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Abstract

This thesis covers experimentally the properties of gate-tunable three-terminal Joseph-

son junctions based on a superconductor-proximitized two-dimensional semiconductor.

Speci�cally, InAs quantum wells with an epitaxially grown aluminum capping layer.

Multiterminal Josephson junctions have recently attracted experimental work fol-

lowing several theoretical predictions of emergent topological physics. Namely, that

topologically protected states may manifest themselves in the generalized multiterminal

Andreev bound state spectrum of such devices, as a function of applied voltages and

relative phase between the superconducting leads. The theoretical e�orts focus on the

case of multiple superconducting leads in contact with a small central scattering region

characterized by a scattering matrix. Detection of the topological Andreev bound states

via quantized transconductance is predicted to be possible at low bias when there are

few conductance modes between each terminal, and for a subset of possible scattering

matrices.

In this work, three-terminal Josephson devices are fabricated, and subsequently

measured at millikelvin temperatures. The electronic transport characteristics of a

top-gated Y-shaped three-terminal Josephson junction are measured, as well as their

gate dependencies. These behaviors are explained by combining qualitative, analytical,

and simulation based approaches. Further, three-terminal Josephson junctions with

closely-spaced independent gates are studied. The e�ect of asymmetric gating by these

independent gates is elaborated and supported by simulations. These devices also show

access to a few-conductance-mode regime via quantum point contact-like gating, mov-

ing closer to the strict requirements proposed by topological multiterminal Josephson

junction theory.

Lastly, a gate-tunable superconducting Josephson diode e�ect is measured and de-

scribed in a three-terminal Josephson junction. It is demonstrated that this e�ect is

fundamental to multiterminal Josephson devices, and in principle independent of the

material used.
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Chapter 1

Introduction and Background

This chapter aims to provide a su�cient overview of the physics necessary to describe the

Josephson devices discussed in this thesis in Chapters 3, 4 and 5, and the motivation for

this work. Section 1.1 contains an overview of superconductivity and Josephson junc-

tions. Section 1.2 describes low-dimensional semiconductor nanostructures and their

application to superconductor/semiconductor hybrid devices like those studied in this

thesis. The latter half of Section 1.2 describes the speci�cs of the epi-Al/InAs quantum

well material platform and derived gated Josephson devices. Finally, Section 1.3 de-

scribes multiterminal Josephson junctions and their theoretically proposed topological

properties.

1.1 Superconductivity and Josephson Junctions

This section introduces the most essential parts of the theory of superconductivity and

how they give rise to an important type of superconducting device: the Josephson

junction (JJ). Basic properties of Josephson junctions and the basic semiclassical model

are described. Superconducting-normal-superconducting Josephson junctions are also

introduced, as well as the most relevant quantum phenomena thereof.

1



2

1.1.1 Basics of Superconductivity Theory

Superconductivity is a phenomenon in which the electrical resistance of a material be-

comesexactly zero, and magnetic �elds are expelled from it. It was �rst discovered

serendipitously in 1911 by Kamerlingh Onnes in solid mercury metal immersed in liq-

uid helium at 4.2 K [1]. Superconductivity occurs in a wide variety of materials, typically

at very low temperatures (. 20 K) only accessible by immersion in cryogens (like liquid

helium) or via cooling in special refrigerators (like the one discussed in Chapter 2).

Superconductivity is a distinct state of matter, and a cooled superconducting material

undergoes a phase transition to the superconducting state at a critical temperatureTc.

The physics of superconductivity is much more complex than the classical idea of a per-

fect electrical conductor would imply. In fact, the origin of the superconducting state is

quantum mechanical. As such, it is a consummate example of a macroscopic quantum

phenomenon, where quantum e�ects are measurable on a human scale rather than at

the atomic scale where quantum e�ects are predominant.

BCS Theory

A microscopic theory of superconductivity was derived by Bardeen, Cooper and Schri-

e�er in 1957, and is known today as BCS theory [2]. The BCS theory demonstrates that

an arbitrarily small attractive interaction between electrons in a solid can give rise to

two-electron bound states if the temperature is su�ciently low. Such an interaction is

present in conventional superconductors from the interaction of electrons with the pos-

itively charged ionic lattice in a crystal. These so-called Cooper pairs contain electrons

with opposite spins and momenta. This composite particle has integer spin, and thus is

a boson. These newly formed composite bosons do not obey the Fermi-Dirac statistics

of electrons, and can further condense into the same macroscopic quantum ground state

(Fig. 1.1(a)). This ground state should not be thought of as a sea of tightly local-

ized Cooper paired \molecules," but rather as a delocalized 
uid of pairwise correlated

electrons which are constantly breaking and reforming Cooper pairs with each other.

This delocalized coherent quantum state of Cooper pairs can carry current without dis-

sipation, as it is immune to conventional scattering processes that would give rise to

a �nite resistance. Excitations in this superconducting system manifest as Bogoliubov
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quasiparticles whose wavefunctions consist of superpositions of electrons and holes. The

superconducting state may be destroyed by exceeding a critical value of current density,

magnetic �eld or, as previously stated, temperature.

Figure 1.1: (a) Cooper pairs form and condense at temperaturesT < T c. (b) The change
in the density of states across the superconducting transition. Top is an idealized density
of states for a normal 2D metal with states �lled below Tc. Superconducting pairing
causes a gap of width 2� to form about the Fermi energy in this single-particle density
of states (Eq. 1.1), with quasiparticle states �lled below EF � �.

BCS theory establishes that there is an energy gap � that arises in a superconductor

below Tc. This energy gap represents the di�erence in energy between the ground state

and the lowest energy quasiparticle excitations. Breaking apart a Cooper pair is found

to require an energy 2�, therefore 2� should be on the order of kBTc. Indeed, one of

the major predictions of the theory is the temperature dependence of �(T), increasing

as T ! 0 from �( Tc) = 0 to �(0) = 3 :528kBTc [3]. In a band structure picture, this

means that the density of single-particle (non-Cooper pair) states collapses to zero in

the range ofEF � � where EF is the Fermi energy in the material. Using BCS theory to

analyze the quasiparticle energy spectrum, one can obtain an expression for the density
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of states (DOS) in a superconductorNs(E ), normalized by the density of states at the

Fermi energy for the material aboveTc [3]:

Ns(E )
N (EF )

=

8
>><

>>:

jE � EF j
p

(E � EF )2 � � 2
jE � EF j > �

0 jE � EF j < �
(1.1)

Figure 1.1(b) shows the band structure transformation for a two-dimensional ma-

terial undergoing a superconducting transition. In 2D, the original density of states

N (E) is a constant, and after the superconducting transition a gap opens inN (E) with

divergent cusps at E � EF = � � following Equation 1.1. This gap in the density of

states has important implications for charge transport in superconducting devices, as

we will see in more detail in Section 1.1.4.

Ginzburg-Landau Theory

Ginzburg-Landau (GL) theory can describe the large-scale behavior of the supercon-

ducting state, and is derivable as a macroscopic e�ective theory from BCS given some

approximations [4]. However, the theory was developed as a phenomenological model

for superconductivity seven years earlier than the BCS paper [5], and was based on

Landau's original general theory of second-order phase transitions [6]. GL theory intro-

duces a complex-valued macroscopic order-parameter 	 of the superconducting phase.

Through GL theory's aforementioned derivation from BCS, 	 can be identi�ed as the

macroscopic wavefunction of the Cooper pair condensate, such that:

	 =
p

nsei� (1.2)

where ns = j	 j2 is the density of Cooper pairs. By minimizing a free energy expres-

sion in terms of 	, two di�erential equations are arrived at which describe the behavior

of the superconducting order parameter in the presence of an electromagnetic �eld, as

well as the resulting current density. These are the Ginzburg-Landau equations which

form the basis of the theory, and are analogous to a nonlinear Schr•odinger equation

with 	 as the wavefunction:
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� 	 + � j	 j2	 +
1

2m
(� i~r � 2eA )2	 = 0 (1.3)

j =
� i~e

m
(	 � r 	 � 	 r 	 � ) �

4e2

m
j	 j2A (1.4)

HereA is the magnetic vector potential (r � A = B ). � and � are phenomenological

parameters describing the superconducting phase transition.

Considering the behavior of 	 around a ring of superconducting material threaded

with a perpendicular magnetic �eld of magnitude B reveals another property of super-

conductors: magnetic 
ux-quantization. As brie
y mentioned earlier, superconductors

expel magnetic �elds (a fact derivable from the GL equations), i.e. B = 0 inside the

bulk of a superconductor. Plugging in 	 from 1.2 into 1.4 yields

j = ns

 
2e~
m

r � �
4e2

m
A

!

(1.5)

Since supercurrent will 
ow on the surface of the ring, a closed pathC around the

ring can be chosen inside the superconductor such thatj = 0, giving

r � =
2e
~

A (1.6)

To determine the total phase accumulated around the ring in terms of the magnetic


ux �, we take the line integral of Equation 1.6 around C and apply Stokes' theorem:

� � =
2e
~

I

C
A � d` =

2e
~

Z
B � dS =

2e
~

� (1.7)

The wavefunction must be single-valued, meaning that � � = 2 �n for integer n.

This means that the total 
ux is

� = n
h
2e

(1.8)

The 
ux through a hole in a superconductor cannot be any arbitrary value, but

a multiple of a fundamental physical quantity � 0 = h=2e = 2 :07 � 10� 15 Wb, the

superconducting magnetic 
ux quantum. Supercurrent vortices can also manifest in
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superconducting thin �lms, which each carry a magnetic 
ux quantum in their cores

[7{9].

Figure 1.2: At the interface between a superconductor and a normal material, the
superconductivity persists into the normal material with a length scale � .

GL theory also introduces a characteristic length scale over which the supercon-

ducting order parameter 
uctuates, termed the GL superconducting coherence length

� . Solving the GL equations numerically at an interface between a superconductor and a

normal material (SN interface) one �nds that 	 decays approximately exponentially into

the normal material with this characteristic length scale � (Fig. 1.2). This persistence of

superconductivity into non-superconductors suggests that the properties of a supercon-

ductor can be extended to a nearby normal material. It also implies that Cooper pairs

can tunnel between separated superconducting leads through a non-superconducting

region. These two properties are very consequential for superconducting devices, and

will be elaborated on later in this introduction.

1.1.2 Josephson Junctions

A Josephson junction is a device consisting of two superconductors placed in close prox-

imity to each other, but with a non-superconductor material separating them. This

de�nition is intentionally very general; one can imagine sandwiching a wide range of

materials between two superconducting contacts: insulators, metals, semiconductors,

ferromagnets, etc. As mentioned in the last section, the order parameter of the super-

conducting condensate extends into a non-superconducting material with a length scale
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of the superconducting coherence length. If the separation between the two supercon-

ductors is su�ciently small ( w � � ), then there can be a signi�cant probability for

Cooper pairs to traverse the junction via quantum tunneling [10], as depicted in Figure

1.3.

Figure 1.3: Supercurrent can 
ow between two weakly coupled superconductors across
a non-superconducting barrier.

If we label the tunnel coupling between superconductors as� , we can write down

a system of coupled Schr•odinger equations for the two macroscopic GL wavefunctions

de�ned in the previous section 	 1 = p ns;1ei� 1 and 	 2 = p ns;2ei� 2 :

i~
@
@t

0

@
p ns;1ei� 1

p ns;1ei� 1

1

A =

0

@E1 �

� E 2

1

A

0

@
p ns;1ei� 1

p ns;2ei� 2

1

A (1.9)

For an applied bias voltage V across the junction, the energy di�erence between

the two superconductors will be E2 � E1 = 2eV. After making this substitution and

de�ning the phase di�erence ' = � 1 � � 2 one �nds that the rate of change of the phase

di�erence is proportional to V with:

@'
@t

=
2eV

~
(1.10)

and the rate of change of the total Cooper pair density

@ns
@t

=
2�
~

p
ns;1ns;2 sin ' (1.11)



8

The rate of change ofns is proportional to the total current across the junction I ,

leading to

I (' ) = I c sin ' (1.12)

Where I c is the critical current of the junction. Equations 1.12 and 1.10 are called

the �rst and second Josephson relation, respectively. Note that when the bias voltage is

zero, ' is a constant, and thus there is a constant DC supercurrent across the junction.

If the bias voltage is nonzero, the phase evolves linearly in time. Substituting this result

into the �rst Josephson relation gives

I (t) = I c sin
2eV t

~
= I c sin (2�K JV t) (1.13)

Therefore, DC voltage bias results in an oscillating supercurrent in the junction at

a frequency K JV = 2eV=h. The factor K J = 2e=h is the Josephson constant and is

approximately 500 GHz/mV. This precise relation between voltage and frequency by

fundamental physical constants is actually used to de�ne the SI unit of the Volt.

It can also be shown using the �rst Josephson relation that the energy stored in a

Josephson junction is also a function of phase, and is given by:

E = EJ(1 � cos' ) (1.14)

where EJ = ( ~=2e)I c is the Josephson coupling energy.

Returning to the DC current Josephson e�ect, which will be the focus of all the

studies in this thesis, we can discuss the behavior of a junction under the application

of a current bias. For a bias current jI j < I c, there is a value of ' which admits a

solution. However for jI j > I c, no solution exists. This represents a transition of the

Junction from a zero resistance supercurrent carrying state to a �nite resistance dissi-

pative current state. Nearby the transitions at jI j = I c, the IV characteristic is highly

nonlinear, but as the current bias is increased the resistance of the junction asymp-

totically approaches the junction's normal state resistance, Rn. The critical current

and normal state resistance of a junction, measured from an IV curve, are the primary

quantities used to characterize Josephson junctions, and will often appear in this thesis.

For a superconductor-insulator-superconductor (SIS) junction, which is what we are
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discussing here, a relationship betweenI c, Rn and the superconducting gap � can be

obtained from BCS theory [11]:

I cRn =
� �( T)

2e
tanh

�( T)
2kBT

�
� �(0)

2e
for T � Tc (1.15)

This I cRn product formula allows estimation of the superconducting gap from simply

measurable quantities, and is reasonably accurate away fromTc.

Further, we can consider the e�ect of an applied magnetic �eld on Josephson junc-

tions. From the previous section on GL theory, we know that the presence of a mag-

netic �eld incurs an accumulation of phase. We can then choose a gauge-invariant

phase di�erence between the superconducting leads
 = � � � 2�
� 0

Z
A � d` to recover

the �rst Josephson relation I = I c sin 
 . If, for example, an out-of-plane magnetic �eld

is threaded through the interstitial area of a Josephson junction (Fig. 1.4(a)), then

the 2�
� 0

Z
A � d` term in the gauge-invariant phase yields a contribution proportional

to the 
ux through the junction area � as in Equation 1.7. This additional phase is

position dependent in the junction, which leads to a position dependence of the super-

current. Integrating this over the length of the junction gives the relationship between

the junction's critical current versus 
ux:

I c(�) = I c(0)

�
�
�
�
�
�
�

sin
�

� �
� 0

�

� �
� 0

�
�
�
�
�
�
�

(1.16)

This critical current modulation takes the shape of the absolute value of a sinc

function sinc(x) =
sin �x

�x
, which is the same as the intensity pro�le of light in single

slit di�raction, and thus shares the same name: a Fraunhofer pattern (Fig. 1.4(a)).

One can also consider the scenario of a magnetic �eld being threaded through a

superconducting loop containing two identical Josephson junctions with critical current

I c as shown in Figure 1.4(b). The phase calculation in this scenario follows Equation

1.7 exactly, assuming that the area of the constituent junctions is much smaller than

the loop area. Plugging this result into the total Josephson relation of the circuit yields

a critical current dependence:
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Figure 1.4: (a) Depiction of Josephson junction with penetrating magnetic 
ux �, and
the resulting Fraunhofer superconducting interference pattern inI c vs �. (b) A SQUID
with 
ux � penetrating the loop and resultant SQUID interference pattern.

I c,e� (�) = 2 I c(0)

�
�
�
�
�
cos

�
� �
� 0

� �
�
�
�
�

(1.17)

Note that in contrast with Equation 1.16, the 
ux � is through the loop area,

not the junction. This makes this circuit much more sensitive to 
ux bias than a

single Josephson junction, and actually constitutes a device which can provide a very

sensitive measurement of magnetic 
ux. Thus this is termed a superconducting quantum

interference device (SQUID), which �nd many technological applications today.

These two scenarios indicate that the dependence of the critical current in a Joseph-

son circuit can tell you something about the supercurrent paths within the circuit itself,

which will be relevant in Chapter 5.
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Figure 1.5: (a) RCSJ model circuit with shunt resistance Rn and shunt capacitance
C. (b) The dynamics of phase' in the RCSJ model is equivalent to that of a particle
moving with drag on a potential U(' ) given by Equation 1.21. The phase \particle" is
shown as the black ball.

1.1.3 The RCSJ Model

A simple but powerful model of a Josephson junction can be created using three pa-

rameters: the critical current I c, the normal state resistanceRn and the capacitance of

the junction C. This model has an ideal Josephson junction in parallel (shunted) with

a resistor with resistanceRn and a capacitor with capacitanceC (Figure 1.5(a)). Thus

it is termed the resistively and capacitively shunted junction (RCSJ) model. Applying

Kirchho�'s current law to this circuit gives [3]:

I = I c sin ' +
V
Rn

+ C
dV
dt

(1.18)

Equation 1.10 can then be used to eliminateV , yielding a di�erential equation for

the phase di�erence. We also introduce a dimensionless time variable� =

r
2eIc

~C
t:

� 2
c

d2'
d� 2 +

d'
d�

+ sin ' =
I
I c

(1.19)

Where � c is the dimensionless Stewart-McCumber parameter given by:

� c = (2 e=~)I cR2
nC (1.20)
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Equation 1.19 is actually identical to the equation of motion of a particle moving in

one dimension on the' -axis with drag, on top of a potential landscapeU(' ) with:

U(' ) = � EJ

�
cos' �

I
I c

'
�

(1.21)

where EJ = ( ~=2e)I c is the Josephson energy from Equation 1.14. The shape of

this potential is a line with a negative slope proportional to the current I , modulated

by cosinusoidal oscillations of amplitudeEJ, and is referred to as a \tilted washboard"

potential due to this shape (Fig. 1.5(b)). One can imagine that when the current \slope"

is su�ciently small, the phase \particle" will be at rest in one of the cosinusoidal minima

along the washboard. This corresponds to a constant value of' , meaning the junction

hosts a constant DC supercurrent. However whenI becomes too large (relative toI c)

the phase particle begins sliding down the slope, no equilibrium value of' exists, and

the junction is in a resistive state.

Figure 1.6: Two solution IV curves for non-hysteretic (� c = 0, Eq. 1.23) and hysteretic
(� c = 3) values of the Stewart-McCumber parameter.

We can further examine solutions to Equation 1.19 in the small and large limits

of the Stewart-McCumber parameter. For � c � 1, the junction is called overdamped.

Equation 1.19 becomes just a �rst-order di�erential equation:

d'
dt

=
2eIcRn

~

�
I
I c

� sin '
�

(1.22)
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Integrating this equation over one Josephson periodTJ = h=2eV (Eq. 1.13) results

in a solution

V = sgn(I )I cRn

s �
�
�
�

I
I c

�
�
�
�

2

� 1 (1.23)

which correctly reproduces the nonlinearity near I c, and returns Ohm's law for

I � I c (Fig. 1.6(a)).

For � c � 1, the junction is underdamped. Equation 1.19 admits no simple solution,

but ' (t) can be solved for numerically at a given current. The DC IV characteristic

(Fig. 1.6(b)) can be computed then by time-averaging the second Josephson relation

(Eq. 1.10) over a su�ciently large time T:

V = hV(t)i =
1
T

Z T

0

~
2e

d' (t)
dt

dt (1.24)

Continuing the tilted washboard analogy, once the phase particle begins rolling

down the potential, i.e. the junction is in the resistive state, it has signi�cant \inertia"

conferred by � c. Therefore the slope must be tilted more horizontally to retrap the

particle than in the overdamped case. This means that the junction switches from the

resistive to superconducting state at a smaller current valueI rt < I c, the retrapping

current [12]. The current at which the junction transitions from the superconducting

state to the resistive state can also change, causing it to di�er from the ideal param-

eter I c. In this context, it is referred to as the switching current I sw. The IV curve

of an underdamped junction thus shows hysteresis in the current value for which the

superconducting-resistive transition occurs (Fig. 1.6(b)). The magnitude of the hys-

teresis increases with� c and the ratio of I rt to I sw can be estimated for� c � 1 as [3]:

I sw

I rt
�

�
4

p
� c (1.25)

1.1.4 Superconductor-Normal-Superconductor Junctions

A superconductor-normal-superconductor (SNS) junction is a Josephson junction where

the material separating the two superconductors is a normal conductive material, such

as a metal, rather than an electrical insulator. Note that the interstitial material need
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not be a metal per se, but any material that has a Fermi level in the conduction band,

most relevantly a doped/gated semiconductor. In fact, the type of separating material

between the contacts directly in
uences the current-phase relation (CPR) I (' ) of the

junction [13], and the relation deviates from the sinusoidal dependence introduced ear-

lier (Eq. 1.12). For the derivation of the Josephson e�ect in Section 1.1.2, the barrier

material was taken to be completely inert and not contributing any transmission of

charge carriers; the transport was completely due to tunneling. In contrast, the fact

that there are available electron states in the interstitial material for an SNS junction

gives rise to an additional mechanism for supercurrent transfer across the junction: An-

dreev bound states. The fundamental ingredient in producing these Andreev bound

states is Andreev re
ection, whereby an electron incident on a superconductor-normal

(SN) interface forms a Cooper pair in the superconductor resulting in a retrore
ected

hole with opposite spin and momentum [14], as depicted in Figure 1.7. This process

conserves energy and charge, and allows transmission of supercurrent through the SN

interface. Andreev re
ection depends strongly on the transparency of the SN interface

parametrized by a transmission probability T . Namely, if the interface has a poten-

tial barrier, then T < 1 and an electron can backscatter from this barrier instead of

undergoing Andreev re
ection. Thus a very high quality interface with low disorder is

necessary to observe the Andreev physics discussed in the following sections.

Figure 1.7: Andreev re
ection at an SN interface. An electron incident on the interface
is retrore
ected „ as a hole, allowing a Cooper pair to form in the superconductor.

„ The Andreev re
ections in this thesis are shown as specular for illustration purposes. In fact,
retrore
ection means the total momentum is opposite, not just the component perpendicular to the
interface.
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1.1.5 Andreev Bound States

The existence of Andreev re
ections in an SNS junction leads to the formation of An-

dreev bound states (ABSs) for junctions where electrons can travel ballistically, i.e.

without scattering, between the superconducting contacts. The ABSs are formed by the

coherent interference of Andreev re
ected electrons and holes across the junction [15].

These states allow resonant transmission of Cooper pairs within the gap. A simpli�ed

diagram of this process is illustrated in Figure 1.8(a). This ballistic coupling of the two

superconductors enables SNS devices to transmit supercurrent for separations less than

the mean free path` in the normal material. This separation can be considerably larger

than that of a typical SIS junction.

In a small SNS junction (W; L � � ) with transmission probability T at each interface

and with a single conductance mode in the normal material between the contacts, one

can analytically solve for the ABS energy levels [16] to �nd:

EA = � �

s

1 � T sin2
�

'
2

�
(1.26)

Note that they appear in a pair due to the electron-hole symmetry in the super-

conducting system. In the idealized case of perfect transmission, Equation 1.26 reduces

to EA = � � cos ( '= 2), with the two ABSs crossing each other at the Fermi level for

' = � . In a more realistic scenario whereT < 1, the ABS become coupled since, for

example, an electron can backscatter from one ABS to its negative energy counterpart.

The coupling causes a level repulsion about the Fermi level with a magnitude 2�
p

1 � T

as shown in 1.8(b).

The current-phase relation for an SNS junction in general di�ers from the SIS Joseph-

son relation given in Equation 1.12. In the case of an arbitrary CPR, the critical current

is given by the maximum valueI c = max f I (' )g. For an SNS junction with transparency

T , a calculation of the current-phase relation gives [17]:

I (' ) =
� �( T)
2eRn

sin '
q

1 � T sin2
� '

2

� tanh

2

4 �( T)
2kBT

s

1 � T sin2
�

'
2

�
3

5 (1.27)
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Figure 1.8: (a) Simpli�ed diagram of Andreev bound state (ABS) formation in an
SNS junction. ABSs come in pairs atEF � EA due to particle-hole symmetry in the
superconductors. (b) Energy versus superconducting phase di�erence dispersion of an
ABS pair in a single-mode SNS junction. Non-unity interface transparencyT causes a
level repulsion between the ABS pairs about the Fermi level, with a gap 2�

p
1 � T . In

this plot T = 0 :9.

In the very dirty limit ( T � 0) one recovers a sinusoidal CPR, and a critical current

when ' = �= 2, matching the Ambegaokar-Barato� result for SIS junctions given in

Equation 1.15. In the limit of unity transparency and T � Tc, one �nds the current

phase relation:

I (' ) =
� �
eRn

sin
'
2

(1.28)

With a critical current when ' = � , with twice the magnitude of the Ambegaokar-

Barato� result:

I cRn =
� �
e

(1.29)
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A typical SNS junction will have many conductance modes which de�ne the normal

state resistance asRn =
1

NG0
where G0 = 2e2=h is the conductance quantum and

N is the number of modes. Each conductance mode yields an ABS, in one-to-one

correspondence [16, 18]. In this case, the ABS described by Equation 1.26 and Figure

1.8(b) represents the lowest energy ABS in a spectrum of subgap states. In the same

small junction limit ( W; L � � ) with N conductance modes, there are thusN Andreev

bound states. It can be shown further that in such a junction at T � Tc with each

interface havingT = 1, each ABS contributes a quantized amount of supercurrent giving

a total critical current of [19{21]:

I c = N
e�
~

(1.30)

In experiment, the size and transparency requirements for this quantization are

largely not satis�ed, and the quantization steps can be greatly suppressed [22].

One can see that the ABSs of a junction contain important information about the

microscopic properties of the junction, including SN interfacial quality, superconducting

gap, conductance modes, and the current-phase relation. Furthermore, zero-energy

ABSs in systems with strong spin-orbit coupling have shown signatures of topological

superconductivity via Majorana fermions [23, 24]. Consequently, Andreev bound state

spectroscopy is an emerging important tool in the study of superconducting hybrid

systems, and has been performed in a number of di�erent platforms to date [25{30].
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1.1.6 Multiple Andreev Re
ection

Figure 1.9: Simpli�ed diagram of multiple Andreev re
ection (MAR) in a high trans-

parency SNS junction. The bias o�set eV = � 1 � � 2 is omitted for simplicity. (a) Single

particle transport when eV � 2�. (b) Second order ( m = 2) order Andreev re
ection

transport. (c) MAR with m = 3. (d) MAR with m = 4. Adapted from Reference [31].

There is another mechanism of charge transport in SNS junctions that arises due to

Andreev re
ection. This time, Andreev re
ection enables transmission of single-particle

charges in multiples of e when there is a �nite subgap voltage bias applied to the

SNS junction. Consider a generic voltage-biased Josephson junction where the two

superconductors have chemical potentials� 1 and � 2. When the bias voltage is such

that eV = � 1 � � 2 � 2�, single electrons have enough energy to traverse the gap and

there is a resonant dip in the di�erential resistance at eV = 2� due to the cusps in the

single-particle density of states atEF � �, as shown in Figure 1.9(a). Considering the

role of Andreev re
ection in an SNS junction, resonant single-particle charge transport
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also occurs wheneV = 2� =m, for positive integer m, a phenomenon known as multiple

Andreev re
ection (MAR) [3,32, 33]. The mth -order MAR mechanism is due tom � 1

Andreev re
ections within the normal region, illustrated in Figure 1.9(b)-(c). Every

time an Andreev re
ection occurs, the single particle (either electron or hole) in the

normal material picks up an additional amount of energy equal toeV, allowing it to

traverse the gap when the voltage bias is an integer multiple of 2�=e. Figure 1.10 shows

a theoretical calculation of di�erential resistance in an SNS junction, with resonant dips

appearing as expected ateV = 2� =m for m up to 5.

As mentioned in the previous sections, the probability of Andreev re
ection is the

interface transparencyT and so the strength of themth -order MAR resonance scales as

T m . This poses a practical limitation on resolving high-order MAR in experiment due to

the non-unity transparency of realistic SN interfaces. The presence of MAR resonances

is thus a signature of ballistic transport in an SNS junction, and higher-order MAR

peaks indicate a high transparency at the SN interfaces.

Figure 1.10: Simulated normalized di�erential resistance as a function of bias in an SNS
junction with T = 0 :5 at T = 0 showing MAR resonances ateV = 2� =m. Adapted
from Reference [33].

1.2 Superconductor/Semiconductor Hybrid Platforms

Extending the notion of an SNS junction, one can discuss when the interstitial mate-

rial is a semiconductor, i.e. a superconductor-semiconductor-superconductor (S-Sm-S)
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Figure 1.11: Con�nement of otherwise free electrons in semiconducting nanostructures
forms low-dimensional systems with quantized energies: (a) quasi-0D quantum dot (b)
quasi-1D quantum wire (c) quasi-2D quantum well.

junction. Semiconductors exhibit a huge range of electronic tunability via mechanisms

including doping, band engineering, and electrostatic gating. Thus S-Sm-S devices rep-

resent a diverse platform for studying a wide range of phenomena not normally accessible

in purely metallic junctions, such as gate tunability of critical current. Rapid advances

in the growth of low-dimensional III-V semiconductor nanostructures has lead to an ex-

ploding experimental landscape studying quantum dots (0D), quantum wires (1D) and

quantum wells (2D) (Fig. 1.11). III-V semiconductors such as GaAs, InAs and InSb

have higher electron velocity and less scattering relative to conventional semiconductors

like silicon. As touched upon earlier in the introduction, the superconducting order

parameter can persist into a normal material at a boundary, leading to induced super-

conducting pairing in the proximitized material. Proximitizing these low-dimensional

semiconductor systems to superconductors has facilitated study of novel arti�cial low-

dimensional superconductivity. Additionally, the heavier III-V semiconductors like InAs

and InSb have strong spin-orbit coupling, which is an essential ingredient in exploration

of topological superconductivity in hybrid S-Sm-S systems [23,24].

This section focuses on the case of a two-dimensional semiconductor system, and in

particular the heterostructure material that is used to fabricate the devices studied in

this thesis: the InAs quantum well with epitaxial Al superconductor.

1.2.1 The Two-Dimensional Electron Gas

When a three-dimensional electron system is con�ned in one of its dimensions, a quan-

tum well is formed as seen in the simple depiction in Figure 1.11(c). The resultant
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quasi-2D system is termed a two-dimensional electron gas (2DEG). In a semiconduct-

ing material, these quantum wells are typically formed by band gap mismatch in layered

heterostructures of di�erent semiconductor materials. Such quantum wells can often be

modeled as a �nite square well con�ning potential for one dimension [34]. The energy

eigenstates become quantized in one direction, labeledz in Figure 1.11(c), with elec-

trons being free to move in the x; y-plane. Explicitly, solving the three-dimensional

Schr•odinger equation with k = ( kx ; ky) and r = ( x; y) gives:

 k ;n = un (z)ei k �r (1.31)

E(k) = En +
~2k2

2m� (1.32)

Where un (z) are the quantized transverse modes of the well shown in Figure 1.12(a)

and m� is the e�ective mass of an electron in the 2DEG. We can see that this amounts

to a parabolic dispersion in kx and ky , with subbandso�set by the allowed energies of

the square well En . Figure 1.12(a) and (b) show the energy levels of the square well

and the subbands of this quasi-2D system.

Figure 1.12: Subband and density of states in a 2DEG. (a) Potential well con�nement in
one dimension. (b) Resulting parabolic dispersions for electrons con�ned in the quasi-
2D plane. (c) Density of states as a function of energy. Adapted from Reference [34].
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In two dimensions, the density of states is a constant given by:

N (E) =
m�

� ~2 (1.33)

The 2D density of electronsn2D can be calculated from the constant contribution

from each subband:

n2D =
X

j

nj =
X

j

Z EF

0
N (E)dE =

m�

� ~2

X

j

(EF � E j )�( EF � E j ) (1.34)

Where nj is the electron density due to thej th subband and �( x) is the Heaviside

step function. This steplike density of states is shown in Figure 1.12(c) in correspondence

with the bottoms of the subbands. In the common case of one occupied subband, the

Fermi wavevector takes on a simple expression as a function of the electron density:

kF =
2m�

~2 (EF � E1) =
p

2�n 2D (1.35)

This provides a straightforward way of calculating relevant parameters of the 2DEG

from the Fermi wavevector by measuring the 2D electron density. Namely themean

free path `, which is the average length that an electron travels before scattering, can

be derived from the Fermi velocity vF =
~kF

m� and the electron mobility � =
e�
m� . The

mobility � , typically given in units of cm 2/Vs, is a common measure of impurity in the

2DEG as it is proportional to the mean free time � , or average time between scattering

events. The higher the mobility, the fewer impurities are present. The mean free path

can then be written as:

` = vF � =
� ~
e

p
2�n 2D (1.36)

In experiment, the 2DEG mobility and electron density can be quanti�ed via Hall

magnetoresistance measurements, covered in the next section, allowing the mean free

path to be found. The mean free path indicates the transport regime that a device

is in. When the transport dimension is signi�cantly smaller than the mean free path

(W � `), transport between contacts is primarily ballistic, i.e. the majority of electrons
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travel between contacts without scattering. On the other hand, if W � `, the electrons

scatter many times while drifting between contacts and transport is di�usive . The

devices studied in this thesis fall mainly in the quasiballistic regime (W . `), where

there is a mixture of ballistic and di�usive transport.

1.2.2 The InAs Quantum Well

Figure 1.13: (a) An InAs quantum well heterostructure grown on InP substrate. Layer
thicknesses not to scale. Detailed layer structure given in Table 1.1. (b) Band diagram
and 3D carrier density � with top barrier thickness d. Adapted from Reference [35].

The type of 2DEG used as the semiconductor in the S-2DEG-S devices presented

in this thesis is a near-surface InAs quantum well in a layered heterostructure, with

a simpli�ed depiction shown in Figure 1.13(a). The heterostructures are grown by

molecular beam epitaxy (MBE), yielding low-stress crystalline layers of the constituent

III-V semiconductors. The particular heterostructures used in this thesis were grown

by the group of Chris Palmstr�m at UCSB. As the section title suggests, the 2DEG is

formed in a thin layer of InAs sandwiched between two barrier layers of InGaAs. The

mismatch between the larger band gap of the InGaAs barrier layers and the smaller
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band gap of the InAs layer creates the potential well in which the 2DEG forms, as seen

in Figure 1.13(b). The rest of the heterostructure provides lattice matching to relieve

stress between layers down to the InP substrate wafer and also doping to adjust the

Fermi level (dashed line in Fig. 1.13(b)) to be within the QW. Relative to other 2DEGs,

the top barrier can be made very thin (� 10 nm versus� 100's of nm in high mobility

buried QWs) without hugely compromising the mobility via surface e�ects, allowing

the 2DEG to be brought into close proximity with a deposited superconductor on top

to create an S-2DEG hybrid system, as will be discussed later. The high mobility, and

thus long mean free path, allows study of ballistic transport at scales in devices that

are large enough to be feasibly constructed via nanofabrication techniques, such as the

Josephson junctions examined in this thesis.

Two heterostructure wafers were used for the studies presented in this thesis in

Chapters 3, 4, and 5. They are labeled \JSL028" and \MP731." The exact layer struc-

tures are presented in Table 1.1. Patterned devices can be created from this material

via a selective etching process, which removes material down to the insulating graded

bu�er layers, color coded as blue in Figure 1.13(a). The fabrication process will be

discussed in detail in Chapter 2.

JSL028 MP731
10 nm epitaxial Al 10 nm epitaxial Al

10 nm In0:75Ga0:25As top barrier 10.72 nm In0:75Ga0:25As top barrier
7 nm InAs QW 4.54 nm InAs QW

6 nm In0:75Ga0:25As bottom barrier 10.72 nm In0:75Ga0:25As bottom barrier
100 nm Si� -doped In0:81Al0:19As

25 nm In0:81Al0:19As/In0:81Ga0:19As
superlattice

25 nm In0:75Ga0:25As/In0:75Al0:25As
superlattice

InxAl1� xAs graded bu�erx = 0:52-0.81 InxAl1� xAs graded bu�erx = 0:52-0.75
InP(001) semi-insulating substrate InP(001) semi-insulating substrate

Table 1.1: Layer structures of epi-Al/InAs wafers JSL078 and MP731 used in this thesis.
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Figure 1.14: Hall magnetoresistance measurements for a Hall bar fabricated from chip

\MP731" with epitaxial aluminum contacts. (a) Schematic of a Hall bar mesa device

fabricated on the InAs quantum well. (b) Measurement of longitudinal and transverse

Hall resistancesRxx (blue) and Rxy (red). Shubnikov-de Haas (SdH) oscillations are

observed inRxx . (c) 1=B periodicity of Rxx maxima indexed by i (dashed vertical lines

in (b)).

As mentioned in the previous section, the electron density and mobility of the 2DEG

can be measured via Hall magnetoresistance measurements. Hall bar devices, like that

pictured schematically in Figure 1.14(a), were made on chips of JSL028 and MP731. A

longitudinal current bias I is applied while the longitudinal and transverse voltagesVxx

and Vxy are measured as shown in Figure 1.14(a). Example data from a Hall bar on

MP731 is featured in Figure 1.14(b) and (c). The electron density can be measured by

examining the Shubnikov-de Haas oscillations in the transverse Hall resistanceRxx as a

function of out-of-plane magnetic �eld [34]. The resistance oscillates with a periodicity

in 1=B, labeled � 1=B , that is directly related to the electron density:

n2D =
2e

� 1=B h
(1.37)
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To get the mobility, the longitudinal Hall sheet resistance is computed by RS;xx =

Rxx
W
L

whereW is the width of the Hall bar and L is the distance between the contacts

measuringVxx . The zero-�eld value of RS;xx and the electron density can be then used

to compute the mobility by:

� =
1

en2DRS;xx (B = 0)
(1.38)

Once � and n2D are found, the mean free path can be calculated using Equation

1.36. A summary of the material parameters is given in Table 1.2.

Chip n2D (cm� 2) � (cm2/Vs) � F (nm) ` (nm)
JSL028 1:05� 1012 30370 25 510
MP731 1:22� 1012 9920 23 180

Table 1.2: Properties of the two epi-Al/InAs QW wafers used in this thesis.

1.2.3 Quantum Point Contacts

When a 2DEG is constricted at a narrow channel, the conductanceG = dI=dV mea-

sured through the quasi-1D region can become quantized in units ofG0 =
2e2

h
, the

quantum of conductance [36, 37]. Here the factor of 2 comes from spin degeneracy.

Such a constriction is called aquantum point contact (QPC). Although in theory a

small constriction could be formed geometrically or lithographically during device fab-

rication, the fact that a quantum well 2DEG is semiconducting allows a constriction to

be de�ned via gate depletion. In this scenario, split gates are deposited with a small sep-

aration between them. When a su�ciently negative gate voltage Vg is applied, the area

under the gates becomes depleted of carriers and insulating, and a channel is formed

in the small ungated region, shown in Figure 1.15(a). For this e�ect to take place,

the e�ective width W of the constriction must be comparable to the Fermi wavelength

� F =
2�
kF

. The Fermi wavelength is on the order of 10s of nm in the InAs quantum

well 2DEGs discussed here. This width is also dependent on the gate voltage applied,

which dictates how many 1D channels are present in the constriction. The measured

conductance across the QPC is given by the Landauer formula for 1D transport [34]:
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G =
2e2

h

X

n

Tn (1.39)

Where n indexes the conductance modes in the channel, withTn being the transmis-

sion probability through the nth mode of the constriction. The factor of two is due to

the spin degeneracy of the 1D conductance modes. When transport through the channel

is ballistic, and at low temperature, the transmission probabilities Tn can be very close

to unity, such that the plot of conductance versus gate voltage takes on a characteristic

steplike appearance with step sizeG0. Figure 1.15(b) shows a theoretical calculation of

G in a QPC with realistic constriction potential [38].

Figure 1.15: (a) Schematic of a quasi-1D gate-induced constriction QPC in a 2DEG.
The 2DEG is vertically o�set to show depleted regions. (b) Theoretical calculation of
di�erential conductance G = dI=dV versus gate voltageVg. Adapted from Reference [38]
by way of Reference [34].

The perfect steplike conductance can be compromised by a few factors. First, the

precisely quantized conductance in steps ofG0 is found at zero DC voltage bias across

the constriction. If the contacts to the 2DEG are superconducting, this is not a viable

measurement due to supercurrent at zero voltage bias. The superconducting contacts

can be driven normal by applying a voltage biaseVb � 2�, or by applying a magnetic

�eld larger than the critical �eld. At �nite bias eVb = � 1 � � 2, the bias window set

by the di�erence in chemical potentials of the leads � i can contain two di�erent 1D

subbands. This leads to half steps appearing in the conductance [39, 40]. Figure 1.16

shows measured di�erential conductance in a two-terminal Josephson junction with
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QPC gates at �nite voltage o�set to eliminate superconductivity, where steps of 0:5G0

can be seen. At zero bias, applying a magnetic �eld also lifts the spin degeneracy, also

causing the step height to becomeG0=2 = e2=h. The presence of impurity scattering via

quasiballistic transport or backscattering due to irregularities in the con�ning potential

can also cause deviations from the predicted step heights and spiky resonances. For

instance, QPCs on very high mobility 2DEGs, such as in deeply buried GaAs QWs

(� � 105 - 106 cm2/Vs, ` � 10 � 100 � m), can show precise quantization and many

plateaus which are not seen in 2DEGs with smaller mobilities. These mechanisms are

relevant for the multiterminal superconducting QPC geometry found in Chapter 4.

Figure 1.16: Measured di�erential conductance of a Josephson junction with QPC split
gates with �nite voltage bias Vb = 1 :3 mV � 2� Al =e. The superconductor contact
spacing is nominally 50 nm. Steps at 0:5G0 (dashed gray lines) can be seen due to the
voltage bias.

1.2.4 The Proximitized Epi-Al/InAs Quantum Well System

As can be seen by the layer structures in Table 1.1, the wafers studied here have an

epitaxial aluminum superconducting layer on top of the heterostructure as shown in

Figure 1.17(a). This aluminum layer is grown in situ , i.e. without breaking the ultra-

high vacuum of the MBE system. This results in very sharp and high quality crystalline

interface between the aluminum and the InGaAs top barrier of the QW (Fig. 1.17(b)).

This, combined with the thinness of the top barrier, makes the interface between the

superconductor and the 2DEG very transparent, causing Andreev re
ection between

the aluminum superconductor and electrons in the 2DEG. By this mechanism, shown
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Figure 1.17: (a) Heterostructure stack showing addition of epitaxial aluminum layer
on top. (b) Transmission electron microscope image of epitaxial Al/InGaAs interface,
showing high crystal quality and sharp transition. Adapted from Reference [35]. (c)
Schematic depiction of induced superconductivity in the InAs 2DEG via the super-
conducting proximity e�ect. Andreev re
ection from the high-transparency S-2DEG
interface induces superconducting pairing in the 2DEG, with an e�ective induced gap
� � . Adapted from Reference [41].

in Figure 1.17(c), the superconducting pairing of electrons persists in the 2DEG under-

neath the aluminum layer, manifesting the superconducting proximity e�ect [42]. The

superconducting gap of aluminum in thin �lms (5-30 nm) typically falls in the range of

� Al = 200 � 300 �e V [35,43]. The 2DEG acquires its own induced gap �� < � Al , the

value of which varies from growth to growth, but is estimated to typically fall between

50� 75% of � Al [41,44,45]. One way the induced superconducting gap can be estimated

is by measuring MAR in the S-2DEG-S junctions, as shown in Figure 1.18. When the

transparency is high, but not unity, the induced gap is \softened," i.e. there are still

some residual subgap normal single-particle states in the 2DEG. Although in principle a

higher mobility 2DEG such as that found in a GaAs QW can be proximitized similarly,

the interfacial quality is compromised by the presence of a Schottky barrier, which is a

mismatch between the work function of the superconducting metal and the conduction

band of the semiconductor heterostructure [46,47].
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Figure 1.18: MAR signatures in the conductance of a two-terminal QPC Josephson
junction, the same device as featured in Figure 1.16, withVg = � 5:6 V. The green
dashed lines indicate valueseV = 2� � =m for m = 1 to 8, with � � = 160 �e V.

To create Josephson junctions on this material platform, a trench in the aluminum is

etched, creating a gap in the superconductor. This creates a lateral Josephson junction

in the plane of the 2DEG, with the proximity induced superconducting 2DEG forming

the S-Sm-S device, as shown in Figure 1.19(a). Furthermore, the gate tunability of the

InAs QW 2DEG allows depletion of the 2DEG between the Al contacts, giving direct

control of the I c and Rn of the junction (Fig. 1.19(b)). The electric �eld of the gate is

screened by the aluminum layer, such that only the 2DEG underneath the junction area

is depleted by the gate. This allows exploration of di�erent regimes of superconducting

transport in the junction by controlling the number and location of conductance modes

between contacts.

In the experimental chapters of this thesis, the induced superconducting gap in

the 2DEG, � � , is referred to as � for simplicity, as it is the relevant gap for Josephson

transport in the S-2DEG-S junctions. This system has enabled the exploration of hybrid

quasi-2D gate-tunable superconductivity in many types of experiments, including many

phenomena discussed in Section 1.1 [30,35,41,44,48{55].
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Figure 1.19: (a) Schematic of a fabricated top-gated S-2DEG-S Josephson junction on
epi-Al/InAs QW heterostructure. (b) Graph showing gate tunability of critical current
in an epi-Al/InAs JJ. Data is from a two-terminal measurement of the three-terminal
junction featured in Chapter 3.

1.3 Multiterminal Josephson Junctions

A multiterminal Josephson junction (MTJJ) is formed when there are more than two

independent superconducting leads that make contact to a shared non-superconducting

region. For the purposes of this thesis, the designation \terminal" here refers speci�cally

to a distinct current carrying superconducting lead to the junction, not including any

terminals attached to e.g. gates. Multiterminal Josephson junctions have seen a recent

surge in experimental research [52, 56{60]. A large motivation of this work revolves

around theoretical predictions of topologically non-trivial physics emergent in MTJJs,

which will be discussed in this section.

1.3.1 Mesoscopic Physics of Epi-Al/InAs MTJJs

This section will introduce some concepts that are relevant to the three-terminal devices

studied in the experimental chapters. Exact details will be found in those chapters.

The 
exible fabrication epi-Al/InAs system provides a natural platform to study many

types of geometries, including multiterminal devices. Figure 1.20 shows a top-down

schematic depiction of a symmetric three-terminal JJ on this material platform. The

epitaxial aluminum layer has been selectively removed in a Y-shape, allowing the three
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Figure 1.20: Schematic of a symmetric three-terminal Josephson junction on the epi-
Al/InAs system. The three Al superconducting contacts are separated by a common
etched area of exposed III-V heterostructure.

superconducting leads to couple through the shared exposed 2DEG region. This Y-

shaped trijunction geometry is common to the devices studied in this thesis. Each of

the three legs(a term which will be used frequently) has a lengthL from the center and

a width W , which is the closest spacing between superconductors in the device.

If a current bias is applied to one of the terminals below the e�ective I c of the

device, the supercurrent will primarily 
ow in the leg spanning those two terminals.

As the current bias is increased, this can lead to a scenario where the e�ective critical

current in this leg is exceeded, and it transitions to the resistive state. This can happen

independently in each leg, depending on the input currents. Such con�gurations of input

currents thus results in coexistence of supercurrent and conventional dissipative current

in the device. A phase space of superconducting/normal coexistence can be explored as

a function of input currents, which will constitute the main body of Chapters 3 and 4.

Further, by patterning a gate(s) onto a Y-shaped trijunction, the supercurrent dis-

tribution and normal state resistances in the junction region can be controlled via the

same depletion mechanism discussed in Section 1.2.4. If an individual gate is placed

over each arm, this allows independent control of the primary coupling and conductance

channels between each pair of terminals.

1.3.2 MTJJ Topological Physics

Topological phases in condensed matter is a highly active area of research in both theory

and experiment. Topological quantum states hold the promise of being immune to
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conventional forms of decoherence, owing totopological protection. In other words, the

information stored in an ideal topological quantum state cannot be destroyed without a

transition from the topological phase to a trivial phase. The protection from decoherence

is attractive for applications to quantum computing, where decoherence represents a

fundamental hurdle in preserving quantum information on time scales long enough to

perform quantum logic gate operations [61].

One of the major motivations to study the MTJJ platform are an array of predic-

tions concentrating on the potential for multiterminal Josephson junctions to act as

topological matter [18, 62{64]. The topological phases discussed here are distinct from

the Majorana bound state-type, which relies on induced superconductivity in a material

with strong spin-orbit coupling and application of a precisely controlled magnetic �eld.

In contrast, the emergent topology of the multiterminal Andreev bound state spectrum

is in principle independent of the material platform. The theories predict that the low-

est energy ABS states can form topologically Weyl singularities, where the gap closes

conically at a point.

The theoretical proposals rely on modeling an MTJJ as a set ofn superconducting

terminals contacting a central normal scattering region, which has a de�ned scatting

matrix Ŝ, depicted in Figure 1.21(a). The scattering matrix elementsŜij are the scat-

tering amplitudes between terminals i and j , and its dimensionality depends on the

number of terminals and number of modes between each. Due to gauge invariance, an

n-terminal Josephson junction hasn � 1 independent superconducting phases of the

leads, acting as quasimomenta for the (n � 1)-dimensional ABS bands. At least three

independent parameters are required to tune the lowest ABS energy to zero, where a

Weyl singularity forms (Fig. 1.21(b)). These could be the three independent phases of

a four-terminal junction, or the two independent phases and a magnetic 
ux phase in a

three-terminal junction.

Following the seminal paper by Riwar et al. [62], the ABS spectrum of an MTJJ

may be computed by solving the determinant equation featuringŜ [16]:

det
h
1 � e� 2i� Ŝei �̂ Ŝ� e� i �̂

i
= 0 (1.40)
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where � = arccos (E=�) and ei �̂ is a diagonal matrix assigning each conductance

channel the phase factor of its corresponding terminal. One �nds that for some value

of the phases�̂ 0, the lowest ABS cross at zero, and its band can be described by a

Weyl Hamiltonian, thus a topological Weyl singularity is formed. The topology of

this singularity is characterized by a Chern number Cij 2 Z, a topological invariant

calculated from the Berry curvature B ij of the ABS formed by terminals i and j . The

Chern number encodes the occupation of this topological Andreev band.

Crucially, a transport signature is predicted by studying the current response of an

MTJJ that hosts a Weyl singularity. When a voltage bias is applied to terminal j with

eVj � �, an instantaneous current is found to contact i :

I i (t) =
2e
~

@E
@�i

� 2e
@�j
@t

B ij (1.41)

where
@�j
@t

=
2eVj

~
from the second Josephson relation. If now a second voltage is

applied to terminal i with Vi 6= Vj , a long measurement of the current averages out the

�rst term, and the Berry curvature is e�ectively integrated to give its corresponding

Chern number. This gives the relation:

hI i i = �
4e2

h
Cij Vj (1.42)

The transconductance (pre�x trans- meaning i 6= j ) is then

Gij = �
4e2

h
Cij (1.43)

The transconductance is quantized in units of 4e2=h, twice the conductance quantum

G0 = 2e2=h. A calculation of this e�ect is shown in Figure 1.21(c) for the case of a

three-terminal junction with applied magnetic �eld. This transport signature promises

a straightforward way to detect topological states. However, it is not so simple to realize

a device. First, this quantization holds when the occupations of the ABS do not change

with time. The relevant energy scale is then the level spacing between the ABSs. If

there are only a few conductance modes in the junction, then the level spacing� scales

as � �. If there are many modes, � can become small enough to make biasing at



35

Figure 1.21: (a) Generic schematic of an-terminal Josephson junction (n� 1 independent
phases� n� 1) with single-mode scattering matrix Ŝ governing transport between leads.
(b) Schematic nontrivial multiterminal ABS spectrum in a topologically showing Weyl
singularity (red circle). Adapted from Reference [62]. (c) Calculated transconductances
Gij = dI i =dVj for a three-terminal Josephson junction with topologically nontrivial Ŝ.
The transconductancesi 6= j become quantized for ranges of voltage bias (top �gure)
and magnetic 
ux phase at �xed bias eV� = � 0:02� (bottom �gure) through the
junction. Adapted from Reference [63].

eVi � � infeasible. Thus, one needs to make an MTJJ that hosts only a few modes

(ideally one) between each pair of terminals.

Furthermore, the accessibility of Weyl singularities in the ABS spectra depends on

Ŝ in a way that is not fully understood. A typical approach in theory is to randomly

generateŜ from a few sets of symmetries, depending on the exact implementation. It

is found that a signi�cant fraction of randomly generated matrices admit topological

states, but many do not. This implies that an experimental implementation of this may

rely on a sort of in situ adjustment of Ŝ, possibly achievable with gating, or otherwise

fabrication of many devices which are stochastically non-identical.

One can see the challenges posed in order to experimentally approach these require-

ments in a real MTJJ, the �rst steps towards which the contents of this thesis addresses.



Chapter 2

Fabrication and Experimental

Techniques

This chapter covers the fundamental techniques used in the fabrication and cryogenic

electronic measurement of the Josephson junction experiments described in Chapters

3, 4 and 5. Countless cleanroom hours were spent adapting and innovating fabrication

methods to our tools and capabilities here at the U of M, ultimately resulting in a

reliable, stable, and reproducible high-yield fabrication process. As such, it only felt

right to devote a signi�cant portion of the thesis to both the background and speci�c

implementation of these modern nanofabrication methods. Additionally, the operational

basics of the3He/ 4He dilution cryostat (colloquially dilution refrigerator, or dil fridge)

are discussed. Finally, a rundown of the electronic measurement techniques employed

in this thesis is given.

2.1 Fabrication of Nanoscale Devices on Epi-Al/InAs

The following section will cover the process of creating nanoscale gated Josephson de-

vices on the epi-Al/InAs heterostructure. Provided �rst is a description of the nanofabri-

cation techniques and how they are implemented in our devices. To begin, the following

summary of the fabrication procedure is o�ered. Several minor steps and exact details

36
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are omitted for increased readability. The fully detailed cleanroom fab sheet can be

found in Appendix A.

All fabrication steps are carried out in the Minnesota Nano Center's (MNC) clean-

room facilities. The cleanroom environment, as the name suggests, primarily controls

the level of particulate matter present in the air (a single dust particle can be orders of

magnitude larger than a typical device!). Additionally, it precisely controls temperature

and humidity levels to ensure the most consistent conditions for repeatable fabrication

techniques. As alluded to in Section 1.2.4, the crux of the fabrication process is the ex-

istence of a method for selective wet etching of the aluminum layer. That is to say, the

aluminum layer can be chemically removed without removing or damaging the layers of

III-V semiconductor material which comprises the InAs quantum well heterostructure.

Combining this selective aluminum wet etch with a general III-V wet etch procedure

and electron-beam lithography (EBL) techniques (Section 2.1.1), a mesa can be made

which de�nes the shape of a device. This mesa is electrically isolated from the rest

of the chip, including other devices on the same die. This is because the mesa etch

depth is su�cient to remove all but the electrically insulating bu�er layers at the bot-

tom of the heterostructure. Then with another round of EBL, the junctions themselves

can be de�ned on the mesa devices, after which the selective aluminum etch is applied

to create the de�ned gap between proximitized superconductors. Now that the junc-

tion itself is made, the side walls of the mesa contain materials that are susceptible to

oxidation in air, which can give rise to unwanted conducting edge channels and can de-

grade the 2DEG mobility [65]. To encapsulate and protect these sidewalls, a thin layer

of aluminum oxide (typically written Al 2O3 but the stoichiometry can vary) is grown

over the entire chip by atomic layer deposition (ALD). This insulating Al 2O3 layer also

serves as the gate dielectric. From there, two rounds of EBL followed by electron beam

evaporation of Ti/Au are performed to create the nanoscale gates above the junction

area and the large gate leads, respectively. Figure 2.1 shows a stylized depiction of this

fabrication process.
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Figure 2.1: Cross-sectional stylized schematic of the fabrication process for a gated

three-terminal Josephson device on epi-Al/InAs quantum well heterostructure. Layer

thicknesses and feature dimensions are not to scale.
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2.1.1 Electron-beam Lithography Basics

Electron-beam lithography (EBL) is a technique for creating patterned devices on chips

with sub-10 nm feature resolution, and is the lifeblood of modern semiconductor device

physics research. An EBL system uses a �nely calibrated beam of accelerated electrons

to expose a material (called the resist) which is spun in a thin layer on top of a de-

vice chip or wafer. This beam is raster scanned over the resist-coated sample to �ll

a designed pattern, such as the mesa outline of a device. The resist is then treated

with a developer chemical, which removes the beam-exposed areas of resist (if it is a

so-calledpositive sense resist), or everythingbut the resist (if it is a negative sense re-

sist). The only resists used in this thesis are positive sense, which are long polymers

that are broken into smaller segments by the electron beam. The intact (unexposed)

polymer is insoluble in the developer solvent, but the small segments are soluble. After

development, the uncovered areas can be addressed by subtractive processes, such as

etching, or additive processes, such as physical vapor deposition. A schematic of this

basic positive lithography process is shown in Figure 2.2(b).

At the time of writing this thesis, EBL is a highly specialized technique that lacks

parallelism. This is in contrast with optical lithography, the widely used method in con-

ventional semiconductor device fabrication, which has a feature resolution typically on

the order of 100's of nm; as it is di�raction-limited by the wavelength of light used

(ultraviolet). The resolution of EBL is not limited by wavelength, as the equiva-

lent measure, the de Broglie wavelength of an accelerated electron, is approximately

� = h=
p

2meV = 0 :004 nm for V = 100 kV (as it is in our EBL system). Rather,

the resolution is primarily limited by the focus of the beam and the electron-matter

interactions that occur when the beam strikes the substrate [66]. Furthermore, EBL

allows for precise alignment in processes that involve multiple rounds of lithography

(read: all useful processes), by using the electron beam to locate patterned alignment

markers and write features relative to them also with sub-10 nm accuracy. For the

gated lateral Josephson devices studied in this thesis, the high feature resolution and

alignment accuracy of EBL is absolutely essential for de�ning the small scale geometry

of the mesa as well as the junction and gate features. The speci�c system used in this

work was the MNC's Vistec EBPG5000+ (Figure 2.2(a)).
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Figure 2.2: (a) The Vistec EBPG5000+ EBL system at the MNC cleanroom facility.
(b) Schematic steps of an EBL write and develop. Adapted from Reference [67].

To begin the EBL process, the CAD design of the device is exported from AutoCAD

into a .dxf �le format compatible with the GenISys BEAMER software package. This

software fractures the shapes in the device pattern into trapezoidal segments and then

converts the segments into a pattern of pixels which correspond to dwelling points of the

scanned electron beam. The electron beam can only be electromagnetically de
ected

(aimed) within � � 250 � m of zero. This means the pattern must be broken up into a

grid of �elds measuring, in this case, 520� m on a side (seen in Figure 2.4(b)). The EBL

machine's mechanical stage moves over this grid to �ll out the pattern during writing,

which is termed �eld stitching. The �eld stitching accuracy, or how well the sides of

each �eld matches up to its neighbors, is around 25 nm. Thus, one must be careful

that the boundary of a grid does not pass through the smallest areas of your device

as to not compromise the geometry. Figure 2.4(b) shows an appropriately converted

and fractured pattern, where the grid does not land on the central mesa region which

requires the most precise geometry, but rather in the relatively large-scale leads. Once

patterns are fractured, they are imported into the CJob software, which is used to

export a .job �le containing all other relevant parameters of the write such as beam

current, locations of alignment markers, labeling, and making copied arrays. This is the

�le which is ultimately used by the EBL system.

There are three main parameters which directly a�ect the quality of EBL pattern

exposure and the resultant quality of a device's geometric features: dose, beam step
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size (BSS) and beam current. The dose, measured in� C/cm 2, is the calculated charge

per unit area delivered to the fractured EBL pattern. The BSS is the distance between

pixels (also synonymous with pixel size), i.e. the grid spacing of the pattern. The beam

current is self-explanatory, and is measured in nA. These quantities are related to each

other through the equation

D =
I b

x2f
(2.1)

where D is the dose,I b is the beam current, x is the BSS, andf is the de
ection

speed, i.e. the frequency with which the beam is scanned over the pixels. The scan

frequency f can be anything up to 50 MHz on the Vistec. The BSS is set when the

pattern is fractured, and should be chosen so the smallest pattern feature is at least 5

pixels wide. Another relevant quantity not directly present in the equation is the spot

size of the beam. This is dictated by the beam aperture (for all intents and purposes a

constant, 300� m in this case) and more pertinently the beam currentI b. The spot size

dependence vs beam current for the Vistec with 300� m aperture is shown in Figure 2.3

As indicated by the �gure, beam currents of 5 nA or less produce the minimum spot

size of � 5 nm and thus one should useI b � 5 nm for best resolution [68]. The beam

current is chosen such that the BSS is ideally� 60% of the spot size for achieving the

best exposure. However, any ratio of BSS to spot size from 10% to 100% can produce a

good exposure, but is generally more dose-dependent the farther from the ideal� 60%

�gure. In practice, one chooses a dose for their pattern, which, for a given beam and

BSS, de�nes the scan frequency by Equation 2.1. The beam should be adjusted to give

the largest scan frequency possible without exceeding the 50 MHz limit and without

making the spot size too large in order to minimize write time (EBL use is expensive!).

Choosing a dose is an iterative process that is pattern geometry and substrate de-

pendent. Due to the complex nature of the interaction of energetic electrons with the

resist and substrate, the actual delivered dose can di�er from the calculated dose and

can also vary over di�erent portions of the pattern. Backscattered electrons cause the

proximity e�ect [69] (not to be confused with the superconducting proximity e�ect of

Section 1.2.4), whereby a pattern feature receives additional unwanted dose from writ-

ten patterns nearby. The BEAMER software can correct for this via proximity error
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Figure 2.3: Electron beam spot size versus current measured on the Vistec by MNC
sta�. Beam currents of 5 nA or less can be assumed to have a spot size of� 5 nm.
Adapted from Reference [68].

correction (PEC), which amounts to solving the inverse scattering problem and mod-

ulating dose accordingly across the pattern in order to achieve the desired net dose.

The color variations seen in Figure 2.4(b) represent this normalized dose modulation,

with redder areas receiving a higher relative dose than the rest of the pattern. It is also

typically the case that smaller features require higher doses to be properly exposed, due

to lack of proximity e�ect.

Figure 2.4: (a) Example of a typical device die with colored layers designed in AutoCAD
software. Brown represents the mesa etched area, green the etched alignment markers,
blue the intact Al leads, and gold the gate pads/leads. (b) The corresponding converted
and fractured pattern for the initial mesa etch fabrication step. The large square num-
bered areas comprise the �eld grid. The variation in color corresponds to normalized
dose from proximity e�ect correction (PEC), with redder areas receiving higher relative
dose.
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At the beginning of a new pattern fabrication, a dose test is performed on the actual

material with a chosen resist, in which the same pattern is written with a range of

di�erent doses. This dose test can then be developed, and in some cases the additive or

subtractive next step is performed. The results can be examined by optical microscopy,

scanning electron microscopy (SEM) or other suitable technique to determine what dose

is best.

2.1.2 Cleaving and Mounting the Chip

The material received from the Palmstr�m group comes in sections of a 2-inch wafer

with residual indium metal on the bottom side (Figure 2.5(a)). The material is stored

in a freezer at � 20°C to slow degradation via oxidation. A typical chip size which can

typically accommodate six to eight multiterminal devices is 5 mm � 6 mm, although

smaller chips down to roughly 2.5 mm� 2.5 mm are usable. The InP substrate which

comprises nearly the entire thickness of the sample can be cleaved along its crystalline

axes with a diamond scribe similarly to a Si wafer, although perhaps requiring slightly

less force. After cleaving the chip, a razor blade is used to remove any lumps of indium

metal on the bottom of the chip that would cause the chip to not rest level on a 
at

surface. After a suitable chip is cleaved, it is solvent cleaned by soaking and swirling

in acetone followed by isopropanol (IPA) to remove any organic residues, then blown

dry with nitrogen. This standard solvent clean is repeated many times throughout the

fabrication process.

Figure 2.5: (a) Section of a 2-inch InP wafer with the epi-Al/InAs quantum well het-
erostructure grown on top. (b) Example of an in-fabrication device chip mounted on a
Si carrier chip.



44

Several of the subsequent steps in fabrication involve careful handling of the chip

and mounting the chip onto various holders. These steps are either inconvenient or not

possible to do on such small chips, so the chip is mounted onto a larger carrier chip,

which is itself a section of a standard 4-inch Si wafer. A small drop of poly(methyl

methacrylate) (PMMA) electron-beam lithography resist is applied to the carrier, and

the device chip is placed on the drop, after which the pair are baked at 180°C to harden

the resist. The bond formed is quite strong and able to withstand the forces applied

in resist spinners, and it is resilient to being bumped accidentally with tweezers during

handling. An in-progress device chip bonded to a carrier is shown in Figure 2.5(b). The

device chip can be removed simply by soaking in acetone to dissolve the PMMA, which

occurs during several of the later fabrication steps. During the fabrication process, the

chip is stored in a Gel-Pak container with conductive gel substrate to prevent it from

rattling around, as well as to disperse any accumulated static charge.

2.1.3 Die Design

The device dies have several design considerations. The alignment markers used are 20

� m � 20 � m squares (rn20 in the Vistec software terminology) which are etched along

with the device mesas. These negative alignment markers have good contrast with the

surrounding unetched aluminum, and can be located by the EBL system with a range of

beams. They are written in 2� 3 or 2� 4 arrays at the corners of each device on the die,

with (� x; � y) = (150 � m, 150 � m). Redundancy in alignment markers is important.

They are typically not individually reusable, as they are degraded in the etching or

deposition processes following each aligned write. Alignment markers are used in all

EBL writes following the �rst mesa write to precisely align the junctions and gates with

the device mesas. For each aligned write, threeglobal alignment markers are chosen

from the corners of the chip, which establishes internal coordinates for the EBL system.

Further, three local alignment markers are chosen from the arrays surrounding each

individual device, which allows the EBL write to be even more accurate in writing the

actual junctions and small gate features. These alignment markers can be seen as small

green squares in Figure 2.4(a). The CAD shapes that de�ne the junctions overshoot the

mesa. This ensures a fully etched junction area, in that a small misalignment does not

result in a residual aluminum short. All current pads and gate pads of the devices should
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be approximately 150 � m on a side to allow for leeway during wirebonding. There are

two mesa pads and leads per terminal on a device to enable four-probe measurement,

as described later in Section 2.3.1.

2.1.4 Mesa Write and Development

The �rst fabrication step is the EBL write of the large scale geometry of the device

die. Poly(methyl methacrylate) (PMMA) positive sense resist is chosen for all EBL

write, except for the deposition of thick gate leads. In general, positive sense resists are

easier to work with at each stage of the EBL process owing to their chemically simpler

exposure process (described at the beginning of Section 2.1.1), and produce better

resolved pattern features at small length scales. Recall, however, that the devices are

de�ned by a mesa resulting from the wet etching of surrounding material. Therefore,

using a positive resist means that the actual written pattern is a negative image of the

mesa. Alignment markers are also written in this step.

Figure 2.6: Center of a two-terminal device after the �rst EBL write and development,
the brighter colored areas are where the positive PMMA resist was removed by devel-
oper.

A standard resist solution of 4 wt% 495K PMMA in anisole (495K A4) is spun on

the chip at 4000 rpm for 45 seconds, with a resultant thickness of 140-160 nm. The resist

is baked at 180°C to drive o� the solvent. The chip is then ready for EBL exposure in

the Vistec. The carrier is mounted to the Vistec's piece part holder stage with copper

clamps. The clamps provide enough attachment force to prevent any slipping of the

chip during loading into the machine or during movements of the stage during writing.
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The chip is then leveled, aligned to the appropriatex and y axes, and loaded into the

Vistec. The (x; y)-coordinates of two opposing corners of the chip are noted, so that

the center coordinates of the chip can be calculated and input as the position of the

pattern. All mesa and alignment marker features are written with the same 100 nA

beam with an approximate spot size of 50 nm, with a dose of 700� C/cm 2.

The resist is then developed in a standard PMMA developer solution of 1:3 methyl

isobutyl ketone (MIBK):IPA for 60 seconds, then rinsed in pure IPA for 60 seconds. The

resulting developed pattern is evaluated for quality and on-chip alignment by optical

microscopy. If the pattern is signi�cantly o�-center, with features within about 300 � m

of the chip edge, it is best to rewrite the pattern, adjusting for the perceived o�set.

Features being too close to the chip edge can result in di�culty �nding alignment

markers, as well as dose inconsistencies caused by increased thickness of resist around

the periphery of the chip. If the pattern looks good, we proceed to the next step of wet

etching the mesa.

2.1.5 Mesa Wet Etching

Much of the mesa and junction wet etching procedure was based on information from

the thesis of Morten Kjaergaard from Copenhagen University [70], in which he gives

a fantastic summary and description of the process he arrived at after much trial and

error. This gave a good starting place for the development of my own process to suit

the cleanroom tools at my disposal, as well as the speci�c requirements for my devices.

After development, the chip is descummed by treatment with a low-energy oxygen

plasma in a reactive ion etching system. The reactive oxygen plasma removes residual

PMMA in the developed areas while etching only a few nm of unexposed resist. Next,

the chip is baked at 120°C to re
ow the resist. Developed PMMA possesses an undercut,

meaning the edge of the resist does not form a 90° step, but is angled inward from the

feature. This undercut is advantageous for lift-o� procedures in additive processes, but

for a subtractive process it only exposes more of the substrate to the etchant and can

lead to enlargement of etched features (overetching). The re
ow step collapses this

undercut and reduces unnecessary overetching. Overetching plagued early devices in

this project, and the addition of the re
ow step in this fabrication solved the problem

almost entirely. Following descum and re
ow, the chip is ready for the mesa etch. The
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Figure 2.7: Wet etching setup at a cleanroom wet bench.

thickness of the PMMA can be measured at this stage for a more precise calculation of

mesa etch depth later on.

Before describing the cleanroom procedure, the two etchants used are described.

Standard III-V wet etches will not etch aluminum or its native oxide, so the �rst etch-

ing step is to treat the chip with a selective aluminum etchant commercially available as

Transene Aluminum Etch Type D. This aqueous etchant is composed of 55-60% phos-

phoric acid, 5-10% sodium m-nitrobenzene sulfonate, 1-5% acetic acid with a balance

of water [71]. The m-nitrobenzene sulfonate anion acts as a selective oxidizing agent, as

it will readily oxidize aluminum but not III-V materials. The mechanism is as follows.

The native aluminum oxide is readily dissolved by the phosphoric acid, which exposes

elemental aluminum to the m-nitrobenzene sulfonate oxidizer, creating more aluminum

oxide which is dissolved in turn. The acetate anions act to increase the solubility of the

resultant Al 3+ cations.

The III-V mesa etchant is composed of DI water, citric acid, phosphoric acid and

hydrogen peroxide. The phosphoric acid and hydrogen peroxide solutions used are the

commonly available manufactured concentrations, and the citric acid solution is home-

mixed with granular anhydrous citric acid. This citric acid solution should be left to

stabilize for at least an hour and preferably overnight before use due to endothermic

dissolution, but is shelf-stable. Hydrogen peroxide is an unstable molecule which can

degrade rapidly, and care should be takennot to use hydrogen peroxide solutions that
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were �rst opened more than 2 weeks before their intended day of use. The mechanism

of this wet etch is as follows. The hydrogen peroxide oxidizes the III-V materials in

the heterostructure, forming gallium, indium and arsenic oxides. These oxides are then

dissolved primarily by the phosphoric acid [72]. The resultant indium and gallium ions

are coordinated by citrate anions which increases their solubility [73,74], particularly in

the locus of etching at the mesa sidewalls, making the etch more stable and uniform. A

summary of etchant composition is given in Table 2.1.

Etchant Constituent Solutions Ratios

Selective Aluminum
Etchant (Transene

Aluminum Etch Type D)

25 nm/s etch rate at 50°C

Premixed

Weight percents:

� 55-60% phosphoric acid
(H3PO4)

� 5-10% sodium
m-nitrobenzene sulfonate

(O2NC6H4SO3Na)
� 1-5% acetic acid
(CH3COOH)
� Water balance

III-V Mesa Etchant

0.5 nm/s etch rate at RT

ˆ DI water

ˆ 1 M citric acid
C6H8O7 (aq, home-
mixed)

ˆ 85% phosphoric acid
(H3PO4) (aq)

ˆ 30% hydrogen per-
oxide (H2O2) (aq)

Solution volume ratios:

220 DI water :
55 citric acid :

3 phosphoric acid :
3 hydrogen peroxide

Table 2.1: Chemical composition of wet etchants.

The process continues in a cleanroom wet bench with fume hood, two beakers of

Transene D are prepared in 200 mL polypropylene (PP) beakers in a water bath set

to 50°C. Two additional 200 mL PP beakers of deionized (DI) water are also prepared

alongside in the water bath. After adding the etchant beakers to the water bath, the

bath's lid should be left open to prevent condensation of water and acids, which can
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drip into the solutions or onto the user. While the beakers are thermalizing, the III-V

mesa etchant is mixed at room temperature in an 800 mL glass beaker on a nearby

hotplate with a magnetic stir bar. The addition of hydrogen peroxide should be left

until just before starting the actual etching. Three more 400 mL glass beakers of DI

water are prepared at room temperature on the wet bench. Figure 2.7 shows the full

wet etch setup in an MNC cleanroom wet bench. Temperature stability is critical to the

aluminum etch, and the temperature just before etching should be measured at 50� 1°C.

The etch is highly temperature dependent, and a 10°C increase in temperature results

in an approximate doubling of the etch rate [75]. The aluminum etch rate of Transene

D at 50°C is approximately 25 nm/s, although typically the chip is swirled for several

seconds to dissolve the oxide. The room temperature etch rate of the III-V wet etch is

roughly 0.5 nm/s, but can vary by as much as 20% (typically in the negative direction)

for reasons still unknown to me.

The process starts with the aluminum etch. The carrier is gripped with self-closing

tweezers, then swirled in the left aluminum etchant beaker for 7-10 seconds. The chip

is then quickly transferred to the left water beaker in the water bath, with e�ort taken

to minimize exposure to air, and swirled for 20 seconds. Then it is transferred to one

of the room temperature water beakers and stirred for 40 seconds. Tweezers should be

swapped at this step, and the self-closing tweezers rinsed in DI water. The chip is blow-

dried with N 2. At this stage the chip should be inspected under the optical microscope.

The areas with aluminum removed should be considerably darker than the areas still

under the PMMA. Also any overetching visible underneath the PMMA should be noted,

as this could indicate a problem with etchant temperature, re
ow, or the EBL write.

The chip is now ready for the mesa write, which has a considerably slower etch rate.

Again with the self-closing tweezers, and with the magnetic stir bar spinning, the chip is

swirled in the III-V etchant for 8-9 minutes. Then it is transferred to one of the unused

room temperature water baths and rinsed for 40 seconds, and blow-dried with N2. The

color of the etched features should now be even darker than after the aluminum etch. At

this stage, a pro�lometer is used to measure the step height of the mesa due to variability

in the etch rate. Anything less than 200 nm after subtracting the PMMA thickness

warrants an additional 1-2 minutes of etching. Once the mesa etching is con�rmed to

be to a depth greater than 200 nm, the next step can be undertaken, which consists of
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an exact repeat of the previous aluminum etch procedure. This additional etch cleans

up any ragged aluminum left behind after the mesa etch. This time the chip is swirled

for 7-10 seconds in the right (as yet unused) Transene D beaker, then 20 seconds in

the right heated water beaker, then 40 seconds in an unused room temperature water

beaker. It is blow-dried again with N2. It is good practice to inspect the chip via optical

microscope one last time. This concludes the wet etch process.

The PMMA resist can now be stripped o� by soaking the chip in a beaker of acetone

on a hotplate set to � 115°C (approximate solvent temperature 50°C, due to much cooling

by evaporating acetone), with magnetic stir bar and watch glass to re
ux the quickly

evaporating solvent. After 5 minutes, all the PMMA from the top of the chip should

be dissolved, as well as the resist adhering the chip to the carrier. The chip should

then be transferred to a beaker of room temperature IPA and soaked for 1 minute, then

blow-dried with N 2. The carrier can be reused for the next steps.

2.1.6 Junction Write and Etch

The next fabrication step is to write the small junction areas in the centers of the mesas.

The chip is re-adhered to the carrier with PMMA as outlined in Section 2.1.2. The same

PMMA monolayer resist is used for this step as for the mesa etch: 495K PMMA A4

at 4000 rpm for 45 s. The leveling procedure has additional steps compared to the

unaligned mesa write. There must also be precise rotational alignment within� � 2°.

This is done under the alignment microscope by lining up the rectangular alignment

markers over as large a spacing as possible on the chip (typically 4-5 mm). Once the

chip is leveled and rotationally-aligned, the location of the starting global alignment

marker is recorded. All other markers can be found from stage motion relative to this

initial global marker.

The most common problem in an aligned write is when the marks cannot be auto-

matically found by the system during the write, causing the write to be aborted. After

loading into the Vistec, the appropriate beam to be used for this write is loaded. The

alignment markers to be used for the write are manually found with manual relative

movement in the command prompt. If all alignment markers are successfully found by

the software, the automated write should proceed without interruption.
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The junctions are written with a 1 nA beam (nominal � 5 nm spot size) with a dose

of 1100 � C/cm 2. The development, plasma descum, and re
ow steps are the same as

for the mesa.

The aluminum wet etch is prepared the same as in the previous section, two 200

mL PP beakers of Transene D in a 50°C water bath. This time only one 200 mL PP

beaker of DI water is prepared in the water bath. Another 400 mL RT glass beaker of

water is prepared on the wet bench. The junctions are etched by swirling �rst in the

left aluminum etchant beaker for 5 seconds, then in the right beaker for an additional

5 seconds. Then stir in 50°C DI water for 20 seconds, and 40 seconds in RT DI water.

The double dip in etchant results in a cleaner junction. Even with very small junction

writes, a subtle darkening in color in the junction area can typically be seen by optical

microscope after the etch. If everything looks good, the chip can be cleaned of PMMA

and remounted to the carrier for dielectric deposition.

Figure 2.8: Topographical atomic force microscopy (AFM) image of an etched junction
on epi-Al/InAs, before gate dielectric deposition, showing junction depth (darker blue
vertical strip) and mesa step height.

2.1.7 Dielectric Deposition

Following the junction etch, it is important to proceed with deposition of the gate

insulator as quickly as possible (ideally within an hour or two) to minimize air exposure.

In addition to forming a physical barrier between the reactive sidewalls of the mesa

and the atmosphere, it has been demonstrated that atomic layer deposition (ALD)

of Al2O3 can reverse some oxidation-caused damage, although the exact mechanism

is unknown [76]. ALD is the method of choice for creating high quality conformal
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crystalline insulating thin �lms. The conformal nature of the ALD �lm is essential here,

as we need excellent sidewall coverage in order to create the aforementioned sidewall

protection as well as to prevent shorting between the gate leads and the mesa. The

mechanism for growth of an ALD Al2O3 �lm is shown in Figure 2.9. For thermal

ALD, the chamber is evacuated and heated to a temperature typically in the 150-

300°C range. The cyclic deposition has two main reactive steps. First a precursor

chemical is 
owed over the substrate, trimethylaluminum in the case of Al2O3, which

reacts with hydroxyl terminations on the surface of the substrate to form a layer of

methyl-terminated aluminum oxide and liberating methane gas. Most oxide-covered

substrates naturally acquire hydroxylated surfaces when exposed to the water present

in air. The excess precursor and waste methane is purged with an inert gas, typically

N2. In the second step, water vapor is 
owed over the substrate. The water vapor

readily hydrolyzes the aluminum-carbon bond to produce a fresh hydroxylated alumina

surface, again liberating methane. The chamber is purged again. These two steps can

be cycled through until a desired �lm thickness is reached.

Figure 2.9: Mechanism of conformal atomic layer deposition: (i) A hydroxylated sub-
strate surface. (ii) TMA reacts with the hydroxyl groups to create a layer of methyl
terminated alumina, liberating methane. (iii) Methylaluminum bonds are hydrolized by
water, forming a new hydroxyl-terminated oxide surface and liberating methane. Cycle
is repeated until desired thickness is reached. Figure adapted from Reference [77].

Thermal ALD is used to deposit approximately 40 nm of low-stress Al2O3 at 200°C

using the Ultratech Savannah-Thermal in the MNC's Keller Hall cleanroom. The de-

position rate at 200°C is � 1.1 �A per cycle, which amounts to 365 total cycles. A silicon

wafer piece can also be put in with the device chip for measuring the thickness and
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refractive index of the �lm using ellipsometry. The �lm's index of refraction is indica-

tive of its stress and overall quality. The chip is solvent cleaned before the writing and

deposition of gate features.

2.1.8 Writing and Deposition of Gates

The �nal phase of the fabrication process is the EBL and deposition of gates in two

parts. First, the small gate features which cover areas of the junctions are written

and deposited. Second, the pads and gate leads which make contact to the small gate

features atop the mesa are written and deposited. The deposition of metallic top gates

on the Josephson devices is the only additive process in the fabrication.

For the writing of small gate features, the same PMMA monolayer is used as for

both etching steps: PMMA 495K A4 at 4000 rpm for 45 s. A rule of thumb for good

lifto� of evaporated metals is that the resist should be at least 3� thicker than the

deposited metal thickness. The desired small gate metal thickness is 30 nm total. The

140-160 nm PMMA monolayer accommodates this amount comfortably. The small

gate features have the same aligned write procedure as the junctions in Section 2.1.6.

They are exposed with a dose of 1100� C/cm 2 using a 1 nA beam. Standard PMMA

development is conducted, followed by plasma descum. Re
ow isnot done for this step,

since the resist undercut is desired for the lifting o� the excess metal in this additive

process.

Figure 2.10: (a) The CHA electron-beam evaporator in the MNC cleanroom facility.
(b) Depiction of the di�erence between \lift-o�" and \planetary" sample �xtures. The
planetary �xture allows a more conformal deposition and better step coverage for gate
leads.
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Electron-beam evaporation is used to deposit the gate metals. E-beam evaporation

works by heating a metal target with an energized beam of electrons under high vacuum,

producing metal vapor which solidi�es on the sample. This method of evaporation can

produce high-quality metal �lms, but is very non-conformal. To ensure uniformity in

deposition, the sample is rotated on its �xture at a constant small angle relative to the

line-of-sight to the hot metal source.

This line-of-sight deposition is not an issue for the small gate features, since they sit

on top of the mesa and don't require sidewall coverage. The CHA Evaporator in the

MNC cleanroom (Fig. 2.10(a)) is used to deposit a 5 nm Ti adhesion layer, followed

by 25 nm of Au. Following deposition, excess metal on top of the resist is removed by

lift-o� in 50 °C acetone with a magnetic stir bar. A submerged pipet is used to blow

acetone across the chip to strip away larger metal 
akes. Following lift-o�, the chip is

rinsed in room temperature IPA for 60 s and blow-dried. The chip should be inspected

under an optical microscope to check for areas of residual Ti/Au. The chip is remounted

to a new carrier, as the previous one will have been mostly coated with metal.

A di�erent resist is used for the large gate features and pads. The desired metal

thickness is 205 nm, therefore a much thicker resist is needed. A bilayer resist is used

to accomplish this. The �rst layer is a methyl methacrylate-methacrylic acid copolymer

resist, 9 wt% in ethyl lactate (EL9), spun with the same parameters as the A4 monolayer.

This layer is baked at 180°C, then a second layer of A4 monolayer (same parameters)

is spun on top, then baked to form the bilayer. The overall thickness of the bilayer is

460-470 nm. This bilayer resist also possesses a substantially larger undercut than a

PMMA monolayer, helping with lift-o�.

The large gate features are written with a dose of 850� C/cm 2 using a 3 nA beam.

In principle, larger beam currents can be used, but sometimes beams larger than 3 nA

have di�culty �nding alignment markers. Standard PMMA development is conducted,

followed by plasma descum.

In contrast with small gate features, large gate features need much more conformality

in order to climb the sides of the mesa. This is at odds with e-beam evaporation. Luckily,

there is a solution with the CHA. The normal small-angle sample mount \lift-o�" �xture

can be swapped for a so called \planetary" �xture. This �xture consists of a concave

wheel which rotates around the top of the evaporation chamber, e�ectively rotating the
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Figure 2.11: An example �nished device chip, containing two-terminal and three-
terminal devices.

target sample through a nearly 2� of solid angle with respect to the hot metal source.

Figure 2.10(b) shows a comparison of these two evaporator �xtures. The large gate

features are deposited in two steps: �rst, 5 nm of Ti and 50 nm of Au are deposited

with the planetary �xture. Then the chip is removed and the �xture swapped back

to lift-o�, with which a further 150 nm of Au is evaporated. This two-step procedure

is necessary for clean lift-o� in acetone, since conformal �lms will partially cover the

resist sidewalls of developed features, which blocks solvent from coming in. The same

50°C acetone lift-o� is conducted. Finally, the die should be inspected under an optical

microscope to identify any devices that may have shorted gate features or any other

defects that could have occurred over the fabrication, such as scratches. Figure 2.11

shows an example completed device chip with two-terminal and three-terminal devices.

2.2 Cryogenic Measurement

Cryogenic measurement is a requirement for the devices described in this thesis. Super-

conducting devices must be cooled to below theirTc. Furthermore, thermal 
uctuations

are the enemy of clean quantum measurement. Generally, in order to resolve quantum

mechanical behavior in an electronic device, it must be cooled such that transitions

between quantum states aren't being stochastically driven by thermal energykBT. For

example, in a Josephson junction, supercurrent will be washed out by thermal 
uctu-

ations if kBT exceeds the Josephson energyEJ = ~I c=2e [3]. To measure a junction

with I c � 10 nA, this requires a temperature below approximately 200 mK. Thus, a re-

liable system for electronic measurements of nanoscale devices at sub-4 K temperatures
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is a necessity for experimental quantum transport labs. There are several options for

achieving this, but currently the 3He/ 4He dilution refrigerator is at the forefront.

2.2.1 3He/ 4He Dilution Cryostat Basics

The 3He/ 4He dilution cryostat (equivalent terms: dilution refrigerator, dil fridge) has

become a staple commercially-available instrument for low-temperature electronic ex-

perimentalists. Modern closed-cycle (\dry") systems are commonly capable of reaching

temperatures of 20 mK or less, without consuming large amounts of precious cryogens

(helium is a �nite, nonrenewableresource on Earth).

Figure 2.12: Phase diagram of a liquid mixture of3He and 4He. The 4He rich phase to
the left of the Lambda line admits a �nite solubility of 3He at T = 0. Adapted from
Reference [78]. (b) Simpli�ed schematic of the internal workings of a dilution cryostat.
Cooling power is provided by removing3He from the dilute phase in the still and then
cooling and recirculating it into the mixing chamber. The sample to be measured is put
in contact with the mixing chamber. Adapted from Reference [78].

The key physics that admits the use of3He/ 4He mixture as a refrigerant is the �nite

solubility of 3He in super
uid 4He which persists to T = 0. Figure 2.12(a) shows the
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phase diagram for a mixture of3He and 4He at temperatures below 2.2 K. The normal


uid 3He phase to the right of the Lambda line (4He super
uid phase transition) becomes

rich with 3He becoming almost entirely liquid 3He as T ! 0. The phase to the left

of the Lambda line becomes dilute of3He asT ! 0 but strangely approaches a �nite

value of 6.6%. This phenomenon is quantum mechanical in origin. Crucially,3He has

a half-integer nuclear spin I = 1=2 and must obey Fermi-Dirac statistics, whereas4He

has integer nuclear spinI = 0 and obeys Bose statistics. As an aside,3He also can

form a super
uid (the subject of the 1996 Nobel Prize in Physics) through a similar

pairing mechanism to Cooper pairs in superconductivity, but this occurs at 3 mK; a

temperature lower than those currently achievable in commercial dilution fridges. The
4He rich super
uid phase provides an inert background for the fermionic3He atoms to

interact, and the 3He atoms form a dilute Fermi liquid (a Fermi gas with interactions

included). While in the 3He dilute (4He super
uid) phase, the 3He atoms attractively

interact with each other via their magnetic moments and via a density modulation

e�ect [78]. This net attraction makes it energetically favorable for a 3He atom to cross

from the 3He rich phase to the3He dilute phase. However, the3He dilute phase has a

�nite capacity of 3He atoms due to the aforementioned fermionic nature of3He atoms.

This results in the �nite solubility of 3He in super
uid 4He. By approximating the 3He

Fermi liquid as a non-interacting Fermi gas, one can derive that the enthalpy of a3He

atom in super
uid 4He is higher than that of a 3He atom in pure liquid 3He [78]. Thus,

if 3He atoms can be forced from the rich phase into the dilute phase continuously, a

cooling power arises. In a dilution refrigerator, these two phases are condensed into a

volume called the mixing chamber. Figure 2.12(b) shows a simpli�ed diagram of dilution

fridge operation. The cooling power is produced by pumping on the dilute phase at an

elevated temperature in the still, where the vapor pressure of the liquid is almost entirely

due to 3He. This removes3He from the dilute phase (this is the namesakedilution ) and

drives 3He atoms across the phase boundary from the rich phase to the dilute phase in

order to maintain the constant 3He concentration of � 6.6%. The mixing chamber is the

coldest area of the fridge, and is where the sample to be measured is attached.
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2.2.2 Triton Dilution Cryostat

In this thesis, the dilution cryostat used is an Oxford Instruments Triton 200. The

Triton and I have had what could be described as atumultuous relationship over the

course of my Ph.D. work. In troubleshooting the various malfunctions, idiosyncrasies,

and downright catastrophes the system has undergone, I actually acquired a great deal

of practical knowledge; from plumbing, to vacuum pump maintenance, to handling

$10,000 bottles of a rare gaseous isotope.

Figure 2.13: (a) Oxford Triton dilution refrigerator in the Pribiag lab. (b) Exposed
internal components of the fridge showing the �ve distinct temperature stages, c.f.
Figure 2.12(b). Image from Oxford Triton Manual [79].

The Triton is a dry system (Figure 2.13), which uses a pulse tube cooler to pre-cool

the internal components and condense the3He/ 4He mixture. This is in contrast with a

wet system, which would use liquid nitrogen and liquid4He to pre-cool the system. The

sample holder is loaded through an airlock at the bottom of the fridge, and attached

to the mixing chamber. DC and RF lines that feed through from the top of the fridge

engage with the top of the sample holder at the mixing chamber plate.

The system is computer controlled, with each cooldown step having some level of

automation. Various tweaks and manual interventions are typically needed (the id-

iosyncrasies I mentioned) over the course of the cooldown, such as manually starting

the circulation turbo pump or opening a sticky pneumatic valve. But sometimes, if

you're lucky, it just works.
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