eδ where ∆ = ℏωc − |g∗|µBB

is evaluated at 3.9 T with appropriate values of m∗ = 0.047me and |g∗| = 4.8 for the

InGaAs/InP QW system. Consequently, a value for the characteristic length scale δ ∼
∆/eEc ∼ (8.5mV )/(5.2 kV/m) = 1.6 µm is calculated. This value is reasonable in that it

is much less than the width of the Hall bar δ ≪ w = 15 µm; one should not expect direct

tunneling from one side of the Hall bar to the other. The authors note that δ should be on

the same length scale as the spatial extent of the wavefunction for electrons in the Landau

levels [117]. This is comparable to the magnetic length ℓB = 25.6nm/
√
B, with B in units

of Tesla. For B = 3.9 T, ℓB ∼ 13 nm ≪ δ. Therefore, the experimental values of Ec

are roughly two orders of magnitude smaller than anticipated based on a pure Zener-type

tunneling model.

Multiple colormaps were collected at various carrier densities within the range n2d =

1.6 − 3.9 × 1015m−2 by using the persistent photo-conductivity effect through controlled

illumination with a red-light-emitting diode. The comprehensive data compiled various
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Figure 5.9: Critical currents Ic as a function of B-field for the InGaAs/InP QW 2DEG

structure. Two distinct lines are observed for even (E) and odd (O) filling factor. Adapted

from Ref. [91] with permission.

electron densities enabled the authors to analyze the critical current Ic dependence on

filling factor and magnetic field. Fig. 5.9 shows Ic as a function of B-field, collected at six

electron densities. The value of the critical current Ic is taken to be where rxx exceeded a

10 Ω threshold. A linear dependence with B-field is observed for Ic, with two distinct lines

obtained for even (E) and odd (O) filling factors.

5.2.4 Hysteresis near breakdown

Hysteresis has been attributed to changes in the degree of electron spin polarization [136,

137] or the polarization of nuclear spins in the substrate material via hyperfine interactions

[103, 104]. The latter is particularly relevant for spin qubits made from gate-defined lateral

quantum dots, where hyperfine interactions lead to decoherence. The hyperfine coupling of

holes is estimated to be an order of magnitude weaker than that of electrons within the same
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material system [11], which could have significant benefits for quantum dot spin qubits.

In this section, we present how quantum Hall breakdown can induce the polarization of

nuclear spins in a GaAs 2DEG, as observed by hysteresis in the voltage-current curves.

Hyperfine interaction in semiconductors

In type III-V semiconductors that possess non-zero nuclear spin, such as GaAs, electron

spins in the quantum well are coupled to nuclear spins in the GaAs substrate through the

contact hyperfine interaction. Each Ga and As nucleus has I = 3/2 nuclear spin, which

couples to the S = 1/2 electron spin in the quantum well. The contact hyperfine interaction

is described by the Hamiltonian [138]

HHF = AI · S =
1

2
A[I+S− + I−S+] + AIzSz (5.1)

where A is the hyperfine coupling constant, which is proportional to overlap between the

nucleus and the electron wave function, squared. The first term in brackets is responsible

for the flip-flop interaction between the electron spin and a nuclear spin. The second term

reflects that a finite nuclear-spin polarization will manifest as an effective magnetic field

BN , that acts on the electron spin. This effective magnetic field is proportional to the root

mean square (RMS) average nuclear polarization ⟨Iz⟩, and is known as the Overhauser

field, given by BN = A⟨Iz⟩/g∗µB. For the GaAs material system, BN ∼ 5 T when all the

constituent nuclear spins are fully polarized.

As a consequence of the hyperfine interaction, electron spins in a GaAs quantum well

have rapid decoherence due to the coupling with the nuclear spin bath [139, 140]. The

s-orbital symmetry of the electron spin wavefunction gives rise to a large contact hyperfine

coupling strength. In contrast, the p-orbital character of holes suggests that their wave-

function vanishes at the nucleus, significantly suppressing the contact hyperfine coupling,

leaving only the much weaker dipole-dipole hyperfine interaction [141, 11]. Thus, hole

spins in GaAs have demonstrated an order of magnitude weaker hyperfine interactions

[11]. This motivated our investigation in Sec.5.3.9, where we look for evidence of hyperfine

interactions between the hole spins and spin-3/2 nuclei of the GaAs substrate.
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Electrical polarization of nuclear spins

In 2007, Kawamura et al. demonstrated an electrical method to polarize nuclear spins

utilizing quantum Hall breakdown[103]. In the breakdown regime at odd-integer filling

factors, electrons are excited to the higher Landau levels with opposite spin polarity. The

spin flipping process dynamically polarizes nuclear spins through the hyperfine interaction.

The net polarization of the nuclear spins was found to reduce the spin-split energy gap be-

tween Landau levels, accelerating breakdown and causing hysteresis in the voltage-current

curves. By probing the sample with nuclear magnetic resonance (NMR), dynamic nuclear

polarization (DNP) was confirmed.

The details of the DNP scheme for a 2DEG system in a GaAs/AlGaAs heterostructure

are as follows. When the Fermi energy lies between two spin-split Landau levels, the

lower level is fully occupied with spin-up electrons (N, ↑) while the higher energy spin-

down (N, ↓) level is empty. A current injected into the Hall bar tilts the Landau levels

from the Hall electric field, as shown schematically in Fig. 5.10a. Above the critical Hall

electric field, breakdown occurs and electrons from the lower energy level (spin-up) state

are excited to the higher energy level (spin-down) state. As outlined in Sec.5.2.2, Zener-

type tunneling (ZT) and/or impact excitation (IE) processes are possible for populating the

higher energy Landau level. In both processes, the electron spin is flipped which will induce

a counter spin-flop process of the nuclear spin via the hyperfine interaction. Consecutive

flip-flop events can polarize the nuclear spins along the direction of the external magnetic

field, creating an effective and opposing Overhauser field, due to the negative g factor

(g∗ = −0.44 electrons in GaAs). The opposing field reduces the Zeeman energy splitting

|g∗|µBB−A⟨Iz⟩. Fig. 5.10a shows, schematically, the voltage-current curves being shifted

to a lower value on the down sweep direction (red, ⟨Iz⟩ > 0) versus the up sweep direction

when there is negligible nuclear polarization (blue, ⟨Iz⟩ ∼ 0). Thus, DNP is expected to

cause hysteresis in the Vxx − I curve when sweeping the current up and down.

Kawamura et al. performed measurements at 20 mK on a Hall bar fabricated in a

2DEG GaAs/AlGaAs heterostructure. Fig. 5.10b shows the voltage-current curves taken

by sweeping the current between -2.5 µA to +2.5 µA, at a sweep rate of 0.012 µA/s,

near filling factors ν = 2, 3, 4. For the even filling factor traces at ν = 2.15, Vxx for the
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Figure 5.10: Electrical polarization of nuclear spins near breakdown. (a, left) Schematic

of tilted, spin-split Landau levels in a breakdown regime at an odd-integer filling factor.

(a, right) Expected Vxx − I curves for ⟨Iz⟩ ∼ 0 (solid blue) and ⟨Iz⟩ > 0 (dotted red).

(b) Measured Vxx − I curves for sweeping the current in positive (solid blue) and negative

(dotted red) directions for ν = 2.15, 3.10, 5.11. (b, upper inset) Micrograph of Hall bar

device. (b, middle inset) Time evolution of Vxx when the current is changed from I = 0.0

to 2.0 µA for t = 0. (c) NMR spectra for 75As, 69Ga, 71Ga detected by measuring changes

in Vxx. Adapted from Ref. [103] with permission.
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Figure 5.11: Shift of Vxx − I curves between the up and down current sweeps at Vxx = 2

mV as a function of filling factor ν, for (a) ν = 3 and (b) ν = 5. Adapted from Ref. [103]

with permission.

positive and negative sweep directions match; there is no hysteresis. However for the odd

filling factor traces shown for ν = 3.10 and ν = 5.11, hysteresis is observed with the down

sweep curve being shifted to a lower current. Note that the hysteresis is more pronounced

at ν = 3.10 (higher B-field, lower filling factor) than for ν = 5.11. The shift in current

∆I at Vxx = 2 mV increases monotonically with increasing filling factor ν, as shown in

Fig. 5.11. In other words, the hysteresis is most prominent on the lower B-field side of

odd integer filling factors when the Fermi energy is located closer to the upper Landau

subband. Additionally, the time evolution of Vxx was measured at ν = 3.10 when the

current was changed from 0.0 µA to 2.0 µA at t = 0 (Fig. 5.10 (b, middle inset)). A

relaxation time of ∼ 300 s for Vxx was observed, consistent with a typical time scale for

nuclear spin relaxation.

To validate the DNP model for hysteresis, NMR measurements were performed by using

a single-turn coil around the device to produce a radio-frequency (rf) magnetic field. The

rf magnetic field was applied parallel to the 2DEG for a current above the critical current

Ic, I = 2.0 µA, after Vxx had completely saturated for ν = 3.10. The rf frequency was

swept while monitoring Vxx, as shown in Fig. 5.10d. Dips in Vxx occurred at the expected

NMR resonance frequencies for the 75As, 69Ga, and 71Ga isotopes. The resonance dips

correspond to nuclear spin depolarization.
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5.3 Experimental methods

5.3.1 Sample details

The Hall bar device for measurements in this chapter was fabricated from the G522 wafer,

outlined in Chapter 4. Recall, the G522 wafer had no smoothing superlattice buffer and

therefore did not show any features of parallel conduction. The G522-50 Hall bar measured

in Chapter 4 was fabricated with a width w = 50 µm, which is not optimal for investigating

quantum Hall breakdown. For breakdown measurements, the physical width w of the Hall

bar should be carefully considered. As outlined in Sec. 5.2, the critical current Ic required

for quantum Hall breakdown scales proportionally with the Hall bar width w. For 2DEGs

up to 9 T, electron sheet current densities up to Jc = Ic/w ∼ 1 A/m are required to reach

the breakdown regime for the smallest filling factors ν = 1, 2. For a 50 µm wide Hall bar,

this would require a current of I = 50 µA to reach a sheet density of J = 1 A/m. Without

using an additional power amplifier, voltage sources in the lab can typically supply up

to 10 V, which combined with an appropriate 1-10 MΩ resistor can produce currents in

the range of 1-10 µA. Thus, Hall bars for investigating quantum Hall breakdown should

be fabricated with widths w ∼ 10 µm such that Ic < 10 µA and no additional voltage

amplification is required.

Consequently, for the nonlinear measurements presented in this chapter, we used the

narrow width G522-15-1 Hall bar (W = 15 µm) fabricated from the G522 wafer. The

length of G522-15-1 was kept the same as the other samples evaluated in Chapter 4 at L

= 300 µm, resulting in a length-to-width ratio L/W = 20. The hole density for G522-15-1

could be adjusted using the top-gate voltage within the range of 1− 2× 1015 m-2, leading

to corresponding variations in mobility, with values ranging from 33 - 50 m2/V · s (see Fig.
4.12). Magnetotransport measurements were performed a dilution refrigerator with a 9 T

magnet.
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Figure 5.12: Schematic of the AC+DC circuit setup used for the nonlinear measurements

to monitor the SdH and Hall voltages concomitantly. A SR380 lock-in amplifier (LIA)

generates a small (≤ 5 nA) AC current through the Hall bar while a DAC produces a

larger (up to ± 2 µA) DC current.

5.3.2 AC+DC measurement setup

For the nonlinear transport measurements, we employed an AC+DC setup depicted in

Fig. 5.12, which was adapted from Refs. [64, 91]. This circuit configuration allowed us to

conduct measurements in a low-noise environment, achieved by utilizing a lock-in amplifier.

Similar to the setup used in Chapter 4, two SR830 lock-in amplifiers (LIAs) are used to

simultaneously measure the longitudinal voltage drop (∆Vxx, LIA-1) and transverse voltage

drop (∆Vxy, LIA-2) of the Hall bar. These two LIAs were synchronized to operate at a

frequency of 17 Hz. The sine output from LIA-1 was connected to a 10:1 voltage divider

and subsequently passed through a 10 MΩ current-limiting resistor to generate a small

(≤ 5 nA) AC current applied to the source contact of the Hall bar, while drain contact

was electrically grounded. This AC current was combined with a DC current, generated

from the output of a DAC (IOtech DAC488HR/4), connected to a 5 MΩ current-limiting

resistor. The LIAs only measure the respective voltage drop of the AC (17 Hz) component.

The ± 10 V output of the DAC resulted in a DC current ranging up to ± 2µA, which was

suitable for inducing quantum Hall breakdown in our devices.
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Figure 5.13: (a) Colormap of ρxx up to ν = 5 at p2d = 1.7×1015 m-2. (b) Horizontal traces

from panel (a). Curves for Idc ≥ 20 nA are shifted vertically by 120 Ω for clarity.

5.3.3 SdH phase inversion

In this section, we present SdH oscillations for the Hall bar driven with an additional dc

current, using the AC+DC measurement technique. We begin by exploring the nonlinear

behaviour at small magnetic fields in the large filling factor regime. Fig. 5.13a shows

colormaps of ρxx as a function of dc current and perpendicular magnetic field, at a temper-

ature of 50 mK. The measurement used a source-drain AC current of 1 nA at a modulation

frequency of 17 Hz and time constant of 300 ms. The differential resistance rxx = dVxx/dI

is directly measured with a lock-in amplifier and converted to resistivity ρxx. To generate

the colormap, ρxx is measured when sweeping the current from 0 → +100 nA, 0 → −100

nA at a rate of 1 nA/s and stepping the magnetic field from 0.1 → 1.5 T in increments

of 2 mT. The current was swept in two segments, as opposed to a continuous sweep like

−I → +I, to mitigate asymmetry in the colormap caused by the integration time (lock-in

time constant) of the measurement.

The dark blue (red) regions in the colormap identify the ρxx minima (maxima). For

B > 1.1 T, the dark blue diamond shaped regions labeled as filling factors ν = 5, 6 are the

so-called transport diamonds discussed in Sec. 5.2.3. At large B-fields, the Landau levels
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are sufficiently separated such that Zeeman spin-split minima are resolved and the SdH

minima reach zero resistance. The high-current tips of these diamonds reflect the critical

currents Ic. From Fig. 5.13a, we estimate that Ic ∼ 17 nA (∼ 10 nA) for the ν = 5 (ν = 6)

diamonds at 1.35 T (1.15 T). We will return to discussing the transport diamonds in the

strong quantum Hall regime in Sec. 5.3.5. For now, we will instead focus on the blue

regions for ν > 6 for magnetic fields B < 1 T. At small B-fields, the Landau levels are

insufficiently separated such that the SdH minima do not reach zero, even for Idc = 0. The

width in current of the blue regions does not grow monotonically with increasing B-field.

This behaviour most likely reflects the complex beating pattern of the SdH oscillations

from the two effective masses and Zeeman spin splitting observed in Chapter 4.

Horizontal cuts at positive current polarity through the colormap are shown in Fig.

5.13b. For zero current, the familiar SdH oscillations from Chapter 4 are recovered. The

SdH oscillations at non-zero current exhibit two notable features. Firstly at small currents,

the SdH oscillation amplitude decreases with increasing current, similar to increasing tem-

perature. In Sec. 5.3.4, we examine this effect to estimate the current-induced Joule

heating of the 2DHG. Secondly, at larger currents, an inversion of the SdH oscillation ex-

trema occurs. The SdH minima (maxima) develop into maxima (minima) at high current.

This is most clearly observed in Fig. 5.13 for high B-fields and currents.

Several experimental works have documented the SdH phase inversion effect in high

mobility 2DEG systems [64, 91, 142, 101, 120, 143, 144], as well as in a low mobility

graphene sample [102]. The theoretical discussions on this phenomenon can be found in

Refs. [145, 146]. In electron systems, the phase inversion effect can be explained by an

electron heating model using the following relation [64]

rxx = Rxx + Idc
∂Rxx

∂Te

∂Te
∂I

(5.2)

where rxx is differential resistance, Rxx is the magnetoresistance given by the Ando formula

(Eq. 4.1), and Te is the electron temperature. The second (differential) term in Eq. 5.2

gives rise to a π phase shift of the SdH oscillations that dominates at larger Idc. Te will

always grow with increasing current and therefore the term ∂Te/∂I is always positive.

However, Rxx with increasing Te can either decrease, for a maxima in rxx, or increase for

97



a minima in rxx. Stated differently, the term ∂Rxx/∂Te is positive (negative) for an rxx

minima (maxima) at low current.

As outlined in Sec. 5.2, only a limited number of reports in literature have studied

breakdown and other nonlinear phenomena in holes, with electron systems being more

widely investigated. We note that for small B-fields, other reports on nonlinear behaviour

in 2DHG systems have studied Hall field-induced resistance oscillations (HIRO) [147, 148]

in addition to microwave-induced resistance oscillations (MIRO) [149]. To our knowledge,

we are the first to report the phase inversion effect for a 2DHG system.

5.3.4 Current-induced heating of 2DHG

In this section, we quantitatively examine the empirical relationship between the hole

temperature Th and the applied dc current Idc at small currents, prior to the onset of the

SdH phase inversion phenomenon. Fig. 5.14a shows the SdH oscillations collected at fridge

temperatures in the range of 50 mK to 300 mK, obtained by slowly sweeping the magnetic

field (0.5 T/hour) and measuring ρxx using a source-drain AC current of 0.3 nA. Applying

a Fourier transform (FT) to the SdH oscillations in 1/B over the magnetic field range of

0.1 T to 1.0 T for the SdH data set shown in panel (a), we obtain the familiar spectra of

the SOI split subbands p1 and p2, as shown in the inset of Fig. 5.14b. The p1 peak exhibits

the largest FT amplitude, primarily attributed to its smaller effective mass (m1 ∼ 0.35me,

m2 ∼ 0.66 me). As a result, the FT peak height of p1 is more suitable as an effective

thermometer of the holes compared to p2. Consequently, we employed the peak height of

the p1 subband as a measure of the hole temperature Th.

We begin by calibrating the hole temperature Th with the fridge temperature T0. Fol-

lowing the effective mass analysis in Sec. 4.3.7 of Chapter 4, the peak height of the p1

subband was fitted as a function of temperature to the Ando equation [30]

∆ρxx
ρxx

= 2 exp

(
− π

ωcτq

)
2π2kBT/ℏωc

sinh(2π2kBT/ℏωc)
(5.3)

with the effective mass m1 and quantum lifetime τq1 as the two fitting parameters. The

fit was first applied over the entire temperature range (50− 300 mK), which yielded m1 =
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(a)

(c)

(b)
𝑝1

𝑝2

𝑝1+𝑝2

𝑝1

Idc = 0 nA

T0 = 50 mK

(d)

Figure 5.14: (a) Temperature-dependence of the SdH oscillations at p2d = 1.7 ×1015 m-2

using Iac = 0.3 nA excitation. The temperature data was collected in two different ranges:

from 50 mK to 100 mK in 12.5 mK increments, and from 125 mK to 300 mK in 25

mK increments. (b) Power spectrum peak height of the p1 subband as a function of

temperature. The solid line is a fit to the high temperature (red) data points. The low

temperature (blue) data points (≤ 87.5 mK) are excluded from the fit. Inset: Fourier

spectrum at T0 = 50 mK. (c) SdH oscillations as a function of dc current from 0 nA to 8

nA in 1 nA increments at T0 = 50 mK. (d) Power law fit (solid lines) for three different

fridge temperatures: 50 mK, 100 mK, and 150 mK.
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(0.352 ± 0.004) me and τq1 = (11.92 ± 0.08) ps. At dilution fridge temperatures below

approximately 100 mK, the hole temperature often starts deviating from the fridge temper-

ature due to electrical noise or an insufficient thermal link between the sample and the cold

finger (mixing chamber). To ensure the lowest temperature data points were not skewing

the fit, the same fit was applied but excluded the lowest temperature points below 100 mK

(blue squares), as shown in Fig. 5.14b. The high-temperature fit yielded m1 = (0.355 ±
0.007) me and τq1 = (12.0 ± 0.2) ps. The small variation in fitted parameters observed

between the fits in the two different temperature ranges falls within the statistical errors

of the fit. Thus, as a result of this analysis we can conclude that the hole temperature Th

under equilibrium conditions follows the fridge temperature down to T0 = 50 mK.

Fig. 5.14c shows the SdH oscillations collected at T0 = 50 mK for different Idc values

up to 8 nA. Above 8 nA, SdH phase inversion occurs, precluding further analysis. The SdH

oscillations at different Idc are Fourier transformed following the same procedure for the

temperature-dependent analysis in Fig. 5.14b. The p1 FT peak amplitudes are extracted

at the different values of Idc, and the corresponding hole temperatures Th are extracted

from the calibration curve (solid line) in Fig. 5.14b.

Fig. 5.14d plots the difference in hole temperature Th and fridge temperature T0,

represented as ∆Th = Th − T0, as a function of Idc conducted at three different fridge

temperatures of 50 mK [data in panel (c)], 100 mK, and 150 mK. The data was fitted to

a power-law relation, ∆Th = αIβdc, where T0 is in mK, Idc in nA, and α and β are fitting

parameters. The resulting fits are represented as solid lines on the log-log plot in Fig.

5.14. For the three datasets conducted at T0 = 50 mK, T0 = 100 mK, and T0 = 150

mK, the best fit values obtained for α (β) are 8.8 mK/nA (1.2), 4.2 mK/nA (1.3), and

1.7 mK/nA (1.4), respectively. With a nominal value of β ∼ 1.3, the empirical relation

∆Th ∝ I1.3dc can be reformulated to examine the heat dissipated by the 2DHG as a function

of Idc. Recall that the electrical power dissipated from Joule heating is proportional to

P ∝ R0I
2
dc. Consequently, the power dissipated by the 2DHG is proportional to the ∼ 1.5

power of the hole temperature, expressed as P ∝ (Th − T0)
1.5.

Reports of electron heating measurements of 2DEGs in materials systems including

GaAs/AlGaAs [144], InGaAs/InP [64], and InSb/AlInSb [120], have all demonstrated

∆Te ∝ I
2/3
dc , or equivalently P ∝ (Te − T0)

3. These measurements employed currents
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up to Idc ∼ 10s µA, and covered a wide range of temperatures (T ∼ 0.015 − 1.5 K) and

electron mobilities (µ ∼ 16− 2000m2/V · s). It is worth mentioning that in an unconven-

tional graphene sample with much lower mobility (µ ∼ 0.8m2/V · s), a linear dependence

of electron temperature with Idc was reported [102].

The empirical results obtained here suggest a higher sensitivity of the hole temperature

to current-induced Joule heating compared to electrons in similar material systems. How-

ever, it is important to emphasize that, in contrast to similar measurements in electrons

reported above, the data presented here for holes is conducted over a significantly restricted

temperature and current range. The temperature range is constrained by the disappear-

ance of the SdH oscillations above T0 ∼ 200 mK, while the current range is limited due to

the early onset of phase inversion occurring at very small currents of Idc ∼ 10 nA.

5.3.5 Breakdown at integer filling factors

In this section, we present the measurements of quantum Hall breakdown at high magnetic

fields in the strong quantum Hall regime. We begin by presenting conventional plots of

ρxx and rxy in the linear response regime, followed by the introduction of phase diagrams

illustrating quantum Hall breakdown.

High B-field magnetoresistance of 2DHG

Fig. 5.15 shows ρxx and rxy as a function of magnetic field measured at T0 = 50 mK.

The longitudinal (SdH) resistivity is represented in black on the left y-axis, while the

transverse (Hall) resistivity is shown in red on the right y-axis. The Hall resistance has

been normalized by the resistance quantum Rk = h/e2. An AC current of 5 nA at a

modulation frequency of 11 Hz was applied between the source and drain contacts on the

Hall bar, and the magnetic field was swept at a rate of 2 T/hour. Fig. 5.15a is measured

for an intermediate top-gate voltage Vg = −3.5 V corresponding to p2d = 1.3 × 1015 m-2

and Fig. 5.15b is measured at the maximum top-gate voltage Vg = −4.5 V corresponding

to p2d = 2.0 × 1015 m-2. The SdH oscillations reach zero up to the maximum B-field (9

T), indicating no parallel conduction. At p2d = 2.0 × 1015 m-2, the ν = 2/3 fractional
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(a)

(b) 𝑝2𝑑 = 2.0 × 1015𝑚−2

𝑝2𝑑 = 1.3 × 1015𝑚−2 2/3

𝜈 = 1

2

𝜈 = 1

2

Figure 5.15: Magnetoresistance of the 2DHG measured in the linear response regime at

T0 = 50 mK. ρxx (black) and rxy (red) for (a) p2d = 1.3× 1015 m-2 and (b) p2d = 2.0× 1015

m-2.

quantum Hall state is just resolved at ∼ 8 T, along with emergence of other fractional

states between ν = 1− 2. The presence of fractional states is an indication of low disorder

and a high-quality MBE growth.

Breakdown phase diagrams

Here, we present the breakdown phase diagrams or colormaps for the 2DHG. Fig. 5.16

shows the colormaps of ρxx and rxy, measured concomitantly, as a function of dc current

and perpendicular magnetic field. Two sets of colormaps at low and high magnetic fields are

provided to emphasize specific features. The colormaps for low (high) B-field are generated
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Figure 5.16: Colormaps measured at p2d = 2.0×1015 m-2 and 50 mK. (a) Colormap of ρxx.

White dashed lines outline the transport diamonds for integer filling factors ν = 2, 3, 4

where ρxx ∼ 0. (b) Colormap of rxy with the diamonds in panel (a) outlined by black

dashed lines. Within these diamonds, rxy = h/νe2 is quantized. (c) ρxx for ν = 1 and (d)

rxy for ν = 1. The white dashed lines outline the transport diamond while the solid red

lines highlight the deviation in rxy from its quantized value.
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using the AC+DC technique by measuring the differential resistances when sweeping the

current from 0 → +0.75 (+2) µA, 0 → −0.75 (−2) µA at a rate of 5 nA/s and stepping

the magnetic field from 5 (9) → 0.5 (7.5) T in increments of 12.5 mT (25 mT). The

measurement used a source-drain AC current of 5 nA at a modulation frequency of 17

Hz and time constant of 100 ms. Similar to the measurement of the low B-field colormap

in Sec. 5.3.3, the current was swept in two segments to mitigate asymmetry due to the

integration time (lock-in time constant) of the measurement. The colormap shown in Fig.

5.16 was collected over approximately 2.5 days.

We note the following regarding the colormaps shown in Fig. 5.16. A horizontal cut

through the maps at zero dc current would give the traditional plot of ρxx with B-field, as

shown in Fig. 5.15b. The dark blue regions in the colormaps of ρxx correspond to where

ρxx ∼ 0 and outline the transport diamonds. These transport diamonds are associated

with specific integer filling factors, determined by the value of rxy within the same region

in the current-magnetic field (I-B) plane. The diamonds corresponding to ν = 2, 3, 4 are

clearly visible and outlined in Fig. 5.16a. The much larger ν = 1 diamond at higher B-field

is presented separately in Fig. 5.16c.

An outline of the transport diamonds in the maps of ρxx (white dashed lines) is depicted

in the maps of rxy (black dashed lines). Within the diamonds in rxy, the resistance is

quantized according to rxy = h/νe2. rxy does not deviate from its quantized value at the

center of the diamonds, up to the maximum current measured. Away from the center of

the diamonds and above the current required for breakdown in ρxx, rxy deviates from its

quantized value. This is most evident in Fig. 5.16d for the ν = 1 filling factor diamond,

where the black dashed line shows the breakdown in ρxx and the solid red line at a larger

current highlights the deviation in rxy from its quantized value. On the low (high) B-field

side of the ν = 1 diamond, rxy deviates to lower (higher) resistance. These observations

are consistent with those reported 2DEGs in Refs. [112, 92].
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We will now outline qualitative features of the transport diamonds in ρxx

1. The width of the diamonds in B-field are sharp due to the relatively high mobility

(µ ∼ 50m2/V · s) of the 2DHG. Recall that for the integer quantum Hall effect, the

width of the resistance minimums ρxx = 0 and Hall plateaus rxy = h/νe2 in magnetic

field is inversely proportional to the mobility.

2. Breakdown at the tip of the ν = 1 diamond is very gentle compared to ν = 2 diamond.

Interestingly, the opposite behaviour is observed in Ref. [91] for a InGaAs/InP QW

2DEG.

3. For the ν = 1 diamond, the breakdown current at the diamond tip is larger for positive

currents and smaller for negative currents. This asymmetry is a consequence of the

local hole density of the Hall bar being affected as a result of the large dc current

and large sample resistance at high B-field. When ρxx ∼ 500 Ω this corresponds to

rxx ∼ 10 kΩ. For Idc ∼ 1 µA, this corresponds to a V = IR ∼ 10 mV shift on the

source contact on the Hall bar. This reduces or enhances (depending on the current

polarity) the electric field from the top-gate used to accumulate holes in the 2DHG.

4. In contrast to the colormaps in Refs. [91, 64] for InGaAs/InP and GaAs/AlGaAs

2DEGs, for ν = 1− 4 we do not observe an even- and odd-filling factor dependence

on the size (width in current) of the transport diamonds.

Zener tunneling model of transport diamonds

Here we examine the transport diamonds within the framework of the Zener tunneling

model outlined in Sec. 5.2.3. Recall that in Ref. [91], focusing on an InGaAs/InP 2DEG

Hall bar, the authors observed that the size of even-filling factor diamonds (in current)

were larger than their odd-filling factor counterparts. This was attributed to the width of

the diamonds predominately reflecting the energy ℏeB/m∗ − g∗⊥µBB for even-filling factor

factors or g∗⊥µBB for odd-filling factors.

In our GaAs/AlGaAs 2DHG, we do not observe an even- and odd-filling factor depen-

dence on the width of the transport diamonds. This is clearly illustrated in Fig. 5.17,
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Figure 5.17: Colormap of ρxx for p2d = 2.0 × 1015 m-2. White lines intersect the tips of

the transport diamonds and reflect the growth in the cyclotron energy and Zeeman energy

with B-field.

where a single line intersects the tips of both even- and odd-filling factor diamonds. Such

behaviour implies that the cyclotron energy is approximately twice as large as the the

Zeeman energy (ℏωc = ℏeB/m∗ ≈ 2g∗µBB). We can corroborate this result by calculating

the two energy gaps, utilizing the values for the effective mass m∗ and g factor g∗ extracted

in Chapter 4. Recall from Sec. 4.3.10 that the Landau levels of our GaAs/AlGaAs 2DHG

in quantum Hall regime primarily reflect that of HH- with m∗ ∼ 0.35 me. Using this

value, the cyclotron energy (/T) is ℏe/m∗ ∼ 0.33 meV/T. Furthermore, the nominal value

of g∗ from Sec. 4.3.10 was estimated to be g∗ ∼ 2.8, yielding a Zeeman energy (/T) of

g∗µB ∼ 0.16 meV/T. Thus, from these calculations, we also find the cyclotron energy to

be nearly twice the Zeeman energy (i.e., 0.33/0.16 ∼ 2). In these calculations we have

neglected Landau level broadening Γ. However, from the measurements in Chapter 4, we

estimate the broadening to be on the order of Γ ∼ 20 µeV, over an order of magnitude

smaller than the calculated cyclotron and Zeeman energies in a one Tesla magnetic field.

These results demonstrate that the ratio of the sizes of even- and odd-filling factor dia-

monds can serve as a tool for estimating the ratio of cyclotron and Zeeman energy gaps,

thereby providing information about the effective mass and g factor.
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For Zener-type tunneling transitions to occur, we can estimate the characteristic length

scale δ between two points L and R across the Hall bar. This analysis follows from Ref.

[91], where we assume the Landau levels are tilted uniformly across the Hall bar. We will

examine breakdown at ν = 2 (B = 4.2 T) where we estimated Ec ∼ 0.34 kV/m. The length

scale for pure Zener tunneling can be estimated from δ ∼ ∆/eEc where ∆ = ℏωc−|g∗e |µBB

is evaluated at 4.2 T with values 0.35me and 2.8 for m∗ and |g∗e |, respectively. We calculate

∆ ∼ 0.71 meV and δ ∼ 2.1 µm (i.e., 0.71/0.34). This is very similar to the value of

1.6 µm obtained in Ref. [91] for an InGaAs/InP 2DEG system. These values are two

orders of magnitude larger than what would be expected from the spatial extent of the

wavefunction of electrons or holes in the Landau levels, which is dictated by the magnetic

length ℓB = 25.6nm/
√
B, with B in units of Tesla. For B ∼ 4 T, ℓB ∼ 13 nm ≪ δ.

Breakdown current density and Hall electric field at ν = 1, 2

In Sec. 5.2, we outlined two methods for quantifying breakdown: the critical current

density Jc = Ic/w and the critical Hall electric field Ec = hIc/νe
2w. While a precise

definition of the critical breakdown current Ic will be provided in Sec. 5.3.7, here we

present initial estimates for these parameters based on the colormap in Fig. 5.17a. When

the ν = 1 (ν = 2) transport diamond is at its widest, we observe breakdown currents of

Ic ∼ 1.2 µA (∼ 0.4 µA) at 8.4 T (4.2 T ) for p2d = 2.0× 1015 m-2. Consequently, Jc and Ec

are ∼ 0.08 A/m and ∼ 2.1 kV/m (∼ 0.027 A/m and ∼ 0.34 kV/m) at ν = 1 (ν = 2). In

the calculations for Jc and Ec, we used the nominal width of the Hall bar (15 µm).

To contextualize these values, we can compare them to those reported in other Hall bar

samples in literature. In the case of a similar GaAs/AlGaAs 2DHG in Ref. [130], albeit

modulation-doped and for p2d = 1.0 × 1015 m-2, the values obtained for ν = 1, 2 are very

similar with our results here, differing by less than a factor of two. In modulation-doped

GaAs/AlGaAs 2DEGs compiled in Refs. [117, 115], we infer Ec values in the range 2− 6

kV/m at 4 T (∼ 6 kV/m at 8 T) for even-filling (odd-filling) factors. The value Ec ∼ 0.34

kV/m obtained for even-filling factor ν = 2 at 4.2 T in our 2DHG is approximately an

order of magnitude lower than that found in 2DEGs (i.e., 4/0.34 ∼ 12). Interestingly,

an order of magnitude is also consistent with the difference in energy ℏωc − |g∗|µBB,
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accounting for the different values of effective mass and g factor in GaAs/AlGaAs for

electrons (m∗ = 0.067 me [94] and |g∗| = 0.44 [22], ℏωc − |g∗|µBB ∼ 1.70 meV/T) and

holes (m∗ = 0.35me and |g∗| ∼ 2.8, ℏωc − |g∗|µBB ∼ 0.17 meV/T).

The value Ec ∼ 2.1 kV/m obtained for odd-filling factor ν = 1 in our 2DHG is approxi-

mately 3× smaller compared 2DEGs (i.e., 6/2.1 ∼ 3). Recall that odd-filling factors reflect

the energy |g∗|µBB, determined by |g∗|. Initially, the smaller Ec for holes is not consistent

with a larger value of |g∗| compared to electrons. However, g factors at odd-filling factors

in 2DEGs are known to be significantly enhanced in magnetotransport measurements due

to many-body electron-electron exchange interactions [93, 91, 64]. For example, in Ref.

[150], a GaAs/AlGaAs 2DEG reported an enhanced value of |g∗| ∼ 12 at ν = 3. In our

analysis of the odd-ν g factor for the 2DHG in Sec. 4.3.10, we did not find evidence for ex-

change enhancement. However, the g factor exhibited variation with density, with a value

of |g∗| ∼ 4.4 at p2d ∼ 2.0 × 1015 m-2. Thus, the ∼ 3× smaller value of Ec at odd-filling

factor could be attributed to the difference in the g factor between electrons and hole in

GaAs/AlGaAs (i.e., 12/4.4 ∼ 2.7).

Selected vertical traces through the colormap

In Fig. 5.18, we analyze the ρxx − I and rxy − I traces by taking vertical cuts through

the ν = 1, 2 diamonds in the colormaps of Fig. 5.16. The traces plotted in red correspond

to the widest section of the diamonds, located at the center of the integer filling factor.

For the ρxx traces, the width of the resistance minima, where ρxx ∼ 0, becomes narrower

away from the diamond center. On the high magnetic field side of the ν = 1 diamond,

breakdown is abrupt, and ρxx jumps by approximately 5 kΩ near 9 T. However, at the

center of the ν = 1 diamond, breakdown is gradual, characterized by a small jump in ρxx

(∼ 100 Ω), and the resistivity gradually increases with increasing current.

In the case of the ν = 2 diamond, breakdown is more symmetrical on the high and

low magnetic field sides of the diamond. Similar to ν = 1, breakdown is also gradual at

the center of the ν = 2 diamond, with ρxx initially jumping by approximately 80 Ω and

gradually increasing with increasing current. Regarding the rxy traces at the diamond

center, the resistance remains constant at the quantized values h/e2 and h/2e2 for the
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7.8 T

𝜈 = 1 (8.4 T)
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7.8 T

𝜈 = 1 (8.4 T)

(c) 3.9 T
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𝜈 = 2 (4.2 T)

(d)

𝜈 = 2 (4.2 T)

4.5 T

3.9 T

Figure 5.18: ρxx-I traces through (a) ν = 1 (vertically shifted by 0.8 kΩ) and (c) ν = 2

(vertically shifted by 0.4 kΩ). rxy-I traces through (b) ν = 1 (vertically shifted by 2.8 kΩ)

and (d) ν = 2 (vertically shifted by 2.0 kΩ).

ν = 1 and ν = 2 diamonds. On the low (high) magnetic field side of the diamonds, rxy

deviates to lower (higher) resistance, consistent with reports in Refs. [112, 92].

5.3.6 Progression of colormaps with hole density

Fig. 5.19 shows the colormaps of ρxx collected at four hole densities in the range p2d =

1− 2× 1015 m-2 by adjusting the voltage on the top-gate. The colormaps for low (high) B-

field are collected with a resolution of 12.5 mT (25 mT). For comparison between the maps,

the current (y-scale) remains constant (±1.5 µA), while the width of figures (magnetic field,

x-axis) increases proportionally with the growing magnetic field range.
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Figure 5.19: Colormaps of ρxx measured at T0 = 50 mK and collected at four hole densities

in the range p2d = 1.0 × 1015 m-2 to p2d = 2.0 × 1015 m-2 by systematically adjusting the

voltage on the top-gate.
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We observe the following trends with varying the hole density

1. For the smallest two-hole densities, p2d = 1× 1015 m-2 and p2d = 1.3× 1015 m-2, only

the transport diamonds corresponding to filling factors ν = 1, 2 are clearly visible.

For the largest two-carrier densities, p2d = 1.7 × 1015 m-2 and p2d = 2 × 1015 m-2,

filing factors ν = 1, 2, 3, 4 are clearly visible.

2. With increasing hole density, all of the transport diamonds move to higher magnetic

field, as expected, according to ν = p2dℏ/eB. For instance, the center of the ν = 1

diamond moves from ∼ 4 T at p2d = 1 × 1015 m-2 to ∼ 8 T at p2d = 2 × 1015 m-2.

Fortuitously, the ν = 1 diamond is visible within the maximum range of magnetic

field (9 T) at the maximum hole density (p2d = 2× 1015 m-2).

3. With increasing hole density, the width in current of the transport diamonds in-

creases. For instance, the breakdown current for the ν = 1 diamond increases from

∼ 0.5 µA at p2d = 1 × 1015 m-2 to ∼ 1.5 µA at p2d = 2 × 1015 m-2. The B-field

dependence of the breakdown currents with hole density will be presented in Sec.

5.3.7.

4. In the B-field regions between diamonds for all hole densities, a narrow resistance

minimum (dip) is observed near zero current. This phenomenon is known as the

zero-current anomaly (ZCA) and will be discussed in Sec. 5.3.8.

5. With increasing hole density, breakdown at the tip of the ν = 1 transport diamond

becomes less abrupt (reduced contrast). The opposite behaviour is observed in a

2DEG system in Ref. [91], where the contrast for the ν = 1 diamond is most

prominent. The reason for this is unknown.

6. The diamonds for all hole densities seem to exhibit curved edges. In Ref. [64], it is

observed that high filling factor diamonds (ν ≥ 5) have straight edges, whereas in

Ref. [91], it is noted that the diamonds acquire curvature at higher magnetic fields

as they become more well-developed.
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Vertical traces through the transport diamonds

Here we present vertical traces through the ρxx colormaps at the center of the transport

diamonds. We emphasize trends concerning filling factor for a constant hole density and

hole density at a fixed filling factor. The traces are plotted with both a linear and loga-

rithmic y-scale. In the logarithmic scale plots, a horizontal gray dashed line is included at

ρxx = 3 Ω to emphasize the noise level in ρxx. This will be important in Sec. 5.3.7 for the

quantitative determination of the critical breakdown current Ic.

Trends at fixed hole density for different filling factors

Fig. 5.20 shows the ρxx traces for filling factors ν = 2 − 6 for the hole densities p2d =

1.3 × 1015 m-2 and p2d = 2 × 1015 m-2. We note the following trends and observations: i.

The width of the ρxx minimum centered at zero current grows with decreasing filling factor,

as also evident in the colormaps in Fig. 5.19. ii. In general, ρxx after breakdown sharply

increases to a maximum value and steadily decreases with increasing current. However,

this is not the case for ν = 3, 4 at p2d = 2 × 1015 m-2, where breakdown is gradual and

the ρxx monotonically climbs with increasing current. iii. With increasing filling factor,

the value of ρxx at the maximum current decreases. iv. For filling factor ν = 2, ρxx jumps

several times after breakdown before reaching a stable value. These jumps disappear with

increasing filling factor. v. At p2d = 1.3× 1015 m-2, ρxx for filling factors ν = 5, 6 does not

reach zero (within the noise level). However, it still has a zero current “dip” in ρxx, which

will be discussed in Sec. 5.3.8.
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𝑝2𝑑 = 1.3 × 1015𝑚−2
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𝑝2𝑑 = 2.0 × 1015𝑚−2

Figure 5.20: Vertical traces through the transport diamonds for p2d = 2.0 × 1015 m-2 and

p2d = 1.3 × 1015 m-2. Plotted with a linear y-scale (a, c) and log scale (b, d). The gray

dashed line at ρxx = 3 Ω in panels (b, d) serves to highlight the noise level in ρxx.

Trends at fixed filling factor for different hole density

Fig. 5.21 shows the ρxx traces for filling factors ν = 1 and ν = 2 for all four hole densities.

We note the following trends and observations: i. The width of the ρxx minimum centered

at zero current grows with increasing hole density, reflecting the increase in size of the

transport diamonds in Fig. 5.19. ii. With increasing hole density, the value of ρxx at the

maximum current for each hole density decreases. iii. Very clearly for the ν = 1 traces,

the behaviour of ρxx for positive and negative current is not symmetric. For example, the

negative current traces for ν = 1 exhibit several jumps in ρxx beyond breakdown com-

pared to the positive current traces. As mentioned previously, this current asymmetry is

113



(a) (b)

𝜈=1

(c) (d)

𝜈=2

𝜈=1

𝜈=2

Figure 5.21: Vertical traces through the transport diamonds for filling factors ν = 1, 2.

Plotted with a linear y-scale (a, c) and log scale (b, d). The grey dashed line at ρxx = 3Ω

in panels (b, d) serves to highlight the noise level in ρxx.

consistent with the local hole density of the Hall bar being affected by the large current

and large resistance of the sample. iv. For the ν = 1 traces, ρxx continues to grow beyond

breakdown, while for the traces for ν = 2, ρxx steadily decreases after reaching a peak

value.
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5.3.7 Magnetic field dependence of critical current

In this section, we present the magnetic field dependence of the critical breakdown currents

Ic. Using the colormaps at different hole densities, we can extract the values of Ic at the

transport diamond tips. In literature, two reasonable methods have been used to quantify

Ic [91]. In method A, the value of Ic is taken to be when ρxx exceeds a small threshold. The

threshold value is influenced by the noise level in ρxx data. In method B, Ic is given by the

position of a maximum in ρxx that often occurs near the diamond tip. Note that this point

corresponds to the steepest slope of Vxx with current. For our data, no clear maximum

in ρxx is consistently observed over a wide range of filling factors and hole densities (see

Sec. 5.3.6). Furthermore, for filling factor ν = 1, several multi-peak features are observed.

Thus, we only utilize method A for the extraction of Ic.

The noise level in ρxx was typically 1-2 Ω (see Sec. 5.3.6), and therefore the threshold

value in method A for determining Ic was set to 3 Ω. For this analysis, only low-filling factor

diamonds with Ic > 0.05 µA were considered. Specifically, ν = 1 − 4 for p2d = 2.0 × 1015

m-2 and p2d = 1.7× 1015 m-2, and ν = 1− 2 for p2d = 1.3× 1015 m-2 and p2d = 1.0× 1015

m-2. Fig. 5.22a shows the Ic values extracted for both current polarities using method A.

The Ic values for even-filling factors (represented by ◦) and odd-filling factors (represent

by △) more or less fall on a single straight line. The dashed lines for each polarity are

least-squares linear fits through the data. The lines do not extrapolate to zero current at

0 T, but instead have a zero current intercept of ∼ 1.8 T. A finite zero current intercept

is to be expected since a non-zero breakdown current requires the SdH minima to reach

zero resistance, something that only occurs for B ≳ 1 T. In Fig. 5.22b, the Ic vs B data is

presented with a logarithmic scale on the x-axis to accentuate lower magnetic field data.

Fig. 5.22c shows the corresponding the critical electric field Ec ∝ Ic/ν as a function of

magnetic field, also plotted with a logarithmic scale on the x-axis in Fig. 5.22d. The

dashed lines for each polarity are least-squares linear fits through the data.

In our data presented in Fig. 5.22a, a linear B dependence of Ic is suggested, with a

common line for both even- and odd-filling factors. It is important to note that data for

even-filling factors is available only up to B ∼ 4.2 T (ν = 2 at p2d = 2.0 × 1015 m-2),

and thus obtaining more even-filling factor data for B > 4.2 T would be desirable. In
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Figure 5.22: (a) Critical current Ic as a function of magnetic field B compiled for ν = 1−4

for p2d = 2.0 × 1015 m-2 and p2d = 1.7 × 1015 m-2, and ν = 1 − 2 for p2d = 1.3 × 1015 m-2

and p2d = 1.0× 1015 m-2. Odd-filling factor values are represented by △, while even-filling

factor values are represented by ◦. (b) Ic vs B data plotted with a logarithmic scale on

the x-axis to emphasize lower B-field data. (c) Critical electric field Ec as a function of

magnetic field. (d) Ec data with a logarithmic scale on the x-axis. All plots include dashed

lines representing a least-squares linear fit.
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Ref. [91], where breakdown was also studied in a InGaAs/InP 2DEG for different electron

densities, the authors similarly found a near linear B-field dependence of Ic. In contrast,

they observed two separate lines for even- and odd-filling factors (see Fig. 5.9), reflecting

the much larger cyclotron energy compared to the Zeeman energy gap (ℏωc ≫ g∗µBB) in

that system. The authors also reported similar zero-current intercepts of B ∼ 1.5 T for

even-filling factor data and B ∼ 2.5 T for odd-filling factor data.

In the breakdown of GaAs/AlGaAs 2DEGs, it was originally proposed that the critical

Hall electric field Ec was proportional to B
3/2 [117, 115]. However, upon further evaluation

in Ref. [119], the authors concluded that a linear B dependence fit of the compiled data

to be just as good as a B3/2 dependence fit. In the InGaAs/InP 2DEG system discussed

in Ref. [91], the authors did not find a power-law dependence when examining Ic/ν (Ec ∝
Ic/ν). This is also true for our GaAs/AlGaAs 2DHG data, where a linear fit is a better

representation of the data than a power-law relationship.

5.3.8 Zero current anomaly

In Sec. 5.3.6, it was noted that a “dip” in ρxx is observed near zero current for regions

of B-field outside the transport diamonds. This “dip” is a signature of the zero-current

anomaly effect (ZCA) which has be described in Refs. [64, 91] for InGaAs/InP 2DEG

Hall bars. The ZCA can be observed over a wide range of B-fields except at integer filling

factors when ρxx is zero. Fig. 5.23 shows traces of ρxx as a function of Idc collected at

p2d = 2.0 × 1015 m-2 on the high B-field side of where the transport diamonds touch at

zero current. The full width at half maximum (FWHM) at magnetic fields of 1.80 T, 2.29

T, 3.12 T, and 4.96 T, is determined to be 0.015 µA, 0.03 µA, 0.06 µA, and 0.14 µA,

respectively. The growth of FWHM with increasing with B-field was not reported in Refs.

[64, 91], instead only a nominal value was specified.

Following Ref. [91], we can convert the FWHM of the ZCA into an energy by correlating

the width of the transport diamond to energy. We use the even-filling factor diamond ν = 2

(B = 4.2 T) collected at p2d = 2.0 × 1015 m-2 for this purpose. Recall that even-filling

factor diamonds reflect the energy ∆ = ℏωc − |g∗⊥|µBB. Using the values m∗ = 0.35 me

and |g∗⊥| ∼ 2.8, we calculate ∆ ∼ 0.7 meV to be equivalent to Ic ∼ 0.4 µA. From the near
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𝑝2𝑑 = 2.0 × 1015𝑚−2

ZCA

Figure 5.23: Selected traces of ρxx as a function of Idc at four different magnetic fields

between transport diamonds for p2d = 2.0 × 1015 m-2. The zero-current anomaly (ZCA)

“dip” is labeled and present in all traces shown.

linear increase in width of even-filling factor transport diamonds with B-field, we estimate

that the average FWHM of ∼ 0.06 µA to be equivalent to an energy ∼ 0.1 meV.

Studenikin et al. [64] outlined the characteristics of the ZCA for InGaAs/InP 2DEG

Hall bars for B-fields up to ∼ 5 T (ν ≥ 5). The ZCA FWHM was determined to be ∼ 2.1

µA (∼ 0.25 µA) for a 100 µm (10 µm) wide Hall bar, indicating the FWHM is proportional

to the Hall bar width. Similarly, a FWHM of ∼ 0.4 µA was estimated in Ref. [91] for a 15

µm wide Hall bar in a InGaAs/InP 2DEG. In our GaAs/AlGaAs 2DHG Hall bar of the

same width (15 µm), we find the FWHM to be ∼ 7× smaller (i.e., 0.4/0.06 ∼ 7).

To our knowledge, we are the first to report the ZCA for a 2DHG. The ZCA has been

reported in InGaAs/InP and GaAs/AlGaAs material systems [64]. The origin of the ZCA

is not understood and we are not aware of any theoretical investigations on this subject.

In Ref. [64], it has been speculated to originate from a Coulomb gap in the single-particle

density of states of interacting electrons in the presence of disorder and magnetic field.
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5.3.9 Investigation of hysteresis near breakdown

In the preceding sections, we exclusively measured quantum Hall breakdown as the current

swept from zero to a maximum for both current polarities. Essentially, we assumed that

the behavior remained independent of the current sweep direction and, consequently, the

system’s history. As outlined in Sec. 5.2.4, we described how hysteretic behaviour near

breakdown of odd-integer filling factors has been associated with dynamic nuclear polar-

ization of nuclear spins in the substrate. In the context of a GaAs/AlGaAs 2DHG system,

we anticipate a significant suppression of this behavior due to the p-orbital character of the

hole wavefunction. Nonetheless, our objective is to experimentally verify this, or discern

hysteresis originating from a different source.

Colormaps for studying hysteresis

Fig. 5.24a-d shows the colormaps of ρxx for filling factors ν = 1− 4 collected for both up

and down current sweep directions. The measurement used the AC+DC technique with a

source-drain ac current of 5 nA at a modulation frequency of 17 Hz and time constant of

100 ms. For each B-field, ρxx and rxy (not shown) were collected in four separate current

sweeps in the sequence 0 → +dc → 0 → −dc → 0. The current was swept at a rate of

5 nA/s and the B-field was progressively lowered from the maximum value in steps of 25

mT.

Visually, the colormaps for up and down current sweep directions look identical. In Fig.

5.24e-f, the colormaps ∆ρxx are presented, obtained by subtracting ρxx collected during the

down-sweep from that collected during the up-sweep (∆ρxx(I) = ρdown
xx −ρupxx). If the down-

and up-sweep data were identical, ∆ρxx would be zero in the entire I-B plane (green in the

colormap). Instead, we clearly observe red (blue) regions of hysteresis near the transport

diamond edges which correspond to when ∆ρxx is positive (negative).
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Figure 5.24: Colormaps of ρxx for up (a-b) and down (b-c) current sweep directions at

p2d = 1.7 × 1015 m-2. (e-f) Colormaps of ∆ρxx obtained by subtracting ρxx taken on the

up and down current sweep directions.
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Figure 5.25: Removal of trivial hysteresis. (a) As measured up (red) and down (black)

current sweep traces of ρxx for select B-fields. (b) The same current sweep traces after

removal of trivial hysteresis. The traces are vertically offset for clarity.

Removal of trivial hysteresis

Before proceeding, we must identify and remove trivial hysteresis resulting from measure-

ment transients when sweeping the current. The time constant of 100 ms on the lock-in

amplifier, employed in the AC+DC measurement technique, introduces a small lag in the

measurement of the differential resistance rxx(Idc) while sweeping the current. This lag

leads to hysteresis between the up and down current sweep data. Fig. 5.25a shows ex-

ample traces of ρxx taken from the colormaps in Fig. 5.24b, d. At first glance, it would

appear hysteresis is present in all ρxx − I traces near breakdown. However, upon closer

inspection for traces 8-7.5 T, it becomes apparent that up-sweep traces (red) are shifted to

higher current, while down-sweep traces (black) are shifted to lower current. This current

shift is consistent with the lag caused by the 100 ms time constant. To correct for the

lag, the up-sweep (down-sweep) traces are shifted lower (higher) current by ∼ 2.1 nA.

The corrected traces are depicted in Fig. 5.25b, where hysteresis in traces at 8-7.5 T is

eliminated, revealing only non-trivial hysteresis for B = 7.25 T. This non-trivial hysteresis

is what we are interested in characterizing.
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Non-trivial hysteresis colormaps

Fig. 5.26 shows the corrected colormaps of ∆ρxx and ∆rxy with trivial hysteresis removed.

The hysteresis in the low B-field colormap (ν = 2− 4) of ρxx is now completely eliminated

after the correction procedure. Concomitantly, no hysteresis is observed for rxy. However,

hysteresis is still observed in the high B-field ∆ρxx colormap near filling factor ν = 1. The

hysteresis is predominately located on the high B-field side of ν = 1, albeit, a small amount

is also located on the low B-field side for positive current polarity only. In the colormap of

∆ρxx, positive ∆ρxx (red) hysteresis occurs near the critical breakdown current Ic where

ρxx switches between a dissipative and non-dissipative state. Specifically, the traces of

ρxx−I near breakdown shift to a lower current on the down-sweep direction. Additionally,

negative ∆ρxx (blue) hysteresis occurs in the same region of B-field but at a larger value of

current. Furthermore, a small amount of hysteresis is observed in rxy on the high B-field

side of ν = 1. Interestingly, the hysteresis in rxy is in the same location of the I-B plane

as the negative hysteresis in ρxx (indicated by arrows). The correlated hysteresis between

ρxx and rxy is an indication that the hole density is shifting from the large current bias

(voltage) on the source contact of the Hall bar. As previously mentioned, the current

polarity asymmetry of the ν = 1 transport diamond is consistent with the local hole

density of the 2DHG shifting from the large current bias. This bias effectively enhances or

reduces (depending the current polarity) the local electric field used to accumulate holes.

Hysteresis could be anticipated if the hole density shifts and does not precisely return to

the initial value, possibly due to inhomogeneities in the Hall bar. While this explanation is

plausible, we characterize the hysteresis further and identify whether it is consistent with

other effects.
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Figure 5.26: Corrected hysteresis colormaps. (a) ∆ρxx for ν = 2− 4. (b) ∆ρxx for ν = 1.

(c) ∆rxy for ν = 2− 4. (d) ∆rxy for ν = 1.

Characterization of hysteresis near ν = 1

Fig. 5.27a shows the up (red) and down (black) current sweep traces of ρxx − I on the

high B-field side of ν = 1 at B = 7.25 T. The up and down traces have similar features,

but below ∼ 0.5 µA, the down sweep traces are clearly shifted towards lower current. To

highlight the location in B-field where the hysteresis is strongest, we can quantify the shift

in critical current Ic near filling factor ν = 1. Fig. 5.27b shows the shift in critical current

∆I as a function of filling factor (bottom x-axis) and B-field (top x-axis). Here we consider

the current sweep traces for positive current polarity, where hysteresis is located on the

left and right side of ν = 1. On the low B-field side of ν = 1, a maximum shift of ∆I ∼ 50

nA is recorded. At the center of ν = 1, no hysteresis is observed and ∆I = 0. On the high
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Figure 5.27: (a) Current sweep trace of ρxx on the high B-field side of the ν = 1 transport

diamond where the strongest hysteresis is observed. Inset: Zoomed in region highlighting

the shift in critical current ∆I. (b) The shift in critical current as a function of filling

factor ν (bottom x-axis) and B-field (top x-axis).

B-field side of ν = 1, a maximum shift of ∆I ∼ 100 nA is recorded. Thus, the hysteresis

is strongest, and only reproducible for both current polarities, on the high B-field (low ν)

side of ν = 1.

We now discuss whether the observed hysteresis is consistent with a picture of dynamic

nuclear polarization (DNP), as outlined in Sec. 5.2.4. In the work of Kawamura et al.

[103], the hysteresis linked to DNP had the following criteria

1. Pronounced hysteresis in the Vxx − I curves was observed near odd-integer filling

factors of ν = 1, 3, and 5, and nearly absent for even-integer filling factors ν = 2, 4,

and 6.

2. The hysteresis was most prominent on the low B-field side (high ν side) of odd-integer

filling factors.

3. The Vxx − I curves shifted to smaller current on the down-sweep direction.
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In the thesis of Victor Yu [92], hysteresis in a InGaAs/InP 2DEG system was studied

extensively. They also sought to determine whether DNP could be generated from quantum

Hall breakdown. While they did not definitively confirm a DNP picture with NMR as in

Kawamura et al., their results were in strong agreement with the criteria above. On the

contrary, our results do not fit with a DNP picture. We observe no hysteresis near ν = 3.

We do observe hysteresis near ν = 1, but it is most prominent on the high B-field side (low

ν side). Additionally, the hysteresis on the low B-field (high ν side) side is only observed

for positive current polarity. Thus, the only criterion that aligns with a DNP interpretation

is the shift of ρxx− I curves to smaller current on the down-sweep direction. However, this

shift could be explained by various other effects [109], including the previously outlined

shift in hole density.

Hysteresis near ν = 1 with dc measurement techniques

To further explore the hysteretic behaviour and better compare the hysteresis to Kawamura

et al., we also studied hysteresis by employing dc measurement techniques. To be thorough,

we employed two dc circuit configurations. In method DC1, the longitudinal voltage Vxx

is measured by taking the difference between the single ended voltages on two potential

probes VA, VB, located along the length of the Hall bar. The voltage on each potential

probe is measured with respect to electrical ground of the cryostat and utilizes two separate

multi-meters. Fig. 5.28a shows traces of Vxx − I for the up (red) and down (black) sweep

directions at B = 7.25 T. Hysteresis of the same character as the AC+DC technique is

reproduced, with the down sweep trace of Vxx − I also being shifted to lower current. Fig.

5.28b shows the comparison of the Vxx− I and ρxx− I up-sweep traces at B = 7.25 T. The

results from the two methods are in excellent agreement. The trace of ρxx−I collected from

the AC+DC technique, which uses a lock-in amplifier, reflects the derivative dVxx/dI of

the Vxx − I curves from the DC1 technique. Stated differently, the values of current where

jumps occur in Vxx (steepest dVxx/dI) precisely match the peaks in ρxx. Furthermore, the

values of current where jumps (Vxx) and peaks (ρxx) occur were very reproducible in many

scans collected at B = 7.25 T using the two methods.
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Figure 5.28: (a) Hysteresis measured with method DC1: The voltage on each Vxx probe

with respect to electrical ground using two multi-meters. (b) Comparison between the

hysteresis measured with the AC+DC technique (blue trace) and the DC1 technique (black

trace).

Intriguingly, in Fig. 5.28a, distinct voltage jumps ∆Vx are evident during the up-

sweep direction, separated by approximately 0.13-0.24 mV. Instances of such multi-step

transitions have been documented in literature [109]. The jumps in Vxx may stem from

transitions between Landau levels, resembling the Zener-type tunneling model outlined in

Sec. 5.3.5. To investigate this hypothesis, we compare the voltage height of the breakdown

steps to relevant energy scales, specifically the cyclotron and Zeeman spin-split energy

gaps at B = 7.25 T. We calculate energies nearly an order of magnitude larger than ∆Vx,

ℏωc ∼ 2.4 meV and g∗µBB ∼ 1.2 meV, using 0.35 me and 2.8 for m∗ and g∗, respectively.

Consequently, the observed jumps are inconsistent with a pure Zener tunneling model.

For the second dc technique, method DC2, the differential voltage Vxx = A − B be-

tween the two potential probes is measured directly using a single multi-meter. Fig. 5.29a

shows traces of Vxx − I for the up (red) and down (black) sweep directions at B = 7.25

T using method DC2. Unexpectedly, no clear hysteresis is observed. The breakdown

current Ic ∼ 0.3 µA and the magnitude Vxx are in agreement with method DC1. Upon

closer inspection, we find that the voltage difference between the down and up sweeps

∆Vxx = V down
xx − V up

xx is significantly more noisy in the interval of current 0.25 − 0.5 µA.
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Figure 5.29: (a) Method DC2: The differential voltage measured between two probes along

the length of the Hall bar, with a single multi-meter. (b) The difference between the up

and down sweeps ∆Vxx.

Interestingly, this is the same interval of current is where hysteresis is observed in the

AC+DC and DC1 measurement techniques. However, the noise is centered around zero,

and thus, does not indicate any hysteresis. The discrepancy between the results of this

measurement (DC2) and the AC+DC and DC1 techniques is not fully understood. In

method DC1, which exhibited hysteresis, the voltages VA, VB are measured with respect

to the electrical ground of the cryostat. One possibility is that the electrical ground is

shifting, resulting in hysteresis. However, in the AC+DC technique, which also demon-

strated hysteresis, a differential voltage Vxx = A−B (with the electrical ground ignored) is

measured using the lock-in amplifier in differential A−B mode. Further measurements are

needed to understand the discrepancy between the results obtained from this and previous

measurement techniques.

We conclude this section with two points. Firstly, addressing the question posed at the

beginning of this section: If hysteresis is generated from quantum Hall breakdown in our

GaAs/AlGaAs 2DHG, is it consistent with dynamic nuclear polarization? Upon careful

consideration of the work by Kawamura et al. [103], our observations do not fit with a

picture that the hysteresis measured arises from dynamic nuclear polarization generated at

breakdown. Secondly, the comprehensive investigation of hysteresis suggests that it may
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stem from an experimental artifact, either due to a shift in the hole density of the 2DHG

or a shift in the electrical ground of the measurement.

5.4 Conclusions and future work

In summary, we have conducted nonlinear magnetotransport measurements on a Hall bar

device fabricated within a dopant-free GaAs/AlGaAs 2DHG heterostructure. For the first

time in a 2DHG, we report the SdH phase inversion phenomenon. We explored the empir-

ical relationship between the hole temperature Th, and applied dc current Idc through the

Hall bar. We fitted the data to the form ∆Th = Th − T0 ∝ Iβdc, where T0 is the fridge tem-

perature and β is a fitting parameter. We found the dimensionless exponent to be β ∼ 1.3

for our GaAs/AlGaAs 2DHG. In contrast, previous measurements conducted on similar

2DEG samples [144, 64, 120] report a lower value of β ∼ 2/3. This suggests that the hole

temperature exhibits greater sensitivity to current-induced Joule heating compared to the

electron temperature in its 2DEG counterpart.

We have presented detailed maps of the differential resistance (ρxx and rxy) over a

wide range of sheet current density (up to ∼ 0.1 A/m) and magnetic field (up to 9 T).

These maps offered valuable insight into quantum Hall breakdown, specifically revealing

transport diamonds at integer filling factors. By employing a Zener tunneling model for

breakdown, we interpret the width of the diamonds (in current) as representing the energy

ℏeB/m∗−g∗⊥µBB for even-filling factor diamonds or g∗⊥µBB for odd-filling factor diamonds.

In breakdown measurements of similar 2DEG samples, it’s noteworthy that even-filling

factor diamonds are larger than their odd-filling factor counterparts. This is attributed to

the larger cyclotron energy, which is determined by the effective mass m∗, in comparison to

the Zeeman energy gap, which is governed by the g factor (g∗⊥). In contrast, in our 2DHG,

we do not observe an even- and odd-filling factor dependence for the width of the transport

diamonds. This implies that the cyclotron energy is approximately twice as large as the

the Zeeman energy (ℏeB/m∗ ≈ 2g∗µBB), which is consistent based on values m∗ ∼ 0.35me

and g∗⊥ ∼ 2.8 extracted in Chapter 4. Additionally, the ratio of the critical electric field Ec

in our GaAs/AlGaAs 2DHG, when compared to compiled data for GaAs/AlGaAs 2DEGs,
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approximately reflects the difference in effective mass and g factor between the two carrier

systems. Consequently, the sizes of even- and odd-filling factor diamonds can serve as

a tool for probing the cyclotron and Zeeman energy gaps, thereby providing information

about the effective mass and g factor.

We gained additional perspective by compiling maps at four different hole densities

ranging from p2d = 1.0 − 2.0 × 1015 m-2. From these maps, we extracted the critical

breakdown currents (Ic) and critical Hall electric fields (Ec ∝ Ic/ν) for filling factors in

the range ν = 1− 4. Upon analyzing the magnetic field dependence in our GaAs/AlGaAs

2DHG, Ic and Ec both exhibit an approximate linear B-field dependence. A near-linear

dependence of such parameters is also commonly observed in GaAs/AlGaAs 2DEGs [119]

and was reported in Ref. [91] for a InGaAs/InP 2DEG.

For the first time in a 2DHG, we report the zero-current anomaly (ZCA) phenomenon.

While the origin of ZCA remains unknown, we quantify its behavior. We observe the

FWHM of the ZCA to increase with increasing magnetic field, behaviour not previosuly

reported. We determine the average FWHM to be ∼ 0.06 µA at B ∼ 3.1 T. Using the

width of an even-filling factor transport diamond ν = 2, which principally reflects the

energy ∆ = ℏωc − g∗µBB, we estimate the FWHM of ∼ 0.06 µA to be equivalent to an

energy ∼ 0.1 meV. Notably, the FWHM is ∼ 7× smaller than that specified in Ref. [91]

for a InGaAs/InP 2DEG Hall bar of identical width (w = 15 µm).

Finally, we investigate hysteresis in the maps of differential resistance (ρxx and rxy)

observed when sweeping the current up and down. Our primary motivation for this inves-

tigation stems from a report on a GaAs/AlGaAs 2DEG [103], where hysteretic behaviour

was validated (with NMR) to result from dynamic nuclear polarization (DNP) through

the interplay of electron and nuclear spins via the hyperfine interaction. They observed

hysteresis near odd-integer filling factors (ν = 1, 3, 5), with the hysteresis being most

prominent on the low B-field side (high ν side) of odd-integer filling factors. In our mea-

surements in a GaAs/AlGaAs 2DHG, we only observe hysteresis in ρxx − I near the ν = 1

transport diamond. Furthermore, in contrast to Ref. [103], the hysteresis near ν = 1 is

most prominent on the high B-field side (low ν side). This suggests that the minor amount

of hysteresis observed in our 2DHG is inconsistent with DNP. Additional measurements

of hysteresis in rxy − I indicate a shift in the 2DHG density, which could explain the
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hysteresis in ρxx − I. Alternatively, the inconsistent results when measuring hysteresis in

Vxx − I using two different DC measurement techniques suggest that the hysteresis could

be attributed to a measurement artifact. In summary, the minimal and/or incorrect nature

of hysteresis observed near ν = 1, along with the lack of hysteresis at ν = 3, suggests that

the hyperfine coupling between hole and nuclear spins is indeed weaker compared to that

between electron and nuclear spins.

In terms of future work, it would be of significant value to replicate these measurements

using a single Hall bar device equipped with ambipolar (n- and p-type) ohmic contacts.

This configuration would enable seamless switching between a 2DEG and a 2DHG, facilitat-

ing a direct one-to-one comparison. For instance, one could repeat the Joule heating via dc

current experiment and verify the empirical value obtained in literature for GaAs/AlGaAs

2DEGs, β ∼ 2/3, and for the 2DHG in this work, β ∼ 1.3. Additionally, one could

precisely compare the critical breakdown current Ic and electric field Ec between the elec-

trons and holes. Finally, one could aim to reproduce the hysteresis behavior observed in a

GaAs/AlGaAs 2DEG in Ref. [103]. This would support the evidence in this work that the

near absence of hysteresis in a GaAs/AlGaAs 2DHG is consistent with a weaker hyperfine

interaction between hole and nuclear spins.
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Chapter 6

RF-QPC readout of lateral quantum

dot device

6.1 Introduction

Quantum information processing promises the capability of solving a set of computational

problems much faster than could be done on a classical computer, such as prime number

factorization [151] and searching unstructured databases [152]. While classical computers

operate by performing gate operations on classical bits of 0’s and 1’s, quantum computers

utilize quantum bits or qubits to process information. The significant speed-up over clas-

sical computing for particular tasks is achieved by leveraging quantum phenomena, such

as superposition, entanglement, and interference.

Numerous physical systems are currently under exploration for the implementation of

quantum processors. These include trapped ions [153], superconducting circuits [154], and

spins in semiconductors [7, 155], just to name a few. Each of these systems comes with

its own set of advantages and disadvantages, particularly in terms of scalability and qubit

gate fidelity. In this chapter, our primary focus is on the qubit architecture based on spins

in semiconductor quantum dots. In a semiconductor quantum dot, electrons (or holes) are

confined in all three spatial directions, creating a zero-dimensional system. These quantum
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dots occupy a submicron region within the semiconductor, with sizes typically ranging from

tens to hundreds of nanometers, depending on the specific material system. The strong

confinement of these dots leads to single charges occupying discrete energy levels, similar

to the electronic states found in real atoms. As a result, quantum dots are sometimes

referred to as artificial atoms.

A critical aspect for any implementation of a quantum computer is the ability to quickly

and accurately measure the states of the qubits, much faster than their coherence time. For

spin qubits in a quantum dot device, the spin states can be correlated to different charge

states via spin-to-charge conversion techniques, and therefore by subsequent measurement

of the charge state, the spin state is determined [7]. The spin-to-charge mapping has been

demonstrated by the difference in energy of the spin states [156] and by the difference in

tunnel rates of the spin states to the reservoir [157]. The readout of the charge state, and

thereby the qubit state, typically employs a nearby electric field sensor such as a quantum

point contact (QPC) [158]. To increase the measurement fidelity and bandwidth, one can

embed the QPC in a radio-frequency (rf) resonant circuit. This integrated sensor is known

as a radio-frequency quantum point contact (RF-QPC). The primary focus of this chapter

is to enhance the sensitivity of an RF-QPC charge detector.

6.2 Literature Review

In this section, we will introduce the lateral quantum dot device architecture and the QPC

charge sensor. Subsequently, we will provide an overview of the working principle behind

the RF-QPC and discuss the optimal design parameters for the rf circuit.

6.2.1 Lateral quantum dot devices

In this work, the quantum dots are formed within a 2DEG of a GaAs/AlGaAs heterostruc-

ture. Unlike the previous chapters where the 2DHG was induced using a global accumu-

lation gate, in this case, the 2DEG is populated through modulation doping (n-doping) of

the AlGaAs layer with Si. Fig. 6.1 shows a scanning electron microscopy (SEM) image
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Figure 6.1: SEM image of the DQD device fabricated and designed by the NRC group.

White dashed circles indicate the approximate locations of the quantum dots. Pairs of

curved black lines highlight the constrictions within the 2DEG that are responsible for the

dot-to-dot and dot-to-lead tunneling resistances. Ohmic contacts are labeled by ⊠. Figure

adapted from Ref. [159].

of the double quantum dot (DQD) device utilized in this work, which was both designed

and fabricated at the National Research Council Canada (NRC). Nine labeled TiAu gate

electrodes (Q3, LS, LP, C, T, RP, RS, Q1, Q2), deposited on top of the heterostructure

(approximately 90 nm above the 2DEG [159]), are employed to locally adjust the confin-

ing potential of the 1D constrictions and 0D quantum dots. These gates are patterned

using electron beam lithography techniques. Additionally, ohmic contacts to the 2DEG

are established to facilitate electrical transport measurements.

By applying negative voltages to the gates, the 2DEG directly underneath the gates

can be depleted. Between pairs of gates, the electron density can be adjusted such that

variable conductance narrow 1D constrictions can be formed. For gate voltages in the range

-0.5 V to -1 V, two quantum dots can be formed at the approximate positions indicated

by the white dashed circles in the SEM image. The electrostatic energy of the dots is

primarily controlled by the side gates, RS and LS, but can be fined-tuned with the left and

right plunger gates, LP and RP. The dot-to-lead tunnel coupling (resistance) is primarily

controlled with gate T while the dot-to-dot coupling is adjusted with gate C. The gates Q1,

Q2, and Q3 are used for charge detection of the quantum dot environment. A standard

quantum point contact (QPC) can be formed on the left side of the device between gates
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Figure 6.2: (a) SEM image of the DQD device. QPCs are formed on the left and right side

of the device. (b) Conductance as a function of gate voltage for QPCs formed with gates

on the left (LS, Q3) and right (RS, Q1) side of the device.

Q3 and LS, or, on the right side between gates Q1 and RS or Q2 and RS. Additionally, a

sensor quantum dot (SQD) can be formed with gates Q1, Q2 and RS. The SQD may offer

improved performance over the QPC but is significantly more difficult to operate [160].

6.2.2 QPC charge sensor

Fig. 6.2b shows the conductance as a function of gate voltage for QPCs formed between

gates Q3, LS and Q1, RS. The voltage on the two gates for each QPC channel are swept

symmetrically, denoted by a single label Vg. A voltage bias (200 µV) along the QPC

channel generates a measured current IQPC . With decreasing gate voltage, the 2DEG

locally depletes under the gates and the conductance decreases. Upon further decreasing

the voltage, a 1D channel develops and conductance plateaus occur at integer multiples

of 2e2/h. The electrons in the 1D channel occupy discrete energy subbands, with each

spin-degenerate subband contributing 2e2/h to the conductance of the channel. The first 4

conductance plateaus are clearly visible and closely match the expected quantized integer

values. At large enough negative gate voltage, the conductance goes to zero, known as the

pinch-off regime.
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The conductance of the QPC between quantized plateaus is highly sensitive to variations

in gate voltage and/or to changes in the electrostatic environment, including the number

of electrons on the nearby quantum dots. The conductance of the QPC is most sensitive

at a point halfway between the last plateau and pinch off, corresponding to GQPC = e2/h

or RQPC ≈ 25.8 kΩ. Therefore, for optimal operation of the QPC as a sensitive charge

detector, the gate voltages should be configured such that GQPC ∼ e2/h.

6.2.3 RF-QPC charge sensor

Charge sensing using a DC-QPC technique has a limited bandwidth of tens of kHz due

to the QPC resistance and the capacitance of the fridge wiring to ground, creating a low-

pass filter effect. Additionally, the charge sensitivity is limited by low-frequency 1/f noise

and by the intrinsic noise of the current preamplifer, which is typically operated at room

temperature to avoid dissipating heat into the sample [161]. To overcome these issues, an

rf reflectometry technique can be employed where the QPC is embedded into an rf circuit

with coaxial cables and cryogenic rf amplifiers, known as the radio-frequency quantum

point contact (RF-QPC) [162, 163].

Using the same principle as the radio-frequency single electron transistor (RF-SET)

[164], the RF-QPC indirectly probes the change in RQPC by measuring the amplitude

of a reflected signal from a resonant tank circuit. The tank circuit is responsible for

transforming RQPC down near the impedance of the transmission line Z0 = 50 Ω in a

L-network configuration. Fig. 6.3a shows the L-network used in this work, consisting

of an inductor L shunted by a capacitor C and RQPC . For a given resonant frequency,

impedance matching is achieved when the positive imaginary impedance of the inductor

jωL, cancels the imaginary component of the shunted load Im(RQPC ||C) = −jωL, leaving
only Re(RQPC ||C) = Z0.

Matching network

This section outlines the general principle for designing a resonant tank circuit that trans-

forms the impedance of RQPC to match the 50 Ω of the transmission line at a particular

135



(a) (b)L

CRQPC
L

C

Figure 6.3: (a) LC matching network used to transform the QPC resistance to the line

impedance (50 Ω). (b) Matching circuit implemented on the DQD device with the QPC

charge detector. Figure adapted from Ref. [159].

frequency. The following derivations closely follow those described for the RF-SET in Refs.

[165, 166] and RF-QPC in Ref. [159]. The input impedance of the circuit in Fig. 6.3a is

given by

Zin(ω) = jωL+
RQPC

jωCRQPC + 1
(6.1)

On resonance, the imaginary part of the impedance goes to zero, and we can solve for the

angular resonance frequency

ω0 =

√
1

LC
− 1

(CRQPC)2

Since RQPC is large, we can ignore the second term and arrive at the familiar definition of

resonance frequency

ω0 ≈
1√
LC

(6.2)

On resonance, the impedance is real and equal to

Zin(ω = ω0) =
L

CRQPC

(6.3)
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For ω = ω0 = 2πf0, the reactance of L and C are equal and one can define the characteristic

impedance of the transformer

ZT =

√
L

C
= ω0L =

1

ω0C

The input impedance can then be written as

Zin(ω = ω0) =
Z2

T

RQPC

When this is matched to the line impedance, Zin = Z0, we obtain

Z0 =
Z2

T

RQPC

(6.4)

or equivalently

ZT =
√
Z0RQPC (6.5)

In other words, ZT for the matching condition is the geometric mean of the two loads. For

designing an impedance matching network, one should choose a value of RQPC > h/e2 ≈
25.8 kΩ where the QPC is most sensitive the electrostatic environment of the dots, and

appropriate values for L and C such that Eq. 6.5 is satisfied. An additional parameter

to consider is the bandwidth of the readout. The bandwidth of the matching circuit is

proportional to the resonance frequency and inversely proportional to the quality factor.

Formally, the quality factor of a resonance is the ratio of the stored energy to the energy

lost in a given cycle. The unloaded quality factor of just the LC circuit damped by Z0 of

the transmission line, is given by

Q =
ZT

Z0

(6.6)

which on match (Eq. 6.4) produces

Q2 =
RQPC

Z0

(6.7)

which gives a bandwidth of BW = ω0/2πQ. The loaded quality factor, which is addition-

ally damped by RQPC , is given by

QL =

(
Z0

ZT

+
ZT

Z0

)
(6.8)
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RF-QPC sensitivity

The rf reflectometry technique is the foundation of the RF-QPC readout. In rf reflectom-

etry, when an ac signal travels in a coaxial cable with characteristic impedance Z0 and

encounters a change in impedance Z, a fraction of the signal will be reflected back. In

the context of the RF-QPC readout, the matching RLC circuit represents the change in

impedance encountered at the end of the coaxial cable (see Fig. 6.3b). The amplitude of

the reflected signal is Ar = ΓAin, where Ain is the amplitude of the incoming signal and Γ

is the reflection coefficient given by [167]

Γ = (Zin − Z0)/(Zin + Z0) (6.9)

The input impedance on resonance Zin(ω0) is proportional to RQPC from Eq. 6.3. The

unique charge state of the quantum dot environment is mapped to distinct values of RQPC ,

Zin, and therefore Γ.

Optimizing the RF-QPC readout will decrease the required measurement time to re-

solve charge transitions within the quantum dot environment, which is crucial for achieving

a single-shot readout essential for fault-tolerant quantum computing. Reducing the mea-

surement time is equivalent to increasing the signal-to-noise ratio (SNR). In the RF-QPC

readout, the signal represents the difference in reflected voltage between the two charge

states, a and b, of the quantum dot environment [168]

SNR =

∣∣∣∣(Γa − Γb)
v0
vN

∣∣∣∣2 = |∆Γ|2 P0

PN

(6.10)

where v0 (P0) and vN (PN) are the input and noise voltage (power), respectively, and Γa(b)

are the reflection coefficients corresponding to the two charge states. It is clear from Eq.

6.10 that enhancing the SNR involves maximizing ∆Γ for a given input power while also

minimizing the noise power. In the RF circuit for the RF-QPC readout, the noise power

includes contributions from thermal noise, instrumentation noise, and gate voltage noise.

However, the noise is typically dominated by the RF amplifier stages [168]. Minimizing

such amplifier noise will be discussed in the following Sec. 6.2.3.
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With regard to enhancing the signal, the change in the reflection coefficient for small

changes in ∆RQPC is given by [168]

∆Γ =
∂Γ

∂RQPC

∆RQPC (6.11)

Evaluating for the circuit in Fig. 6.3, we obtain

|∆Γ| = 2ZinZ0

(Zin + Z0)2
∆RQPC

RQPC

(6.12)

The first ratio represents the circuit coupling, reaching its peak when the circuit is criti-

cally coupled, signifying that the input impedance (Zin) matches with the characteristic

impedance of the transmission line (Z0). The second ratio, ∆RQPC/RQPC , is maximal

when the fractional changes in resistance are maximized. Consequently, the largest signal

is obtained when the value of RQPC is close to: (i) the matching condition and (ii) the

point where the QPC is most sensitive to electric field.

A full expression for the charge sensitivity can be derived following the analysis devel-

oped by Roschier et al. for the RF-SET [161], which was extended by Dr. Jeffrey Mason

for the RF-QPC [159]. In Eq. 6.10, the noise power PN of the rf readout can be collectively

characterized by an effective noise temperature TN = Pn/kBB, where B is the bandwidth

(Hz) and kB is the Boltzmann constant. This effective TN coupled to a transmission line

with an impedance Z0 produces a Johnson noise such that Eq. 6.10 can be written as (in

RMS units)

SNR =

∣∣∣∣ ∆Γv0√
4kBTNZ0

∣∣∣∣2 (6.13)

Since ∆Γ is produced by changes in charge state δq, it can be converted into an effective

RMS charge noise with units of e/
√
Hz

∆Γ =
√
2∆ΓRMS =

∂|Γ|
∂q

√
2δqRMS (6.14)

Substituting this relation into Eq. 6.13 and setting SNR = 1, we find

δqRMS =

√
2kBTNZ0

v0
∂|Γ|
∂q

(6.15)
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The voltage amplitude of the incoming signal v0 needs to be converted to a voltage across

the QPC vQPC . Away from the matching condition, only a fraction, K, of the incident

signal power, P0 = v20/2Z0, is dissipated by the QPC, PQPC = KP0. The power dissipated

by the QPC is PQPC = v2QPC/2Z0, and we obtain the relation

v0 = vQPC

√
Z0

RQPCK
(6.16)

As a final step, one can expand ∂|Γ|/∂q to include the slope of the QPC resistance curve.

Using chain rule we obtain
∂|Γ|
∂q

=
∂|Γ|

∂RQPC

∂RQPC

∂q
(6.17)

Substituting Eqs. 6.16, 6.17 into Eq. 6.15, we arrive at the final expression for charge

sensitivity

δq =

√
2kBTNRQPCK

vQPC
∂|Γ|

∂RQPC

∂RQPC

∂q

(6.18)

in RMS units of e/
√
Hz. For the largest charge sensitivity and thus smallest δq, one should

minimize the system noise TN and maximize the transfer functions in the denominator of

Eq. 6.18 related to the circuit coupling (∂|Γ|/∂RQPC) and the QPC resistance curve

(∂RQPC/∂q).

RF amplifier noise

In the RF-QPC readout, RF amplifiers are essential for increasing the signal to a level

where it can be analyzed by digital electronics. However, in addition to amplifying the

signal, each amplifier stage also contributes noise and thus degrades the SNR. The system

noise, TN , in Eq. 6.18, is typically dominated by the noise introduced from the amplifier

chain. The performance of the first stage amplifier is particularly critical. To appreciate

why this is true, consider the gain and noise at the output of a series of amplifiers cascaded

together. Each amplifier stage has power gain Gi, and noise temperature TNi. Additionally,

the transmission line loss Li at the input of each amplifier decreases the signal and the noise,

but also produces noise proportional to the magnitude of Li and its physical temperature
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Ti. For a perfectly impedance matched system, the total gain of the entire chain is given

by

Gtot =
G1G2G3...

L1L2L3...
(6.19)

and noise temperature is given by

TN = [(L1−1)T1+L1TN1 ]+
L1

G1

[(L2−1)T2+L2TN2 ]+
L1L2

G1G2

[(L3−1)T3+L3TN3 ]+ ... (6.20)

In a cryogenic environment and when the transmission line losses are small (Li < 2), the

first term in each square bracket can be neglected, producing

TN ≈ L1TN1 +
L1L2

G1

TN2 +
L1L2L3

G1G2

TN3 + ... (6.21)

Since the gain for each amplifier is typically G ∼ 100-1000 (20-30 dB), it is clear from Eq.

6.21 that the overall noise is dominated by the first stage amplifier in the chain. Cryo-

genic semiconductor amplifiers that are mounted at the 2 − 4 K stage of the refrigerator

have a low noise temperature (∼ 2 K) and high gain (> 30 dB), and are commonly em-

ployed in quantum RF measurements. To further lower the noise level, one can employ

superconducting amplifiers such as the Josephson parametric amplifier (JPA) [169] or a

superconducting quantum interference device (SQUID) amplifier [170]. In Sec. 6.3.5, we

characterize a SQUID amplifier and incorporate it into the RF-QPC readout.

6.3 Experimental Methods

In this section, we describe the design requirements and the basic characterization of the

RF-QPC readout.

6.3.1 Matching network design

The matching network for the RF-QPC consists of an inductor, L, and a parasitic ca-

pacitance to ground, Cp. While the value for L is chosen and therefore is well-defined,

Cp is not. Contributions to Cp likely include the stray capacitance to ground from the
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inductor, device bond pad, and the interconnecting wire bonds. This capacitance should

be minimized to increase ZT =
√
L/Cp, and consequently increase Q = ZT/Z0. A larger

Q will result in the reflection coefficient Γ being more sensitive to dampening from RQPC ,

leading to a more sensitive readout.

A primary design goal for the tank circuit was to operate at a resonant frequency of

approximately 145 MHz to be compatible with a microstrip SQUID amplifier (MSA) later

on. The MSA, characterized in Sec. 6.3.5, offers much lower noise than than the typical

cryogenic semiconductor rf amplifier employed, but with a bandwidth of only 12 MHz. The

limited bandwidth required the resonance frequency of the tank circuit must be configured

very precisely, which is challenging when Cp is not well-defined. However, the value of Cp

can be estimated to be in the range of 0.4 - 1 pF based on the rf readout configured in a

nearly identical device by previous group member Dr. Jeffrey Mason [159], and to those

in literature [162, 163].

With the resonance frequency constrained to f0 = 145 MHz and using a reasonable

estimate for Cp ≈ 0.7 pF, an estimate for the value of the inductance can be determined

using

f0 =
1

2π
√
LCp

(6.22)

for which we calculate L ≈ 1.8 µH. Substituting these values into Eq. 6.5 corresponds

to a matching condition at RQPC ≈ 50 kΩ. This is very reasonable considering optimal

charge sensing values for RQPC (steepest slope in dRQPC/dVg) in literature are in the

range of 30− 90 kΩ (GQPC = 0.86− 0.29 e2/h) [159, 162, 163]. Similar to other RF-QPC

readouts in literature, we opted to employ commercial (Coilcraft) copper wire wound chip

inductors with a low-temperature compatible ceramic core, which come in a variety of

discrete inductance values. However, the chip inductors are not perfect lumped elements,

which becomes increasingly important for larger inductors. For a wire wound inductor, as

the inductance increases so does the parasitic inter-coil capacitance due to the individual

turns of the coil being close to one another. With increasing frequency, the impedance of

this capacitance decreases until its magnitude equals that of the ideal inductance, creating

a resonant tank circuit from the inductor alone. The frequency at which this occurs is

known as the self-resonance frequency (SRF), which can also be calculated from Eq. 6.22,
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where Cp is the parasitic inter-coil capacitance. At the SRF, the net impedance of the

inductor becomes very large. Above the SRF, the inductor behaves like a capacitor, with

the impedance being dominated by the inter-coil capacitance. Thus, the inductor only

behaves ideally up to its SRF. Coincidentally, inductors with L ∼ 1.8 µH typically have

SRFs between 150 - 200 MHz (depending on the package size), slightly above the 145 MHz

target frequency for the rf readout. To avoid the SRF of a single large inductor, we instead

employed two smaller inductors in series, which achieves the large inductance needed but

pushes the SRF to above 300 MHz. The final design used two inductors connected in

series, a 1.2 µH (Coilcraft, model 1206CS-122, SRF = 380 MHz) and a 0.56 µH (Coilcraft,

model 0805CS-561, SRF = 330 MHz), with a total inductance of 1.76 µH. The values for

the inductance and SRF are nominal and come from the specification sheet provided by

Coilcraft.

6.3.2 Matching network characterization

Fig. 6.4a shows the matching network connected between the input coax line and the

QPC charge detector of the DQD device. To establish an rf ground, the top ohmic contact

of the QPC is connected to ground with a 47 pF capacitor (NPO dielectric, American

Technical Ceramics, P/N 116XEA470K100TT). At 143 MHz, this capacitor presents a

23 Ω impedance to ground. The RLC circuit is probed by applying an rf signal via the

the input coax line in Fig. 6.4a and measuring the amplitude of the reflected signal.

Fig. 6.4b shows the S11 scattering parameter as a function of frequency, measured with a

vector network analyzer (Agilent E5071C). Several curves are shown for different values of

RQPC , formed with gates Q1 and RS. With increasing RQPC < 69 kΩ, a decrease in the

reflected signal (dip in S11) develops at f0 = 143 MHz, corresponding to the situation where

Zin > Z0. When RQPC = 69 kΩ, the amplitude of the reflected signal reaches a minimum

(∼ -50 dB), corresponding to the matching condition Zin = Z0 = 50 Ω. Upon further

increasing RQPC > 69 kΩ, the amplitude of the reflected signal increases, corresponding to

Zin < Z0.
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Figure 6.4: (a) Tank circuit configured on the DQD device. The capacitor on the top

ohmic contact provides an rf ground. (b) S11 as a function of frequency for several values

of RQPC . (c) Reflection coefficient as a function of RQPC , with data points represented

by black circles and calculated indicated by a dashed red line). (d) RQPC as a function of

QPC gate voltage (Q1, RS).
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The values of L and Cp in the context of the matching network can be determined from

the equation for resonant frequency

LCp = 1/(2πf0)
2 (6.23)

and from the impedance transformation on resonance

L/Cp = RQPCZ0 (6.24)

where Eq. 6.24 is valid when Γ → 0. Using the values f0 = 143 MHz and RQPC = 69 kΩ

obtained from Fig. 6.4b, we calculate L = 2.07 µH and Cp = 0.60 pF.

The behaviour of the matching network can also be demonstrated by looking at the

reflection coefficient Γ as a function of RQPC . This is shown for S11 (143 MHz) in Fig.

6.4c, where the background away from resonance is used as a reference for which Γ = 1.

The red dashed line is calculated with Zin = L/CpRQPC , using the inductance and ca-

pacitance values for the matching network extracted above, L = 2.07 µH and Cp = 0.60

pF. Good agreement between the data and calculated |Γ| is achieved for RQPC < 69 kΩ,

but at higher RQPC the data clearly deviates to a lower value and does not approach 1,

as would be expected. The smaller |Γ| can be explained by rf power being dissipated into

the matching network, instead of being fully reflected back to the source [159]. Similar

behaviour is observed in RF-QPC readouts in literature that also use normal metal copper

chip inductors, which are lossy [162, 163]. However, in Ref. [159] where a lithographic

superconducting inductor was used, the expected |Γ| → 1 at large RQPC is achieved from

the low losses of the superconducting coil. The matching condition corresponds to a min-

imum in Γ(RQPC = 69 kΩ), near where the gradient of d|Γ|/dRQPC is steep. Fortunately,

this optimal RQPC also corresponds to a steep slope in the QPC resistance curve (see Fig.

6.4d), which should produce a sensitive RF-QPC readout.

The inductance, parasitic capacitance, resonant frequency, and circuit bandwidth for

this work and other RF-QPC readouts in literature are displayed in Table 6.1. In the work

by Dr. Jeffrey Mason [159], a superconducting inductor was employed, while in this work,

Reilly et al. [162], and Cassidy et al. [163], copper chip inductors were used.
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This work J. Mason [159] Reilly et al. [162] Cassidy et al. [163]

L 2070 nH 255 nH 820 nH 490 nH

Cp 0.60 pF 0.36 pF 0.63 pF 0.47 pF

f0 143 MHz 522 MHz 220 MHz 332 MHz

BW 4 MHz 15 MHz 8 MHz 21 MHz

Table 6.1: Comparison of the inductance, capacitance, resonance frequency, and bandwidth

of several matching networks in literature and this work.

6.3.3 Readout circuit

Fig. 6.5 shows the RF-QPC reflectometry circuit configured on the dilution refrigerator. A

signal generator (Agilent E8241A) is used to generate a 143 MHz carrier sine wave that is

directed toward the device via semi-rigid coaxial cables. On both the input and output rf

lines, copper is used at room temperature, copper-nickel (CuNi) down to the 2.8 K stage,

superconducting niobium-titanium (NbTi) down to the mixing chamber, and finally copper

to the device. On the input drive line, attenuators at the 2.8 K stage (20 dB) and the still

plate (10 dB) absorb room temperature rf noise. At base temperature, the input signal

is further attenuated by 40 dB from the directional coupler (Fairview Microwave, model

MC3202-30) and sent to a homemade bias tee. The bias tee consists of a 1.2 µH conical

inductor (Coilcraft, model BCS-122JL) and a 471 pF capacitor (NPO dielectric, American

Technical Ceramics, 700A series). Finally, the output of the bias tee is connected to the

DQD device containing the matching network and the QPC resistance.

When the QPC resistance is tuned such that Zin ̸= Z0, a fraction of the carrier signal

is reflected back through the bias tee and the directional coupler (< 1 dB insertion loss),

eventually reaching the cryogenic low-noise amplifier (LNA) mounted on the 2.8 K stage.

The LNA (Cosmic Microwave Technology, model CITLF2) employs SiGe field effect tran-

sistors to achieve a noise temperature of 2.3 K and gain of 37 dB at 150 MHz. To reflect

room temperature high frequency noise from feeding through the LNA, a 225 MHz cutoff

low pass filter (Mini-circuits, model VLF-225+) is placed at the output of the LNA. The

signal is further increased at room temperature by two amplifiers (Mini-circuits, model

ZX60-P103LN+), each with a noise temperature of 35.4 K and gain of 25 dB at 143 MHz.

146



300 K

60 K

700 mK

Vrf

Coupler

Bias Tee

DC Input

RF Input

20 dB

50 dB

Var. Phase

37 dB

Power
Splitter

40 dB

200 MHz

CuNi

Mixer

1.2 µH 471 pF

φ

QPC

Matching Network

47 pF

2.8 K

NbTi

50 mK
10 dB

CuNi

NbTi

Figure 6.5: RF-QPC readout circuit configured on the dilution refrigerator. Figure modi-

fied from Ref. [159].
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The reflected signal is demodulated with a homodyne detection scheme. At room

temperature, the output signal from the Mini-Circuit amplifiers is connected to the radio-

frequency (rf) input of a passive mixer (Macom, model M2BC). The original carrier signal

is split with a power splitter (Mini-circuits, model ZFSC-2-5-S+), connected to a passive

phase shifter (874-LA), and finally to the local-oscillator (LO) port of the mixer. The

intermediate frequency (IF) port of the mixer produces a dc voltage Vrf proportional to

the modulation depth of the carrier. The LO signal is adjusted to be in phase with the rf

signal to produce a maximum signal amplitude.

6.3.4 Charge sensitivity measurements

In this section, we evaluate the charge sensitivity of the RF-QPC sensor by measuring

single electron transitions in the double quantum dot (DQD) regime.

Double quantum dot regime

A single quantum dot is first established by measuring transport through the DQD struc-

ture, as shown in Fig. 6.6a. The single dot is tunnel coupled to the leads and strongly

capacitively coupled to gate C. Tunnel barriers for the dot are formed by gates LS, T,

and RS. When tuned appropriately to form a single quantum dot, the current through the

DQD structure will exhibit Coulomb blockade peaks when decreasing the voltage on gate

C. The other gates are held at constant (negative) voltages required to form the single

dot. With a single quantum dot formed, the charge state can then be monitored by using

charge detection with the QPC sensor formed by gates RS and Q1. The double quantum

dot regime is realized by splitting the single dot, which is achieved by decreasing the volt-

age on the C gate. Each dot is tunnel coupled to a lead and the other dot and strongly

capacitively coupled to a side gate, LS or RS, as shown in Fig. 6.6b. The C gate controls

the tunnel barrier between the two quantum dots. Decreasing the voltage on the side gates

expels electrons from the dots to the leads. Using the QPC sensor, the parameter space

spanned by the voltages on gates LS and RS produce what is known as a stability diagram

corresponding to stable charge configurations on the quantum dots.
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Figure 6.6: (a) Single quantum dot circuit superimposed on an SEM image of the device.

(b) Double quantum dot (DQD) circuit superimposed on the device. Figures adapted from

Ref. [159].

Fig. 6.7a shows an SEM image of the device and the circuit used to acquire the DQD

stability diagram. The dashed white circles show the approximate locations of the two

quantum dots. The QPC charge detector is formed on the right side of the device between

gate Q1 and RS. The QPC is voltage biased with 200 µV created by a 0.2 V DAC output

and a 1000:1 voltage divider as shown in Fig. 6.7a. The corresponding current is measured

using a current to voltage preamplifier (Ithaco, model 1211). Fig. 6.7b shows RQPC as a

function of VQ1. Between the last conductance plateau (RQPC = 12.9 kΩ) and pinch-off,

the slope is steep and the optimal sensitivity to electric field is determined to be when

RQPC = 45 kΩ (described in Sec. 6.8). At this working point (red circle in Fig. 6.7b),

the nominal QPC current is 4.4 nA (for a 200 µV bias). An electron moving from the left

to right dot, closer to the QPC, increases the electric field at the QPC and reduces IQPC .

Likewise, an electron moving from the right to left dot increases IQPC . Expelling (adding)

electrons via the leads increases (decreases) IQPC .

The changes in IQPC that reflect single charge transitions of the DQD charge state are

typically small, on the order of ∼ 100 pA. To better highlight the small changes in IQPC , it

is sometimes preferable to directly measure the derivative of IQPC using a lock-in amplifier

instead. This is accomplished by measuring the transconductance, dIQPC/dVLP , which

only reveals changes in the DQD charge state [171]. This technique involves applying

an oscillating voltage (2 mVRMS, 17 Hz) to gate LP in addition to the dc voltage (200
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Figure 6.7: (a) DC-QPC readout configuration. The QPC is voltage biased (bottom right

ohmic) and the resulting current is measured with a current pre-amplifier (top right ohmic).

(b) QPC resistance as a function of VQ1 (operating point indicated by red circle). (c)

DQD stability diagram acquired using the transconductance technique. (d) Vertical trace

through (c).
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µV) across the QPC. The dashed box in Fig. 6.7a shows the bias tee circuit connected

to LP consisting of a 100:1 voltage divider for the ac signal (lock-in amplifier) for the

transconductance technique, and a 5:1 voltage divider for the dc signal (DAC) used to

supply a constant voltage to deplete the 2DEG. The oscillating electric field produced by

gate LP results in a oscillation in RQPC and thus IQPC . The lock-in amplifier measures the

ac (17 Hz) component from the output of the Ithaco current preamplifier, with a voltage

proportional to the transconductance of the QPC.

Fig. 6.7c shows the DQD stability diagram, consisting of a grey scale plot of the QPC

transconductance signal as a function of side gate voltages VLS and VRS. Stable charge

configurations reflect the nearly constant background signal in grey, which are bounded

by charge transition lines. Electrons are added to the dots from the leads as the side gate

voltages are made progressively more positive. Such charge transitions are known as addi-

tion lines (black) and have negative slope in Fig. 6.7c. With two quantum dots, exchange

of electrons can occur via inter-dot transitions. These are known as charge transfer lines

(white) and have positive slope. Fig. 6.7d shows an example of the QPC transconductance

signal taken along the vertical dashed line in 6.7c. A dip in the transconductance signal

occurs for the charge addition lines while a peak occurs for a charge transfer line.

The device was tuned in the many-electron regime and the charge configurations on

the dots (NL, NR) were not known. While the single electron regime could in principle

be realized (see Ref. [159] in an identical device), it requires further tuning of the gate

voltages and was not necessary for this work. Next, we evaluate the charge sensitivity of

the QPC, first using a standard DC-QPC technique and then with the RF-QPC.

DC-QPC charge sensitivity

As mentioned previously, the QPC formed between gates Q1 and RS has the highest

sensitivity when gQPC = 0.57e2/h (RQPC = 45 kΩ) (see Fig. 6.7b). The maximum electric

field sensitivity of the QPC is determined by applying a low frequency (17 Hz, 2mVRMS) to

gate LP and measuring the output of the Ithaco current preamplifier (I/V) with a lock-in

amplifier while sweeping VQ1. The maximum lock-in amplifier response corresponds to the

QPC resistance with the highest sensitivity. Fig. 6.8a shows the stability diagram in the
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Figure 6.8: (a) Stability diagram highlighting traces for left charge (LC) and right charge

(RC) transitions. (b) Vertical trace through (a) for the LC transition. (c) Vertical trace

through (a) for the RC transition. (d) Current noise spectrum measured at the output

of Ithaco current preamplifier with the input connected to the QPC (red trace) or open

circuit (black trace). The dashed blue curve is the predicted noise calculated with Eq.

6.25, using VA = 10 nV/
√
Hz, CL = 440 pF , and RQPC = 45 kΩ.
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many-electron regime acquired using the transconductance technique. Sweeping VLS more

negative along the red vertical arrows at VRS ∼ −1.015 V (VRS ∼ −1.025), an electron

is ejected from the left (right) dot. Fig. 6.8b and 6.8c shows the corresponding traces of

IQPC . Moving from right to left towards more negative values of VLS, the ejected electron

reduces the local electric field observed by the QPC and increases IQPC by 120 pA and 230

pA for the left and right dot, respectively. The parasitic effect of sweeping VLS on the QPC

is compensated by making VQ1 more positive during the sweep, which maintains a nearly

constant value of IQPC during the sweep. The signal from the right dot, which is closer to

the QPC channel, is nearly twice as coupled compared to the left dot (i.e., 230/120 ∼ 1.9).

The change in IQPC from the single electron transitions of 2.8 % (left) and 5.1 % (right)

is slightly larger than the approximately 1 % change reported in Refs. [172, 159]. The

increased coupling observed here may be attributed to the measurements being conducted

in the many electron regime, as opposed to the single electron regime in Refs. [172, 159],

resulting in a reduced spatial separation between the quantum dots and the QPC channel.

To evaluate the charge sensitivity, we quantified the noise spectrum of the measurement

using an FFT dynamic signal analyzer (Agilent 35670A). Fig. 6.8d shows the current noise

spectrum of the Ithaco current preamplifer, measured with (red) and without (black) the

QPC connected. The Ithaco current preamplifier was configured to use battery power

with a gain setting of 10−7 A/V and minimum rise time. Without the QPC connected, the

measured noise floor of IA = 60 fA/
√
Hz and the 25 kHz bandwidth match the specification

for the current preamplifier. When the QPC is connected, the system noise is clearly higher

than the intrinsic noise of the preamplifier and is frequency dependent. The increased

noise is primarily due to the current preamplifier input voltage noise, VA, which produces

a current noise to ground via RQPC in parallel with the net capacitance of the dc lines

and filters, CL. The fridge wiring capacitance is unknown but the RC filters for the ohmic

contacts has a total capacitance of 440 pF. The resulting current noise is given by [172]

INA = VA(1 + j2πfRQPCCL)/RQPC (6.25)

The frequency dependence of the noise arises from the frequency dependent impedance of

CL. This produces the behaviour in the red trace of Fig. 6.8d, where INA increases with

frequency up until the 25 kHz bandwidth of the preamplifier. While the filter capacitance
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could be lowered to increase the sensitivity, the trade-off would be an increased electron

temperature.

The charge sensitivity (in conventional units of e/
√
Hz) can be evaluated by dividing

the current noise (pA/
√
Hz) by the current change ∆IQPC for a single electron transition

(pA/e). For an electron leaving the right dot (230 pA/e), the upper bound for the charge

sensitivity (f < 1 kHz, INA = 0.3pA/
√
Hz) is δq = 1.3 × 10−3 e/

√
Hz, and the lower

bound (f = 20 kHz, INA = 0.9pA/
√
Hz) is δq = 3.9 × 10−3 e/

√
Hz. Thus, the DC-QPC

readout has a sensitivity on the order of 10−3 e/
√
Hz when using a 200 µV (4.4 nA) QPC

bias. This is consistent with other DC-QPC charge sensitivities in literature [159, 172].

RF-QPC charge sensitivity

The charge sensitivity measurement was repeated with the RF-QPC readout using the

same charge transitions for the left and right quantum dots. The maximum sensitivity was

determined by applying an oscillating voltage to LP (2 mVRMS, 17 Hz) and measuring the

output of the readout circuit (rf mixer), Vrf , with a lock-in amplifier while sweeping VQ1.

The maximum lock-in amplifier response and thus highest sensitivity occurs at the value of

VQ1 corresponding to gQPC = 0.44e2/h (RQPC = 59 kΩ). The working point is indicated in

Fig. 6.9a for Γ and RQPC (inset) and is consistent with what would be expected from the

discussion in Sec. 6.2.3: near the matching condition for the resonant circuit and where

the QPC is sensitive to electric field. A carrier power of Prf = −95 dBm at the device was

used for the following measurements.

Fig. 6.9b and 6.9b show the single charge transitions for the left and right quantum dot

for the RF-QPC readout. Moving from right to left towards more negative values of VLS,

the ejected electron reduces the local electric field observed by the QPC and decreases Vrf

by 260 µV and 475 µV for the left and right dot, respectively. The ratio of the coupling

for the left and right dot, 475/260 ∼ 1.8, is similar to what was observed for the DC-QPC

readout (∼ 1.9).

Fig. 6.9d shows the voltage noise spectrum measured at the output of the rf readout

circuit (mixer). The noise is constant at 0.6 µV/
√
Hz over the measured range of 10−100

kHz. The level of noise is proportional to the system noise but also the gain from the rf
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Figure 6.9: (a) |Γ| as a function of RQPC (red dot indicates operating point). Inset: RQPC

as a function of VQ1 (red dot indicates operating point). (b) Vrf for sweeping VLS along

the LC transition. (c) Vrf for sweeping VLS along the RC transition. (d) Voltage noise

spectrum measured at the output of the RF-QPC readout (mixer).
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amplifiers in the readout circuit. For an electron leaving the right dot, the charge sensitivity

of the RF-QPC readout is δq = 1.3 × 10−3 e/
√
Hz (i.e., 0.6/475) when using a -95 dBm

carrier signal.

Comparison to literature

In this section, we compare key parameters of the RF-QPC of this work and those of Dr.

Jeffrey Mason [159], Reilly et al. [162], and Cassidy et al. [163]. Table 6.2 shows the

charge sensitivity of each readout and provides relevant parameters related to the charge

sensitivity. For convenience, the charge sensitivity expression derived in Sec. 6.2.3 is also

shown here

δq =

√
2kBTNRQPCK

vQPC
∂|Γ|

∂RQPC

∂RQPC

∂q

(6.26)

For all works, the system noise temperature TN was determined by measuring the shot

noise as a function source-drain bias across the QPC (see Appendix. C for details). In

all cases, TN appears to be dominated by the first stage cryogenic semiconductor amplifier

(Tamp ∼ 2− 3 K). The values of TN are approximately twice that of the input noise of the

cryogenic semiconductor amplifiers employed (Tamp), which is consistent with the reflection

of the amplifier noise with the LCR circuit for the rf readout. The larger noise could also

be due cables losses between the device and cryogenic amplifier.

In Refs. [162, 163] there is not enough information to generate the derivative ∂|Γ|/∂RQPC .

The better sensitivity in Refs. [162, 163] is largely due to the higher carrier power (i.e.,

larger vQPC). The near factor of two better coupling (∂RQPC/∂q) in this work and Ref.

[163] is attributed to working in the many-electron regime instead of the single-electron

regime in Refs. [159, 162].

In this work, the carrier power dependence of the RF-QPC was linear until approx-

imately -80 dBm (see Appendix C). Thus, we can evaluate the sensitivity improvement

compared to a prior RF-QPC readout implemented in our group (Ref. [159]), independent

of the carrier power prf and coupling ∂RQPC/∂q. A carrier power that is 10 × larger

(i.e., prf = −95 dBm in this work compared to prf = −85 dBm in Ref. [159]) corre-

sponds to a
√
10 ≈ 3.16× larger voltage across the QPC (vQPC), resulting in a charge
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This work J. Mason [159] Reilly et al. [162] Cassidy et al. [163]

RQPC (kΩ) 59 70 86 25.8

∂RQPC/∂q (kΩ/e) 2.2 1 0.85 2

∂|Γ|/∂RQPC (µS) 7 2 - -

Prf (dBm) -95 -85 -75 -73

TN (K) 6.8 5.2 3.5 < 5.8

δq (×10−3 e/
√
Hz) 1.3 2 1 0.2

Table 6.2: RF-QPC readout parameters and charge sensitivity compared to other works.

sensitivity of δq ≈ 0.4 × 10−3 e/
√
Hz (i.e., 1.3/3.16). With a 2.2 × better coupling (i.e.,

∂RQPC/∂q = 2.2 kΩ/e in this work compared to ∂RQPC/∂q = 1 kΩ/e in Ref. [159]), the

charge sensitivity in this work, if conducted in the single-electron regime with prf = −85

dBm, would be δq ≈ 0.9× 10−3 e/
√
Hz (i.e., 0.4 · 2.2). Thus, the equivalent improvement

in sensitivity compared to Ref. [159] is approximately 2.2 ×, which is close to the expected

increase of ∼ 3× if one considers the improvement of the RF-QPC operating point (i.e.,

∂|Γ|/∂RQPC = 7 in this work compared to ∂|Γ|/∂RQPC = 2 in Ref. [159]) but slightly

higher noise temperature (i.e., TN = 6.8 K in this work compared to TN = 5.2 K in Ref.

[159]). Overall, the RF-QPC readout achieved an improved charge sensitivity compared

to a previous readout configured within our group.

6.3.5 Microstrip SQUID amplifier

Motivated by the possibility of improved sensitivity, we sought to incorporate a microstrip

SQUID amplifier (MSA) as the first amplification stage of the RF-QPC readout to reduce

the system noise level. The MSA device was acquired from ez-SQUID [173]. The MSA

consists of a square washer of niobium interrupted by two Josephson junctions. A 60 turn

niobium input coil overlays the square washer, separated by a thin layer of SiO2. Fig. 6.10a

shows a diagram of the MSA. The niobium square washer of the SQUID is shown in gray

and the Josephson junctions are represented by the cross indents. The input coil is shown

overlaying the washer. The input signal is applied to one end of the input coil, leaving

the other floating to create a microstrip resonator. The device was mounted to a coplanar
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Figure 6.10: (a) Diagram of MSA (adapted from Ref.[35]). (b) Electrical schematic of

MSA.

waveguide PCB board with coaxial connectors. Static magnetic flux to the SQUID loop

is provided by a small custom-made wire-wound-coil, mounted directly underneath the

device. A 3 dB attenuator was placed at the MSA output for impedance matching and to

reduce noise feeding in from the cryogenic semiconductor amplifier. To magnetically shield

the MSA, the assembly was enclosed in a superconducting niobium tube, followed by a

larger Cryoperm shield that is wrapped with Metglas ribbon. To further reduce any static

magnetic flux while cooling, a large µ-metal shield is used to enclose the outer vacuum can

of the cryostat.

Fig. 6.10b shows the circuit diagram of the MSA. The MSA requires two adjustable dc

bias currents. One is used to bias the SQUID above the critical current, IB, which produces

a voltage across the square washer. IB was supplied to a bias tee (on the PCB board with

the SQUID chip), consisting of a 2.35 µH conical inductor and a 12 nF capacitor (NPO

dielectric). The other is a flux bias, Iϕ, used to position the SQUID at the steepest point

on its V − Φ curve. The dc currents are supplied with a homemade, battery-operated

current source. Low-pass RC filters (R = 200 kΩ, C = 12 nF) mounted on the 2.8 K stage

were used to electrically filter the dc lines used for the bias currents.
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Figure 6.11: MSA gain (including a 3 dB attenuator on the output) as a function of

frequency biased for maximum gain. Measured at T = 80 mK and a rf drive power of -130

dBm.

MSA gain and noise

The packaged MSA was mounted on the mixing chamber of the dilution fridge. At the time

of these measurements, the base temperature of the fridge was limited to 80 mK. The device

gain was determined by measuring the transmission (S21) with a vector network analyzer.

Fig. 6.11 shows the gain as a function of frequency for the MSA biased at IB = 4.6 µA and

the optimum flux bias. For weak drive signals (-130 dBm at the MSA input), the MSA

had a maximum gain of 17.5 dB (including 3 dB attenuator on the output) at 145 MHz

and a bandwidth of 12 MHz (Q ∼ 12).

Fig. 6.12a shows the rf circuit for characterizing the MSA. The noise level of the MSA

was evaluated by using an amplifier chain, and comparing the signal-to-noise ratio (SNR)

with and without the MSA in the measurement chain. Using a 145 MHz tone incident

on the amplifier chain, the SNR was measured in two separate cooldowns. In the first

cooldown, the MSA was bypassed with a short length of copper coax (red dashed line in

Fig. 6.12a), and the signal was amplified by the cryogenic SiGe amplifier (model CITLF2)

mounted on the 2.8 K stage, followed by two identical Mini-Circuit amplifiers (model ZX60-
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Figure 6.12: (a) RF circuit used to characterize the MSA. (b) SNR of 145 MHz tone

with and without the MSA in the measurement chain. The resolution bandwidth of the

spectrum analyzer is set to 100 Hz.

P103LN+) at room temperature. In the second cooldown, the MSA was connected and

used as the first amplification stage.

The system noise of the three-stage amplifier chain without the MSA, TN1, can be

calculated using the following expression

TN1 = TAttn + TSiGe +
TRT

GSiGe

(6.27)

Here we have neglected transmission line losses because the critical coaxial cables are

predominately made from low-loss superconducting niobium titanium (NbTi) in addition

to the rf losses being very small the working frequency of 145 MHz. The first stage, TAttn,

is the equivalent noise temperature at the output of the 30 dB attenuator. On the drive

line, the 20 dB (30 dB) attenuator heat sunk to the 2.8 K stage (mixing chamber, 80

mK) absorbs thermal noise produced at higher temperature stages. The attenuators also

add noise proportional to their loss L (linear power ratio) and physical temperature Tphys,

according to Tout = [(L − 1)/L]Tphys. For attenuators greater than 20 dB (L > 100), the

contributed noise is more than 99 % of Tphys. Thus, the equivalent noise at the output of the
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30 dB attenuator is simply the sum of the reduced thermal noise from higher temperature

stages (∼ 6 mK) and the physical temperature of the attenuator (∼ 80 mK), giving TAttn =

86 mK. The second stage is the cryogenic SiGe amplifier, which has a noise temperature

of TSiGe = 2.3 K and a gain of GSiGe = 5012 (37 dB) at 145 MHz (from the specification

sheet). The room temperature Mini-Circuit amplifiers are the third stage and have a noise

temperature of TRT = 35.5 K (from the specification sheet). Substituting these values into

Eq. 6.27 gives TN1 = 2.4 K.

Fig. 6.12b shows the SNR measured with a spectrum analyzer as a function of rf

power (at the input of the amplifier chain), with and without the MSA. The SNR increases

linearly with rf power in both cases. Comparing the SNR of these two measurements yields

a SNR increase of 9.4 dB with the MSA in the circuit. This SNR increase corresponds to

a decrease in the system noise temperature by a factor of 8.7× (i.e., 109.4/10 = 8.7). Thus,

the system noise of the four-stage amplifier chain with the MSA is TN2 = 2.4/8.7 = 0.28

K, and is given by the following expression

TN2 = TAttn + TMSA +
TSiGe

GMSA

+
TRT

GMSAGSiGe

(6.28)

The gain of the MSA, including the 3 dB attenuator on the output, is GMSA = 56 (17.5

dB). Substituting this and the other values outlined above into Eq. 6.28, we estimate

the noise of the MSA to be TMSA ≈ 0.15 K. The SNR-ratio technique for estimating the

noise temperature is sensitive to impedance mismatches between components, and thus

provides an upper bound for the noise temperature. Nonetheless, the system noise is

significantly reduced with the MSA compared to a conventional cryogenic semiconductor

amplifier alone. For instance, if we were to utilize the MSA as the primary (first stage)

amplifier in the RF-QPC readout, the approximate 10 × reduction in TN compared to the

SiGe semiconductor amplifier would yield a
√
10 ∼ 3.16× improvement (see Eq. 6.18) in

the charge sensitivity δq.

MSA power dependence

Fig. 6.13a shows the gain of the MSA as a function of frequency for different drive powers.

At 145 MHz, the gain drops significantly for larger rf power. Fig. 6.13b shows the MSA
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Figure 6.13: (a) MSA gain as a function of frequency for various rf input powers. (b)

Gain and noise temperature at f = 145 MHz as a function of rf power. (insets) The three

operating regimes highlighted on the flux-to-voltage (V − Φ) curve.

gain and noise temperature as a function of drive power. The 1 dB compression point of

the MSA occurs at -115 dBm, which is consistent with other MSAs in literature [174]. For

larger powers, the MSA reaches saturation, corresponding to when the change in flux δΦ

exceeds half a flux quantum (Φ0/2). The poor dynamic range is typical for an MSA and

reflects the non-linearity of the V −Φ curve, as indicated by the insets in Fig. 6.13b. The

noise temperature is determined using the SNR-ratio technique outlined above. Although

the gain decreases when Prf ≳ −120 dBm, the noise temperature starts to rise at an

even lower power level of approximately ∼ −130 dBm. This analysis underscores that to

leverage the lower noise of the MSA, only extremely weak signals below -130 dBm can be

applied.

6.3.6 Carrier nulling

To incorporate the MSA as the initial amplification stage in the RF-QPC readout, it is

critical that the signal level at the MSA input remains low (< -130 dBm). In the RF-

QPC readout, a fraction of carrier signal is always reflected by the matching circuit due

to the impedance mismatch (Zin ̸= Z0). The signal of interest is embedded within the
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Figure 6.14: (a) Simulated amplitude modulation (AM) of carrier signal in the time domain.

(b) Resulting frequency spectrum of the data in panel (a).

amplitude modulation, or envelope, of this reflected carrier signal. Fig. 6.14a illustrates

a simulated example of carrier signal with frequency fc, which is amplitude modulated at

a frequency fm in the time domain. In the frequency domain, this amplitude modulated

carrier signal produces sidebands in the power spectrum at fc ± fm. The signal above the

carrier frequency is referred to as the upper sideband (USB), while the signal below the

carrier frequency is known as the lower sideband (LSB). Fig. 6.14b depicts a simulated

example of the power spectrum. In the homodyne detection technique employed for charge

sensitivity measurements in Sec. 6.3.4, the power is extracted from both sidebands.

The power (in dBm) of the reflected carrier signal is directly proportional to Γ, as

determined by the return loss. The return loss, representing the ratio of incident power to

reflected power (in dB), is given by RL (dB) = -20log10|Γ|. For the RF-QPC readout in

this work, the maximum charge sensitivity (optimal working point) occurs when Γ = 0.05,

resulting in RL = 26 dB. For a -95 dBm carrier power incident on the matching circuit

(used in Sec. 6.3.4 for charge sensitivity measurements), the power of the reflected carrier,

also serving as the input power to the first amplification stage, is approximately -121 dBm

(i.e., -95 - 26 = -121). Here, we neglect cable and/or insertion losses. This power level

exceeds the MSA’s dynamic range of -130 dBm, thereby increasing the noise of the MSA.

However, the power of the modulated signal is substantially lower. The modulated signal
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level generated by the degeneracy of two charge states can be estimated using the following

expression (see Sec. 6.2.3).

Pmod = |∆Γ|2Pref (6.29)

where Pmod and Pref are the modulation and reflected power in watts, respectively, and

|∆Γ| denotes the change in reflection coefficient for the two charge states. From the charge

sensitivity measurements in Sec. 6.3.4, a single charge transition corresponds to |∆Γ| ∼
10−2 resulting in |∆Γ|2 ∼ 10−4. Thus, the modulated signal level is approximately four

decades smaller in power (40 dB) than the reflected carrier. In the example above, where

the power of the reflected carrier is -121 dBm, a single charge transition yields a modulated

signal level of ∼ −161 dBm (i.e., -121 - 40 = -161). This power level is within the

operational range for the MSA (see Fig. 6.13).

In summary, the power of the reflected carrier signal in the RF-QPC readout is too

high for the MSA to operate within a linear response regime with low noise. However,

the modulated signal is significantly smaller, allowing the MSA to maintain linearity and

low noise performance. Consequently, for successful integration of the MSA into the RF-

QPC readout, it is critical to diminish the carrier signal to a level below -130 dBm. One

potential approach to achieve this reduction is through a nulling technique. This technique

involves introducing a tone with identical amplitude and frequency as the carrier but

with a 180-degree phase shift. This tone is injected after the signal’s reflection from the

matching circuit but before reaching the MSA input. The injected tone effectively cancels

out the carrier signal while preserving the amplitude modulated signal, allowing it to

pass through unaffected. However, one concern is the potential interaction between the

reflected signal and the nulling signal. This interaction could potentially generate noise at

the MSA input, thereby jeopardizing the viability of the nulling technique. Furthermore,

it is unclear whether this nulling technique can be applied to larger carrier powers, and

what the practical limitations of this technique might be.

Carrier nulling experiment with MSA

To investigate the feasibility of carrier nulling technique in the RF-QPC readout, we con-

ducted an experiment solely focused on carrier suppression using the MSA, without involv-
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Figure 6.15: RF circuit for the carrier nulling experiment configured on the dilution refrig-

erator.
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ing the RF-QPC itself. Fig. 6.15 shows the rf circuit for the nulling experiment. In this

setup, a single signal generator is employed to produce a 145 MHz “carrier” and nulling

tone, which is evenly divided using a power splitter. To monitor the gain of the MSA

during nulling, a second signal generator is used to inject a small tone on the main drive

line, offset in frequency from the carrier by 1 kHz. The “carrier” signal is combined with

this small tone through a directional coupler at room temperature. The main drive and

nulling line both feature 20 dB of attenuation at the 2.8 K stage and 30 dB at the mix-

ing chamber (80 mK) before reaching a directional coupler, also mounted at the mixing

chamber. The nulling line is connected to the coupled port of the directional coupler (with

30 dB attenuation), while the main drive is connected to the input port. The directional

coupler is used to cancel-out (via destructive interference) the “carrier” and nulling signal

before reaching the MSA input. The signal from the MSA is further amplified by the

cryogenic SiGe amplifier (model CITLF2) followed by two identical Mini-Circuit amplifiers

(model ZX60-P103LN+) at room temperature, and is connected to a spectrum analyzer

to monitor the gain and noise level.

On the nulling line, we employed variable phase and attenuation mechanisms at room

temperature. Phase adjustments were made using a passive adjustable-length line equipped

with a custom-made mechanical turnbuckle-style fine adjustment. At 145 MHz, the cor-

responding wavelength is approximately 1.43 meters, considering the speed of light in a

coaxial cable is ∼ 0.69 × the speed of light in a vacuum, c. With our fine adjustment setup,

we could achieve length increments of less than 1 mm, resulting in phase adjustments of

approximately 0.25 degrees at 145 MHz. Additionally, we controlled attenuation by using

a shorted, adjustable-length stub connected to the nulling line through a tee. By adjusting

the length of this stub, we could modify the characteristic impedance of the transmission

line away from 50 Ω. This adjustment effectively altered the amplitude of the nulled signal

by fractions of a dB.

With the nulling line disconnected, Fig. 6.16a shows the output of the spectrum ana-

lyzer for three different carrier powers. The peak at f0 corresponds to the reflected “carrier”

signal, and the peak at f0+1 kHz represents the modulated carrier, or the upper-sideband

(“USB”). The amplitude of the USB was held constant at -150 dBm at the MSA input,

while the carrier power was adjusted. As the carrier power is increased, the noise floor rises
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Figure 6.16: Carrier nulling experiment with the MSA. Output of the spectrum analyzer

(a) without carrier nulling and (b) with nulling. (c) SNR of “USB” as a function of carrier

power with and without nulling.
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followed by the USB signal level decreasing into the noise floor, depicting what would hap-

pen if the MSA was merely integrated into the RF-QPC readout without carrier nulling.

The same experiment was repeated with the nulling line connected and the attenuation and

phase adjusted for maximal carrier suppression, as shown in Fig. 6.16b. The carrier signal

was effectively suppressed below the noise floor for lower powers, with a small amount feed-

ing through at the highest power. The noise floor and USB signal level remained constant

for all powers. Fig. 6.16c shows the SNR of the USB as a function of carrier power with

and without nulling. Without nulling, the SNR decreases for powers exceeding -130 dBm,

consistent with the results in Sec. 6.3.5. In contrast, with the nulling technique, the SNR

was maintained up to a carrier power of -75 dBm. These results demonstrate that the

nulling technique can be implemented without introducing noise and is effective for powers

up to -75 dBm, well exceeding the amplitude of a reflected carrier in a RF-QPC readout.

It is noteworthy that the nulling technique with an MSA was recently demonstrated in

the readout of a carbon nanotube single-electron transistor embedded in a nanomechanical

resonator, as described in Ref. [175].

6.3.7 Integrating the MSA into RF-QPC readout

In this section, we will present the results of integrating the MSA into the RF-QPC readout.

Fig. 6.17 shows the modified RF-QPC readout circuit, which now includes both the nulling

circuit and MSA as the first-stage amplifier. The directional coupler located at the MSA

input is employed for carrier nulling, while the other is utilized for the reflectometry scheme

required for the RF-QPC readout. The significance of the highlighted transmission line in

red and the “Attn/Filter” component will be discussed shortly.

As a first step, the MSA needs to be current biased with the appropriate critical current

and the flux bias to position the SQUID at the steepest point on its V − Φ curve. With

the MSA not current biased in the “off” state, the signal “feedthrough” in the frequency

range of 100− 200 MHz is attenuated by approximately 20 dB. When the MSA is biased

appropriately in the “on” state, a gain of 17.5 dB is achieved at 145 MHz. Thus, when

tuning the MSA, a change in signal level of approximately 37.5 dB is expected near 145

MHz when the MSA is in the “on” state.
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(a)
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RQPC = 1 kΩ

Figure 6.18: RF-QPC and MSA interaction. (a) S11 as a function of frequency measured

at 2.8 K when the MSA is“off” (feedthrough, black trace) and “on” (current biased, red

trace). (b) Same measurement in panel (a) but at 50 mK and RQPC = 69 kΩ where Γ ∼ 0

at 143 MHz.

While tuning the MSA, the gates on the quantum dot device used for the RF-QPC,

specifically Q1, Q2, and RS, were set to negative voltages to deplete carriers beneath them.

The QPC formed between Q1 and RS was set to RQPC = 1 kΩ such that Γ ∼ 1 at 143

MHz. Fig. 6.18a shows the S11 scattering parameter as a function of frequency measured

with a network analyzer at 2.8 K. A signal power of -150 dBm at the device input (RLC

matching circuit) was used such that reflected signals would not saturate the MSA. A large

wave structure is clearly evident in the S11 versus frequency data, which is characteristic of

a cable resonance (to be discussed in more detail shortly). The MSA was biased with the

appropriate critical current (Ic ∼ 4.6 µA) and the flux bias was adjusted while the output

signal level was monitored. Unexpectedly, only a very small change (< 5 dB) in the output

signal level was observed with the correct current bias IB, and no change in response was

observed when adjusting the flux bias Iϕ. The same result was obtained when RQPC = 69

kΩ such that Γ ∼ 0 at 143 MHz. Fig. 6.18b shows the S11 versus frequency data with

RQPC = 69 kΩ at 50 mK showing the rf readout “dip” at 143 MHz.
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After ruling out trivial explanations, such as issues with the MSA bias circuit, we

hypothesized that the lack of response from the MSA might be due to the signal level at

the input saturating the MSA. When the MSA becomes saturated, any adjustments to

the flux bias have no impact on the output, consistent with our observations. To further

investigate the poor performance of the MSA, we examined the wave structure in S11 as

a function of frequency in Fig. 6.18. This structure was absent when the MSA was not

included in the readout circuit. The periodic nature (∆f ∼ 55 MHz) is characteristic of

a cable resonance generated between two impedance mismatched components [174]. From

independent measurements conducted in other experiments, we have established that ∆f is

inversely proportional to the length of the cable separating the two impedance-mismatched

components. In this specific setup, it is likely that the cable resonance occurs between

the RLC circuit and the MSA input, which are both broadband impedance mismatched.

To confirm this hypothesis, we reduced the cable length in a subsequent cooldown, and as

expected, the frequency spacing increased proportionally. This section of cable corresponds

to the red section of the rf signal path depicted in Fig. 6.17.

To dampen the cable resonance and the resultant signal level at the input of the MSA,

rf filters and attenuators were placed between the MSA and the RLC circuit during subse-

quent cooldowns (denoted as “Attn/Filter” in Fig. 6.17). An attempt was made to address

cable resonance and high-frequency noise using a conventional inductor-capacitor (LC) low-

pass filter (Mini-Circuits, model VLFX-225+ with a 350 MHz cutoff frequency); however,

this did not result in any noticeable change in the MSA response. The conventional filter

operates by being impedance mismatched (reflective) outside the passband, which might

not effectively resolve the cable resonance issue. An alternative filter technology, known as

a reflectionless filter, provides broadband impedance matching and functions by absorbing

rf power outside the passband [176]. We acquired a commercial low-pass reflectionless filter

(Mini-Circuits, model ZXLF-K221+ with a 370 MHz cutoff frequency), but it was tested

and found to be incompatible at low temperatures. To address this issue, a custom-made

reflectionless bandpass filter was constructed, following the design outlined in Ref. [176].

This custom filter has a narrow bandwidth of 50 MHz centered at 143 MHz (RF-QPC

readout) and provided over 10 dB of attenuation outside the passband. Unfortunately,

even with this custom filter, the MSA’s lack of gain response remained unresolved.
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Furthermore, a 3 dB attenuator was tested but also proved ineffective. As a proof of

concept, a 10 dB attenuator was tested and the results are presented in Fig. 6.19. The

observed change in signal level between the MSA’s “off” state (feedthrough) and its “on”

state (MSA biased) aligns precisely with the expected ∼ 37.5 dB increase outlined above.

This experiment serves as a clear demonstration that the MSA had been saturated in

previous experiments, highlighting the necessity for further modifications for it to function

within the rf readout circuit.

Although not experimentally evaluated, the sensitivity of the RF-QPC readout in this

configuration (with a 10 dB attenuator at the MSA input) may surpass that of the cryogenic

SiGe amplifier. The attenuator at the MSA input reduces the signal by 10 dB, but the

noise contribution from the MSA would still be lower (TMSA ∼ 150 mK, as estimated in

Sec. 6.3.5) compared to the cryogenic SiGe amplifier (TSiGe ∼ 2.3 K). Consequently, with

the 10 dB attenuator at the MSA input, the effective noise temperature of the MSA would

increase by a factor of 10×, resulting in Teff ∼ 1.5 K.

The 10 dB attenuator could also potentially eliminate the reflection of the input noise

from the first-stage amplifier (which otherwise doubles the noise temperature in the rf

readout). Thus, the input noise would solely be that of the MSA (not doubled). For

example, if we were to employ the MSA (with a 10 dB attenuator at the input) as the

primary (first stage) amplifier in the RF-QPC readout, the approximately 3 × reduction

in TN compared to the SiGe semiconductor amplifier (i.e., 2.3/1.5 ∼ 1.5, and a factor of

2× from the lack of reflected noise) would yield a
√
3 ∼ 1.7× improvement (see Eq. 6.18)

in the charge sensitivity δq.

Moving forward, this work highlights the need for further research on addressing the

challenges of integrating MSA into practical readout applications. The measurements

clearly indicate that the input impedance of the MSA deviates significantly from 50 Ω,

introducing cable resonances and noise in a reflectometry scheme, which saturate the MSA.

In order to optimize the MSA’s performance and extend it’s practical usefulness, it is

essential to develop techniques for impedance matching the MSA to 50 Ω. This problem

has been emphasized and tackled in Refs. [177, 36, 178]. This is particularly challenging

for an MSA, as the dynamic resistance of the SQUID is a complex nonlinear function of

both the current and the flux bias. In a simplified model of the MSA, the input impedance
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Figure 6.19: RF-QPC with the MSA and a 10 dB attenuator. S11 as a function of frequency

measured at 2.8 K when the MSA “off” (feedthrough, black trace) and current biased (red

trace). The signal level increases by ∼ 37.5 dB, as expected when the MSA is operational.

is directly proportional to the shunt resistance per junction R, and is scaled by the number

of turns n, of the microstrip input coil: zi ≈ n2R [36]. For the MSA utilized in this study,

with n = 60 and R ∼ 5 Ω, we expect zi ≈ 18 kΩ. This corresponds to an input return loss

of |S11|2 of -0.05 dB, signifying that nearly all of the incident power is reflected. This is

consistent with the large cable resonance observed with the MSA included in the RF-QPC

readout circuit.

It’s also worth noting that in a recent study by Schupp et al. [179], the authors

demonstrated a dispersive (capacitive) readout of a quantum dot device using an MSA as

the primary amplifier. In their study, the MSA had a gain of only 11.7 dB, which is smaller

compared to the 20.5 dB gain (without the 3 dB attenuator on the output) of the MSA

in this work. This nearly 10 dB reduction in gain resulted in a proportional increase in

the dynamic range of their MSA. Additionally, they utilized a feedback capacitor between

Vin and Vout of the MSA, with the intention of reducing the input impedance closer to 50

Ω. The combination of reduced gain and the feedback capacitor for impedance matching

may explain why they were able to operate the MSA within their reflectometry circuit.

However, they were also only able to achieve a noise temperature of ∼ 600 mK.
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6.4 Conclusions and future work

In summary, we configured an RF-QPC readout at a low frequency of 143 MHz, precisely

tuned to match a narrow bandwidth MSA. To overcome the self-resonance of a single large

inductor needed for a low operating frequency, we utilized two inductors in series. This

approach not only resolved the self-resonance problem but also allowed us to operate at

a lower resonance frequency without resorting to increasing the capacitance C in the LC

matching circuit, which degrades the readout sensitivity. Both transfer functions governing

the RF-QPC readout sensitivity, namely ∂RQPC/∂q and ∂|Γ|/∂RQPC , were optimized,

resulting in an improved charge sensitivity compared to a previous readout configured

within our group. This optimized setup achieved a charge sensitivity of δq = 1.3 × 10−3

e/
√
Hz when using a -95 dBm carrier signal.

We characterized an MSA for use as the primary amplifier in the RF-QPC readout. For

weak input signals, the MSA had a maximum gain of 17.5 dB (including 3 dB attenuator

on the output) at 145 MHz and a bandwidth of 12 MHz. The reduced noise in the MSA, in

comparison to our cryogenic semiconductor (SiGe) amplifier, resulted in a 9.4 dB improve-

ment in the SNR when using a 145 MHz tone. This improvement corresponded to an MSA

noise temperature of TMSA ∼ 150 mK, which is over an order of magnitude lower than that

of the SiGe amplifier (TSiGe = 2.3 K). The gain of the MSA was observed to degrade for

input signal levels greater than -120 dBm, while the noise was found to increase for signal

levels greater than -130 dBm. We conducted a successful proof-of-principle experiment to

demonstrate how the limitations of the poor dynamic range of the MSA can be mitigated

in a reflectometry scheme (RF-QPC readout) using a nulling technique. This technique

did not introduce noise and was effectively demonstrated for powers up to -75 dBm, well

exceeding the amplitude of a reflected carrier signal in a practical RF-QPC readout.

When we integrated the MSA into the RF-QPC readout, we encountered a significant

issue: the MSA could not be biased to provide gain. This problem was attributed to the

presence of a pronounced cable resonance between the MSA and the RLC circuit of the

RF-QPC readout. This cable resonance indicated a substantial mismatch between the

input impedance of the MSA and the line impedance (50 Ω), resulting in a signal level at

the MSA input sufficient enough to saturate the MSA. In an attempt to resolve this issue,
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we experimented with various commercial and custom-made filters at the MSA’s input,

but none of them proved successful. It was only when we employed an impractical 10 dB

attenuation at the MSA input that the MSA became operational in the RF-QPC readout.

Consequently, the integration of the MSA into the RF-QPC readout highlights the need

for the MSA to be impedance-matched with the line impedance for proper functioning

and, in turn, to enhance the sensitivity of the RF-QPC readout. For future work, it would

be beneficial to characterize the input impedance of the MSA and develop strategies for

matching it to the line impedance (50 Ω).
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Chapter 7

Summary and future work

7.1 Summary

This thesis has presented magnetotransport measurements in 2DHGs within a dopant-free

GaAs/AlGaAs material system, along with the setup of an RF-QPC readout in a double

quantum dot device. These measurements have yielded several important conclusions,

briefly outlined below.

In Chapter 4, we have established that the aluminum content of the AlGaAs layer

influence charge trapping and gate hysteresis in our devices. Based on these findings, it

is recommended to utilize an AlGaAs composition with an aluminum content of 50% to

mitigate gate hysteresis in future devices. Furthermore, we have identified the smooth-

ing superlattice buffer layer as the cause of undesired parallel conduction in our devices.

Therefore, for future wafers, it is recommended to grow them without a superlattice buffer

to eliminate parallel conduction in these devices. Leveraging our low-disorder dopant-free

2DHGs, four successive and distinct SdH regimes were identified at different magnetic field

ranges, resulting from Rashba spin-orbit interaction (SOI) and Zeeman splitting within the

Heavy-hole (HH) valence band. We extracted the effective masses of the HH- and HH+

subbands, extending the results to lower hole densities than those reported in modulation-

doped samples in literature. Within the accessible density range, the HH- effective mass
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remains constant, whereas the HH+ exhibits a strong density dependence due to the spin-

orbit induced nonparabolicities in the valence band. Due to our device architecture, we

demonstrate one of the largest observed spin-orbit-driven HH-/HH+ splittings in a GaAs

2DHG in literature. Our examination of the out-of-plane effective g factor suggests that at

higher magnetic fields in the quantum Hall regime, the 2DHG population is predominantly

described by Landau levels from HH- with a smaller effective mass.

In Chapter 5, we report the observation of the SdH phase inversion phenomenon in a

2DHG for the first time. We explored the empirical relationship between the hole temper-

ature Th, and applied dc current Idc through the Hall bar. Our results suggest that the

hole temperature exhibits a greater sensitivity to current-induced Joule heating compared

to the electron temperature in its 2DEG counterpart. Detailed maps of the differential

resistance (ρxx and rxy) over a range of sheet current density and magnetic field revealed

transport diamonds at integer filling factors. The absence of an even- and odd-filling factor

dependence for the width of transport diamonds in our GaAs 2DHG implies the cyclotron

energy to be approximately twice as large as the the Zeeman energy, which is consistent

with the extracted effective mass and g factor values obtained in Chapter 4. Additionally,

the ratio of the critical electric field (Ec) in our GaAs/AlGaAs 2DHG, when compared

to compiled data for GaAs/AlGaAs 2DEGs, approximately reflects the difference in ef-

fective mass and g factor between the two carrier systems. By compiling maps at four

holes densities, we find that critical breakdown current (Ic) and electric field (Ec) both

exhibit an approximate linear B-field dependence, consistent with similar 2DEG samples.

We report the observation of the zero-current anomaly (ZCA), also for the first time in

a 2DHG. The limited and/or incorrect nature of hysteresis near breakdown suggests that

the hyperfine coupling between hole and nuclear spins is indeed weaker compared to that

between electron and nuclear spins.

In Chapter 6, we configured an RF-QPC readout charge detector at a low resonance

frequency of 143 MHz, precisely tuned to match a narrow bandwidth microstrip SQUID

amplifier (MSA). We addressed the self-resonance issue associated with a single large in-

ductor required for a low operating frequency by employing two inductors in series. The

designed operating point of the RF-QPC readout was successfully achieved, resulting in an

improved charge sensitivity compared to a previous readout configured within our group.
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We characterized the MSA for use as the primary amplifier in the RF-QPC readout. We

estimated the noise temperature of the MSA to be over an order of magnitude lower than

that of the cryogenic semiconductor amplifier used in the RF-QPC readout. We success-

fully demonstrated a carrier nulling technique that would mitigate the poor dynamic range

of the MSA for use in reflectometry (RF-QPC) readout. Upon integrating the MSA into

the RF-QPC readout, the MSA could not be biased to provide gain. The root cause of this

issue was attributed to the impedance mismatch between the MSA and the line impedance

(50 Ω). The combination of this factor along with the impedance mismatch of the RLC

matching (tank) circuit in the RF-QPC readout likely results in the saturation of the MSA.

In summary, the first part of this thesis has outlined experimental studies on the char-

acterization of p-type GaAs/AlGaAs Hall bar devices, required for development of novel

devices based on hole spins. It provides valuable feedback to the fabrication team to

improve their structures. It also provides valuable information based on the analysis of

magnetotransport measurements about hole effective masses, SOI strength, effective g-

factor, and the overall complex energy spectrum of holes. This knowledge is critical for

designing quantum devices based on hole spins, including the development of hole spin

qubits for quantum computing.

In the second part of this thesis, a high-speed and sensitive charge sensor was developed

for a quantum dot device. The thorough characterization and analysis provides valuable

information for the design and implementation of an optimized RF-QPC charge sensor.

Furthermore, initial efforts were made to enhance the sensitivity of the RF-QPC readout

by incorporating a superconducting-based microstrip SQUID amplifier.

7.2 Future work

Our findings suggest several potential avenues for further research, briefly outlined below.

Following Chapter 4, the effective mass analysis could be extended to higher hole den-

sities in devices fabricated with with 50% aluminum content in the AlGaAs layer. This

would further map-out the curvature of the HH-/HH+ subbands, providing further insight
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into the hole density and electric-field dependence of the SOI-induced splitting. Addi-

tionally, the lower hole density regime could be explored in devices fabricated with two

separate accumulation gates, one for the ohmic contacts and another for the Hall bar it-

self. This could facilitate the study of phenomena such as weak anti-localization (WAL),

an alternative method for investigating the SOI strength.

Following Chapter 5, one could also extend the quantum Hall breakdown maps to higher

hole densities in devices fabricated with with 50% aluminum content in the AlGaAs layer.

This would assist in validating the linear B dependence of Ic and Ec up to larger magnetic

fields. Additionally, one could replicate the many of the measurements using a single Hall

bar device equipped with ambipolar (n- and p-type) ohmic contacts. This configuration

would enable seamless switching between 2DEG and 2DHG, facilitating a direct one-to-one

comparison.

Following Chapter 6, it is essential to investigate the input impedance of the MSA.

One could analyze how the input impedance is influenced by the bias conditions and/or

resonant frequency of the MSA. Subsequently, developing techniques to impedance match

the MSA to the line impedance (50 Ω) would facilitate its successful integration into the

RF-QPC readout.
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[74] Boris Grbić, Renaud Leturcq, Thomas Ihn, Klaus Ensslin, Dirk Reuter, and An-

dreas D Wieck. Strong spin-orbit interactions and weak antilocalization in carbon-

doped p-type GaAs/AlxGaAs1-x heterostructures. Physical Review B, 77(12):125312,

2008.

[75] E Zaremba. Transverse magnetoresistance in quantum wells with multiple subband

occupancy. Physical Review B, 45(24):14143, 1992.

[76] ZQ Yuan, RR Du, MJ Manfra, LN Pfeiffer, and KW West. Landau level spectrum

in a two-dimensional hole gas in C-doped (100) GaAs/Al0.4Ga0.6As square quantum

well. Applied Physics Letters, 94(5), 2009.

[77] A Srinivasan, LA Yeoh, O Klochan, TP Martin, JCH Chen, AP Micolich, AR Hamil-

ton, D Reuter, and AD Wieck. Using a tunable quantum wire to measure the large

out-of-plane spin splitting of quasi two-dimensional holes in a GaAs nanostructure.

Nano letters, 13(1):148–152, 2013.

[78] Fabrizio Nichele, Stefano Chesi, Szymon Hennel, Angela Wittmann, Christian Gerl,

Werner Wegscheider, Daniel Loss, Thomas Ihn, and Klaus Ensslin. Characteriza-

tion of spin-orbit interactions of GaAs heavy holes using a quantum point contact.

Physical Review Letters, 113(4):046801, 2014.

[79] Yashar Komijani, Miklos Csontos, Ivan Shorubalko, Ulrich Zülicke, T Ihn, Klaus
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Appendix A

Fourier analysis of the SdH

oscillations

This section presents the details of the Fourier analysis employed to isolate the frequencies

within the Shubnikov-de Hass (SdH) oscillations. In the context of a single degenerate

subband in transport, the SdH oscillations exhibit periodicity as a function of the inverse

magnetic field (1/B). The subband population can be derived from the oscillation frequency

via the relation p = f ·e/h. Given the presence of a beating pattern in the SdH oscillations

within our GaAs 2DHGs, we conducted Fourier analysis to isolate the individual subband

densities. The Fourier analysis was performed using the fast Fourier transform (FFT)

algorithm within the SciPy package in Python.

The SdH oscillations are collected by slowing sweeping the magnetic field at a rate of 0.5

T/hour and measuring the longitudinal voltage Vxx across the Hall bar. An example of such

oscillations are shown in Fig. A.1a, where the B-field was swept from 0.1 T to 0.7 T. The

SdH oscillations in B (11,374 points from 0.1 T to 0.7 T) are converted to 1/B, where the

spacing between points is unequal. The FFT algorithm requires the data be equally spaced.

To obtain equally spaced data in 1/B, the data is interpolated using a cubic spline to 50,000

points. The Fourier transform of the interpolated oscillations is shown in Fig. A.1b. A large

peak at zero frequency (dc term) is present from the finite background of the oscillations (∼
50 Ω). The slowly varying background is captured by fitting the interpolated data to a six
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a) b)

c) d)

e) f)

g) h)

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.1: Preparation of the Shubnikov-de Haas (SdH) oscillations for the fast Fourier

transform (FFT) algorithm. (a) Raw data with six order polynomial fit (blue trace). (b)

Power spectrum (PS) of the raw data in panel (a) with no operations applied. (c) Raw

data in panel (a) subtracted from the polynomial fit. (c) Power spectrum of data in panel

(c). (e) Zero-padded data in panel (c). (f) Power spectrum of data in panel (e). (g) Data

in panel (e) after multiplication with a Hamming window (blue trace). (h) Power spectrum

of data in panel (g), with all operations applied (background subtraction, zero-padding,

multiplication with Hamming window.
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order polynomial (blue trace in Fig. A.1b). The background of the oscillations is removed

by subtracting the interpolated data from the polynomial fit, and is shown in Fig. A.1c.

The corresponding Fourier transform is shown in Fig. A.1d. We further enhanced our

analysis by extending the SdH oscillations in 1/B symmetrically with zeros, as shown in

Fig. A.1e. This zero-padding approach refines the transformed data interpolation without

actually increasing the frequency resolution. It’s especially beneficial when analyzing a

dataset with limited number of oscillations, facilitating a more accurate estimation of the

amplitude of the peaks in the spectrum. To ensure a smoother power spectrum, we padded

our 50,000 data points symmetrically with an additional 500,000 zeros. When the FFT

algorithm encounters a dataset lacking an integer number of periods, spectral leakage can

occur. This results in the true frequency’s energy in the power spectrum seeming to “leak”

into adjacent frequencies. To mitigate this, we can diminish the abrupt discontinuity at

the boundaries with a windowing function. One popular choice for spectral analysis is the

Hamming window, defined by

w(n) = 0.54− 0.46 cos

(
2πn

N

)
(A.1)

Where 0 ≤ n ≤ N . Fig. A.1g shows the Hamming window (blue trace) and the multipli-

cation by the SdH oscillations. Finally, Fig. A.1h shows the transformed data in Fig. A.1g

with all operations applied to the SdH oscillations: background subtraction, zero-padding,

and multiplication by a Hamming window.
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Appendix B

Extended data

B.1 Effective mass analysis at other hole densities

(a)

G522-50

𝑝2𝑑 = 1.9 × 1015𝑚−2

(b)

𝑝1

𝑚1 = 0.35 𝑚𝑒

𝜏1 = 14 ps

(c)

𝑝2

𝑚2 = 0.75 𝑚𝑒

𝜏2 = 25 ps

Figure B.1: Extension of Sec.4.3.7. (a) Temperature-dependence of the SdH oscillations

at p2d = 1.9× 1015 m-2. FT peak heights of (b) p1 and (c) p2 fitted to Eq. 4.1.
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(a)

G522-50

𝑝2𝑑 = 1.1 × 1015𝑚−2

(b)

𝑝1

𝑚1 = 0.35 𝑚𝑒

𝜏1 = 13 ps

(c)

𝑝2

𝑚2 = 0.63 𝑚𝑒

𝜏2 = 17 ps

Figure B.2: Same as Fig.B.1 but at p2d = 1.1× 1015 m-2.

(a)

G522-50

𝑝2𝑑 = 0.7 × 1015𝑚−2

(b)

𝑝1

𝑚1 = 0.36 𝑚𝑒

𝜏1 = 13 ps

(c)

𝑝2

𝑚2 = 0.58 𝑚𝑒

𝜏2 = 14 ps

Figure B.3: Same as Fig.B.1 but at p2d = 0.7× 1015 m-2.
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B.2 Activation energies at other hole densities

𝝂
2

3

4

5

6

7

G522-15-1

Figure B.4: Extension of Sec.4.3.10. Energy gaps Egap as a function of B-field at different

hole densities and filling factors. Egap is extracted from temperature-dependence of ρxx

minima, from an Arrhenius plot of ρxx ∼ exp(Egap/2kBT).
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B.3 Temperature dependence of the low B-field pos-

itive magnetoresistance

G265 

𝑝2𝑑 = 2.2 × 1015𝑚−2

(a) (b)

Figure B.5: (a) Low B-field magnetoresistance (ρxx) as a function of temperature. The

positive magnetoresistance in ρxx is consistent with classical two-subband transport [19].(b)

ρxx(B = 0) as a function of temperature. The solid line is a least-squares linear fit of the

data.
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Appendix C

RF-QPC readout noise temperature

and power dependence

C.1 RF-QPC noise temperature

Here, we outline the shot noise measurement used to evaluate the RF-QPC readout noise

temperature, denoted as TN . TN is a sum of all noise contributions from thermal noise,

instrumentation noise, and gate voltage noise. Electrical shot noise arises from the discrete

nature of electric charge and follows a Poissonian process. For an average current I flowing

through a device, the Schottky expression for the spectral density of shot noise is given

by SP = 2eI. The Poisson value of shot noise, represented as SP , is a classical result that

doesn’t account for the fact that electrons obey Fermi-Dirac statistics. When quantum

statistics are considered, the noise is suppressed relative to its Poisson value by the Fano

factor η. For the specific case of a QPC constriction with a conductance of G = (1 −
η)(2e2/h), the degree of suppression of shot noise from the Poissonian value is given by

S = 2eIη [180, 181], where 0 ≤ η ≤ 1.

Following Refs. [163, 159], the system noise temperature of the RF-QPC readout is

estimated by measuring the shot noise of the QPC as a function of the source-drain bias,
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Figure C.1: Noise power per unit bandwidth of the RF-QPC readout as a function of VSD

across the QPC. The QPC conductance is set to 0.4 ×2e2/h (η = 0.6). Red circles are data

points and solid lines are linear fits. The right-axis is the total system noise temperature,

which includes the shot noise contribution. Using the extracted slope and intercept, the

intrinsic noise temperature of the rf readout (VSD = 0) is approximately 6.6 K.

VSD. The output noise power per unit bandwidth as a function of VSD is given by [182]

P/B = AkBTN +
1

2
Aeη|VSD| (C.1)

where A represents the total system gain (linear power ratio), B is the bandwidth (Hz),

kB is the Boltzmann constant, and e is the elementary charge. Fig. C.1 shows the noise

power per unit bandwidth as a function of VSD, collected using a spectrum analyzer at

the RF-QPC readout frequency (143 MHz). The spectrum analyzer was configured with

a resolution bandwidth of 1 MHz, and the ‘MKNOISE’ function was employed to convert

the noise to a 1 Hz bandwidth. The QPC conductance was set to G = 0.4(2e2/h), corre-

sponding to η = 0.6. For small source-drain biases |VSD| ≲ 0.25 mV, non-linear behaviour

was observed, the origin of which is not understood. Nonetheless, we applied a linear fits

to the data, for positive and negative VSD, as indicated by the solid lines. The linear fit

yields a gain of A = 3.16 × 107 or 75 dB, which is expected from the components (net

amplification) in the RF-QPC readout. Utilizing this gain value, the intrinsic system noise
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temperature (VSD = 0) is estimated to be approximately 6.6 K (as shown on the right-axis

of Fig. C.1).

Treating the readout as a three stage amplifier chain, a value of TN can be calculated

from the following expression

TN = (L− 1)Tphys + LTn1 +
LTn2
A1

(C.2)

The first stage considers the net attenuation and average physical temperature between

the QPC and the first stage cryogenic amplifier. We estimate this attenuation to be L =

1.26 (1 dB). As an upper bound, we can set Tphys = 2.8 K, the temperature of the PTR

2nd stage where the cryogenic amplifier is mounted. The second stage is the cryogenic

semiconductor amplifier, with a gain of 37 dB (A1 = 5012) and noise temperature of

Tn1 = 2.3 K at 150 MHz. The room temperature Mini-Circuit amplifiers are the third

stage and have an equivalent noise temperature of Tn2 = 35.5 K. Substituting these values

into Eq. C.2, we get TN = 3.6 K. The higher TN obtained from the shot noise measurement

is consistent with the result in Ref. [159].
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C.2 RF-QPC power dependence

Fig. C.2 shows the signal-to-noise ratio (SNR) of the lower sideband (LSB) as a function

of carrier power. The measurement was collected using a spectrum analyzer with RQPC

= 59 kΩ, where the optimal sensitivity of the RF-QPC was determined (see Sec. 6.3.4).

The LSB is generated with a 1 mVrms, 1 MHz sine wave applied to gate RP. The solid line

represents a linear fit applied to the data for a carrier power less than -85 dBm. For carrier

powers greater than -80 dBm, the SNR is no longer linear with carrier power. A similar

result was found in Ref. [159] for carrier powers greater than -75 dBm. The non-linearity

at high carrier power is attributed by heating effects which flattens the QPC resistance

curve [183].

Carrier

LSB USB

1 MHz

Figure C.2: SNR of the LSB as a function of Pcarrier measured with a spectrum analyzer.

The resolution bandwidth on the spectrum analyzer was set to 300 Hz. Inset: Simulated

example of a power spectrum as a function of frequency for amplitude modulated carrier.
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