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Chapter 1: Introduction

1.1 Overview

Solid-state quantum computing is gradually approaching experimental real-
ity, evidenced by milestones such as Google's claim of demonstrating \quantum
supremacy", where a quantum computer solves a particular problem exponentially
faster than possible with a classical computer [1]. Yet many challenges remain in
realizing fault-tolerant large-scale systems, as reduced device error rates must be
demonstrated in scalable platforms [2]. Quantum computing hardware, including
ancillary hardware such as control circuitry, is being developed in a range of plat-
forms, each with their own merits. One common thread is the benet that can be
gained in materials optimization. In other words, moving beyond down-selection of
materials to instead working to improve and further understanding material prop-
erties will open new experimental pathways for quantum computing systems. | will
begin with a brief introduction to quantum computing, followed by a discussion on
several materials critical for quantum information (Al, AlOy, Nb), including e orts
to manipulate material properties through processing and proximity e ects. An
introduction to superconductivity is also given to provide context for the interplay

between Nb and Al thin Ims.



1.2 Quantum Computing

The advantage of quantum computing over classical computing stems from a

fundamental di erence in how information is encoded and processed. Classical bits
are binary and therefore can assume one of two states, typically realized by transis-
tors in an on (\1") or o (\0") state. Naturally, the processing power of classical
systems has progressed over time by increasing the number of transistors found on
a given integrated circuit, enabled by a continual decrease in feature size. This re-
sults in a linear relationship between the number of bits N and the number of states
that can be simultaneously represented. However, the size of a transistor can only
be made so small before reaching practical limitations based on leakage/thermal
dissipation or fundamental limitations based on quantum e ects [3, 4]. In theory,
guantum computing outperforms classical computing by leveraging quantum super-
position and entanglement. As opposed to a binary bit state, a qubit state (i.e.,
guantum bit state) can assume a coherent superposition of two basis states given by
j i= joi + jli,where and are probability amplitudes withj j? + j j? = 1.
In other words, the qubit can assume the analogous classic states \0" and \1"
states simultaneously. Multiple qubits can be correlated, or entangled, to form a
state which is a linear combination of the constituent qubit states. Therefore, the
computing power of a classical system scales with the number of bits N and the
computing power of a quantum computer scales a$' 2

The capabilities a orded by quantum computing comes at the cost of fragility.

Unintended interactions of a qubit with it's environment can cause decoherence, or a



loss of information from the original coherent qubit state. A key metric for describing
gubits is the time over which this information is maintained, called the coherence
time (T ;). This time is governed by e ects such as relaxation from an excited state to
a ground state or, since the qubit state has both phase and amplitude information,
a loss of phase coherence (i.e., dephasing). A qubit's coherence time is typically
compared to the gate time for a given architecture. The gate time describes how
long it takes to make a single manipulation of a qubit state. In essence, e ciently
performing a quantum algorithm requires a large number of gate operations, or
manipulations, prior to a loss of coherence. Therefore, an ideal qubit architecture
would have a long coherence time compared to the gate time. Limitations to both are
highly dependent on the material platform or operation scheme being implemented
for a given architecture.

Physical realization of qubits have been demonstrated for a number of material
systems, including superconducting tunnel junctions [5], defect centers in diamond
[6], trapped ions [7], semiconductor devices [8], etc. While each of these material
platforms excel for di erent reasons, merging elements from several platforms will
likely be required in advancing towards large-scale quantum computing. For ex-
ample, merging superconducting and semiconducting systems is of great interest to
the community to leverage bene ts of each platform. Metal-oxide-semiconductor
(MOS) qubits, such as those in Si, typically encode information in the occupation
or spin of electrons in quantum dots. An example, taken from Ref.[8], is shown
in Fig.1.1(a) of a spin qubit in a Si quantum dot architecture, which is electro-
statically de ned using AI/AIO 4 gates. Long coherence times of several hundred

3



microseconds have been realized for single electron spins in Si [9], but the typical
gate complexity and the short range connectivity between qubits makes scaling to
larger systems di cult. Superconducting qubits, such as the transmon qubits, are
more straightforward to couple together and have relatively fast gate times. The
Transmon qubit in Fig.1.1(b), taken from Ref.[5] is made up of superconducting
tunnel junctions, or Josephson junctions, shunted by an interdigitated capacitor.
Coupling between qubits is typically mediated by superconducting resonators, pro-
viding a relatively simple method to connect qubits with a comparatively large
coupling strength. However, the coherence time for superconducting qubits such
as the Transmon is small ( 100 s) compared to semiconductor spin qubits (up
to seconds or minutes) [5, 10, 11, 12]. Combining elements of these systems to
take advantage of both has already been demonstrated, for example by embedding
semiconductor spin qubits in superconducting cavities to increase coherence times
or coupling superconducting and semiconductor qubits with superconducting res-
onators to merge long coherence times with long-range coupling. [13, 14]. Merging
these material platforms continues to progress as mutually compatible materials and

device designs are studied [15].

1.3 Materials for Quantum Information

Much of the progress in advancing quantum computing has focused on de-
vice design or operation schemes, intended to minimize the in uence of material

imperfections [2]. Take the plot in Fig.1.2 for example, where improvements to



(@)

(b)

Figure 1.1: (a) Diagram and scanning electron microscope (SEM) image of a linear
array of Si metal-oxide-semiconductor (MOS) quantum taken from Ref.[8]. The dots
are electrostatically de ned using Al gates separated by AlQOgate oxides. (b) Taken
from Ref.[5] (¢ 2019 IEEE), the optical microscope image is of an Al/AlQtransmon
qubit. The accompanying SEM image shows overlapped regions of Al which de ne
the tunnel junctions. Ref [8] is an Open Access article under a Creative Commons

Attribution License.



superconducting qubit coherence time is mostly attributed to changes in qubit op-
eration or architecture [16]. Referred to as "Moore's Law" for qubit coherence times
by the authors, Vion et al improved the coherence time from nanoseconds to hun-
dreds of nanoseconds in superconducting charge qubits by operating at charge noise-
insensitive bias points, or \sweet spots” [17]. The \transmon" style qubit developed
by Schoelkopfet al further reduced sensitivity to noise, speci cally charge noise, and
increased coherence times by adding a shunting capacitor to the traditional charge
gubit architecture [18, 19]. However more recently, material improvements to miti-
gate sources of noise, loss, and decoherence have driven much of the progress and are
recognized as a critical frontier moving forward [2, 16]. Despite empirical evidence
that shows material imperfections hinder, for example, coherence times in supercon-
ducting qubits, the direct connection between speci ¢ material characteristics and
qubit behavior remains a very active area of research for all qubit implementations.
Further connective tissue can be gained by research on how material properties are

a ected by processing or interactions with other material systems.

1.3.1 Aluminum Oxide

Of the many materials employed in quantum relevant devices, aluminum oxide
layers have been used extensively for gate oxides and tunnel barriers as seen in Fig
1.1. The popularity of AlOy layers has largely been driven by ease of fabrication,
where the di usion-limited oxidation of an Al base layer at room temperature reli-

ably forms a thin ( 1-2 nm) and relatively uniform amorphous oxide layer [16]. In



Figure 1.2: The coherence time for superconducting qubits has increased nearly ex-
ponentially for the last several decades. While mostly attributed to changes in qubit
type, advancements from material selection and processing indicates that material
science will continue to play a prominent role moving forward. This gure is reused
from Ref.[16] with permission from Springer.



Figure 1.3: Examples of microscopic TLS in amorphous AlQayers, including atoms
tunneling between con gurations, trapped electrons, the orientation of dangling
bonds, and the orientation of hydroxyl groups. This gure was reused from Ref.[21],
an Open Access article under a Creative Commons Attribution License.

addition, AlO, layers are well described as WKB-like (Wentzel-Kramers-Brillouin)
barriers owing to a uniform attenuation of states. Although preferable over most
native, thermal oxides, amorphous AlQ layers typically su er from a signi cant den-
sity of electrically active defects [20]. Many of these defects have been attributed to
the initial non-equilibrium structure of the oxide, where metastable atomic con gu-
rations can form microscopic two-level systems (TLS) [21, 22]. Examples of several
defects which manifest as TLS, such atoms tunneling between con gurations or
changing orientations of dangling bonds on under-coordinated atoms, are shown in
Fig.A.8 from Ref.[21].

Interactions between TLS in Josephson junction tunnel barriers and supercon-

ducting qubits is recognized to be one of the leading causes of decoherence [2, 20].



By absorbing a photon from the qubit or associated resonator, a TLS can be excited
and subsequently emit a phonon. This TLS dielectric loss e ectively siphons energy
from the qubit, leading to relaxation to the ground state [23]. In addition, dephas-
ing can occur as low-frequency charge uctuations from TLS cause uctuations in
the Josephson junction tunnel barrier properties. The superconducting qubit com-
munity has largely attempted to avoid these interactions by designing qubits with
smaller tunnel junction sizes, which results in a fewer net number of defects [24].
However when scaling to thousands or millions of Josephson junctions, reducing
TLS density is still necessary to reduce the chance of individual qubits behaving
poorly as a result of strong couplings to TLS [16, 20].

The electrically active defects in AlQ also have deleterious e ects in many
applications outside of quantum computing, such as magnetic random access mem-
ory (MRAM). Relaxation of TLS defects in AlO4 tunnel barriers, a consequence of
chemical pro le or structural relaxation, can cause drift in electrical properties over
time. For devices such as magnetic tunnel junctions (MTJs) used in magnetic ran-
dom access memory (MRAM), drifting electrical properties can manifest as a change
in tunneling magnetoresistance (TMR) [25]. TMR is tunneling resistance which is
dependent on the alignment of magnetic electrodes separated by a thin insulating
layer. Drift in TMR hinders the long term reliability o MRAM, providing just
another example of the broad impact of reducing electrically active defect density
in AlO,.

Optimizing AIO 4 fabrication to mitigate defect density remains a critical ven-
ture towards performing device performance. AlQlayers with O-content approach-

9



ing stoichiometric Al,O3 have been shown to have fewer TLS defects compared to
O-de cient layers [26]. Low-coordinated Al atoms as a result of O-de ciency have
been proposed as a source of several types of TLS defects. Oxygen vacancies can act
as charge traps, where the varying charge state of the vacancy causes uctuations in
the electrostatic environment [27]. Decreased Im density and low-coordinated Al
atoms also give way to a higher density of metastable atomic con gurations, where
Al and O atoms can tunnel between atomic positions [28, 29]. Applying these
lessons to nm-scale tunnel barriers, however, remains a challenge. For example, re-
duction in TLS density has been demonstrated with single crystal tunnel barriers
[30]. However, such epitaxial growth is considerably more daunting compared to
typical amorphous tunnel barrier formation. Processes such as multiple oxidation
steps and free energy tunnel barrier con nement have been used with thermal oxi-
dation to improve AlO, stoichiometry towards ALOs3, however extended oxidation

times are detrimental to industrial applications.

1.3.2 Al and Nb

Aluminum is to superconducting quantum computing as silicon is to modern
integrated circuitry. Most superconducting qubit architectures, including trans-
mon qubits favored by industrial leaders of the eld such as IBM and Google, use
Al/AIO /Al Josephson junctions as the critical element [31, 32]. As discussed above,
Al enables the formation of suitable tunnel barriers. In addition, Al is highly con-

ductive in the normal state and the relatively high dielectric constant of AIQ makes

10



it suitable for gate isolation. It has a superconducting transition temperature ({J) of
1.2 K and a superconducting energy gap, explained in the next section, af80 eV.

Nb, on the other hand, has the highest J of the elemental superconductors
at 9.2 K and an energy gap of 1.5 meV. Al-based Josephson junctions are often
coupled to Nb resonators or, for qubit architectures such as the transmon, shunted
by a Nb-based capacitor. Control circuity for Al superconducting qubits is often
comprised of Nb digital electronics called rapid single ux quantum (RSFQ), where
information is stored in the form of magnetic ux quanta [33]. The relatively high
T of Nb allows the control circuitry to be at liquid He temperature (4 K), which is
much less demanding than the temperatures required for the superconducting qubit
(typically below 100 mK) [34].

Nb and Al are often combined to take advantage of desirable properties in each
material. The high Nb T, of 9.2 K increases the operational temperature range for
a given superconducting device, such as control electronics discussed above, but
forms numerous metastable oxide phases with a range of electrical characteristics
(metallic, semiconducting, etc.) [35]. These oxides have also been shown to host
a higher density of TLS compared to AlQ [36]. The ease of AIQ tunnel barrier
fabrication drives the use of Al, but Al su ers from a relatively low T, of 1.2 K (and
proportionally small superconducting gap). Contact between the materials in u-
ences the superconducting state of each material via the superconducting proximity
e ect. However, gaps remain in the published experimental work concerning the
interplay of these superconducting systems, particularly in regards to the evolution
of the quasiparticle density of states with Im thickness. Of particular import is the
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energy distribution of quasiparticles, as well as their generation and di usion. In
superconducting qubits, tunneling of athermal quasiparticles (i.e.,E ) in Joseph-
son junctions leads to state relaxation. This will be the focus of Chapter 5, where
the evolution of the Nb/Al superconducting state is probed as a function of Im
thickness. However, an introduction to superconductivity is necessary to provide

further context.

1.4 Introduction to Superconductivity

The phenomenon of superconductivity was discovered in 1911 by Kamerlingh
Onnes when investigating the low temperature transport of metals cooled with lique-
ed He. He found that the resistivity of several metals vanished at low temperature
and that these materials could tolerate a persistent current without dissipation. A
microscopic theory for the behavior was introduced by Bardeen, Cooper, and Schri-
e er (BCS) in 1957, which postulated that this dissipationless current is carried
by Cooper pairs [37]. For some metals below a critical temperature ()T electrons
near the Fermi energy () experience a net attractive potential and condense into
Cooper pairs, or pairs of electrons with opposite spin and momenta. The attraction
between the electrons is a result of interactions with the crystal lattice. Motion of
the positive ion cores towards an electron results in a polarized medium, which in
turn attracts a second electron. Superconductivity occurs in materials which exhibit
su cient electron-phonon coupling to overcome the repulsive Coulomb interaction

between the electrons.
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The Cooper pairs occupy a single, macroscopic coherent ground state at the
Fermi level. The energy separating this ground state from the nearest excited state
is g, or the superconducting energy gap. Within the mean- eld Ginzburg-Landau
theory, the superconducting state is described by a thermodynamic order parameter

= j je' with amplitude j j and phase . The order parameter is proportional
to the density of cooper pairs g In a uniform system, the BCS energy gap g4 is
the real part of . This formalism, which can be derived from BCS theory, will be
useful in discussing spatially inhomogeneous superconducting systems.

Several characteristic length scales are used to describe the spatial variation
of superconducting properties. In general, the coherence length describes the
characteristic distance over which the order parameter recovers to a bulk value
from a perturbation. Within BCS, this can be thought of as the distance over
which phase coherence is maintained between paired electrons, i.e., roughly the
\size" of a Cooper pair. The coherence length is related to the order parameter by

= ~vg= , Where v is the Fermi velocity in m/s. The electronic mean free path
in m is given byl = 3D/ vg, where D is the electron di usion constant with units
m?/s. The di usion constant is given by D = 1/ ¢N(0)e?, where , is the residual
resistivity in ohms, N(O) is the two spin density of states at the Fermi energy in
J'm3, and e is the elementary charge in coulombs [38, 39]. By comparingo
the electronic mean free pathl(), superconductors are typically categorized into the
clean limit ( < 1) or the dirty/di usive limit (> ). In essence, this classi cation
modi es the spatial dependence of the superconducting properties. Most thin Im

superconductors tend to be in the di usive limit, due to a relatively short mean free
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path or di usive scattering from boundaries [39]. In this limit, the e ective coherence
length * is given by * = P ~D=2k 5T, wherekg is the Boltzmann constant in
J/K. Finally, these length scales are compared to Im thickness (d). For example,
estimations of these length scales for the 45 nm Nb Ims discussed in Chapter 5
correspond to the conditions g, ( 45 nNm)> w*( 15nNm)> Iy (- 5 nm). In
other words, perturbations to the Nb superconducting state, such as contact with
another material as discussed in the next section, would result in a spatially varying
order parameter within the Nb Im as the thickness is larger than *.

The BCS theory predicts the relationship between the 0 K Cooper pair binding
energy (2 4) and the temperature below which this binding becomes favorable ()
as both are related to the density of states (N) and the interaction potential between

electrons (V) as given below [40].
2 ¢=35X%gT.=4~! pexp( 1=NV) (1.1)

The phonon cuto frequency is given by the Debye frequency,p. Experiments
have shown the BCS predicted factor of 3.52 to vary between 3-4.5 depending on the
electron-phonon coupling, with most materials around the BCS predicted value of
3.5. T, is also correlated with H, a critical magnetic eld. In addition to resistivity
dropping to zero through the superconducting transition, applied magnetic elds are
dispelled from the interior of the material up to H. It follows from Ampere's law
that a critical current (I ;) exists, corresponding to when the magnetic eld generated

by the current exceeds K at the material surface. In Chapter 5, T is determined
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in two ways in an e ort to characterize the evolution of the superconducting state
with wire thickness: (1) measuring the wire resistance as a function of temperature
with a constant current bias 1 << |, and (2) measuring } at subsequent steps in
temperature until no super-current, or dissipationaless current, is observed.

Single particle excitations in a superconductor, called quasiparticles, are char-
acterized as a superposition of negatively charged electrons and positively charged
holes. Breaking a Cooper pair requires a minimum energy E = 2, as the unoc-
cupied quasiparticle states are y above the Fermi energy and this process creates
two quasiparticles. This binding energy is typically of order 1810 eV, much less
than the analogous band gap in semiconductors. As seen in Fig.1.4(a), the BCS
single-particle density of states (N) has no states within 4 of Er and singulari-
ties at the gap edge. This does not represent Cooper pair density, as Cooper pairs
are Bosons and all reside at £ Ns/N y is given by

n #

Nsg E
— = Re p—— 1.2

where N, is the normal state electron density of states. The energy gapy scales
with T/T . as discussed in Ref. [40], and remains relatively constant for T{T 0.45.
The temperature dependence of the 4 is seen in Fig.1.4(b). This temperature de-
pendence is separate from Fermi distribution broadening of the quasiparticle density
of states at nite temperatures, which is included when calculating tunnel junction

current in Chapter 5.



(@)

(b)

Figure 1.4: (a) The BCS quasiparticle density of states normalized by the normal
state electron density of states. E represents the energy relative tg E(b) Temper-
ature dependence of the BCS energy gap scaled tg. T

16



1.4.1 Superconducting Proximity E ect

When a superconductor S is in electrical contact with a normal metal N, the
electronic structure of both are altered near the interface. This in uence, referred
to as the \proximity e ect", results in an induced superconducting gap in N as the
electron pairs leaking from S maintain their phase coherence for a time. Likewise, the
order parameter is depressed in S as uncorrelated carriers leak into N. This e ect
extends a superconductor S in electrical contact with another superconductor S',
with T s > T s. In this case, the order parameter (x), where x is the coordinate
normal to the S-S’ interface, is modi ed at the interface and evolves towards the
bulk (or stand-alone thin Im) values away from the interface. The distance over
which this in uence is apparent from one material to the other scales according to
the coherence length in each material. The magnitude of the in uence scales, in
part, with the normal state DOS N and interaction potential V of each material.
An example of this can be seen in the bilayer ;Tdependence on thickness of the
constituent materials. If, for instance, the thickness of an S' layer is increasing from
zero on an S thin Im, T will smoothly evolve from T, sto T, s [38, 41]. However,
the rate at which T, changes with thickness is largely governed by the density of
states N and the interaction potential V of each material [41]. In the context of
Eq. 1.1, the Im thickness is governing the weight of \NV" from each material.

As | will discuss in Chapter 5, the literature includes a variety of studies that
have calculated the electronic structure of superconducting bilayers (spatially de-

pendent order parameter, density of states, etc). While some have investigated the
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transport characteristics of Nb/Al bilayers, the vast majority are within the context
of superconductor-insulator-superconductor (SS'-I-S"S) tunnel junctions, where the
transport is complicated by sum-gap and gap-di erence features from the sepa-
rate superconducting electrodes (g, ss g, s's)- In addition, many studies are at
temperatures near T a, € ectively sampling SN layers instead of SS' layers. There-
fore, there is still much to be learned by examining the evolution of this system via
transport in the SS' regime. Of particular interest is the energy distribution of
guasiparticles, as well as their generation and di usion. In superconducting qubits,
tunneling of athermal quasiparticles (i.e., B ) in Josephson junctions can induce
gubit transitions [42]. One of the methods pursued in the literature is engineering
the superconducting gap structure with bilayers to e ectively trap quasiparticles,
where transport data re ecting the quasiparticle distribution in SS' layers can pro-

vide valuable insight.

1.5 Objectives

The overarching objective of this thesis is to improve and further understand
the properties of materials critical to solid state quantum information, speci cally
regarding superconducting tunnel junction materials AlIQ, Al, and Nb. Tunnel
junction devices are fabricated with these materials, which represent precursors to
hybrid quantum systems. In particular, several primary objectives for studying

these materials and a brief restatement of motivations are given below:
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Evaluate the use of plasma oxidation and enthalpy con nement of
oxygen in fabricating ultrathin AlIO « layers with fewer electrically

active defects.

Amorphous AlOy layers typically have a signi cant density of electrically active
defects, often attributed to the initial non-equilibrium structure and exacerbated by
O-de ciency. Therefore, fabricating AlIQ; layers with an initially uniform oxygen
pro le and Al/O ratio approaching stoichiometric Al ;O3 is likely to result in layers
with fewer TLS. Fritz et al showed this in principle, by measuring the dielectric
loss of millimeter scale capacitors [26]. Capacitors with an AlOdielectric were
fabricated, where O-content was increased during oxidation by the use of UV light.
Fewer TLS were inferred in the samples with higher O-content from dielectric loss
measurements. In addition, several studies have shown that annealing Al@nnel
barriers hastened relaxation of the non-equilibrium oxide structure and annihilated
vacancy-type defects as the oxygen pro le became more uniform [43, 44]. However,
tunnel junction annealing will likely result in an unpredictably large change in the
as-fabricated tunneling resistance, as well as undesirable di usion elsewhere in the
junction.

Plasma oxidation of Al has been shown to result in layers with higher O-content
in a shorter amount of time compared to room temperature thermal oxidation [45,
46]. Plasma oxidation, discussed in Chapter 3, exhibits an aggressive oxidation front
as a result of a high density of reactive oxygen radicals, compared t@ Gupplied

by thermal oxidation [47]. Taking a cue from from AlQ oxidation kinetics observed
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in magnetic tunnel junctions, enthalpy con nement of the oxygen pro le is used
to achieve a uniform oxide. When plasma oxidizing ultrathin Al layers on Co,
Kuipers and Gillies observed that, even after the oxidation front reaches the Al/Co
interface, the O-content of the Al increases for a time prior to Co oxidation [45, 46].
This was attributed to formation of Al-oxide being more energetically favorable
than the formation of Co-oxide. Leveraging plasma oxidation in combination with
enthalpy con nement potentially provides an athermal (i.e., non-annealing) route
to fabricating uniform AlO, barriers with relatively high O-content compared to

thermal oxidation, likely reducing the density of electrically active defects.

Correlate in situ characterization of AIO , tunnel barriers, in the
form of X-ray photoelectron spectroscopy, with fabrication param-

eters and ex situ transport measurements.

As fabrication and processing techniques are explored in improving material
properties, in situ materials characterization can expedite process development.
Photoelectron spectroscopy has proven useful in optimizing Al oxidation via chem-
ical state identi cation and Im thickness determination [45, 48]. Correlating such
characterization techniques with the transport characteristics of nished devices
provides a valuable feedback loop in tying materials processing to the improvement

of material properties.
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Study the interaction between the Nb and Al superconducting sys-
tems in NDb/AI bilayers, as the bilayer system transitions from a
primarily uniform Nb-like system with thin Al to a nonuniform sys-

tem with thick Al

AlO, layers are critical for superconducting tunnel junction devices where Nb
and Al are often used in tandem. The interplay of these superconducting materials
can be leveraged to take advantage of desirable properties from each. In the Nb/Al
system, this is often done with thick Nb and thin Al for AlIO, formation and the
high Nb T.. However, observing the evolution of this system from primarily Nb-like
with thin Al to primarily Al-like with thick Al provides a more complete picture of
the interplay between the systems, thereby informing future device integration to-
wards hybrid quantum systems. Typical Nb/Al systems are studied in SIS junctions,
where the transport convolves the superconducting state of both electrodes. Even
in this con guration, few studies have been published which study the Nb/Al elec-
tronic structure with Im thickness. By providing further investigating the Nb/Al
electronic structure with Im thickness, light can be shed on quasiparticle di usion

and generation in the system.

1.6 Outline

Chapter 2: Experimental methods to fabricate and characterize metal-insulator-
metal tunnel junctions are discussed. The ultrahigh vacuum fabrication system

is described, which provides clean and high-throughput device processing. In
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addition, room temperature and cryogenic device characterization is discussed

using electrical transport measurements.

Chapter 3: Reduced defect density in AIQ tunnel junctions is inferred from
enhanced time stability, providing a non-annealing and fast method to pro-
duce high quality tunnel junctions. Recipe optimization of aluminum plasma
oxidation con ned by cobalt electrodes is described. Plasma oxidation pa-
rameters (time, power, pressure) are tuned to achieve uniform AlQayers
on Co with an O/Al ratio approaching stoichiometric Al,O3. Oxide enthalpy
con nement (Co con nement) results in signi cantly reduced tunnel junction
resistance drift (34% with con nement over 8 months, 95% without Co con-
nement). Given the connection established to resistance drift, we attribute

this to a smaller density of electrically active defects.

Chapter 4: Preliminary correlation betweenin situ X-ray photoelectron spec-
troscopy (XPS) measurements aneXx situ transport measurements are pre-
sented, which helps pave the way for future optimization of layer stoichiome-
try device performance. AlQ tunnel barriers with several di erent underlying
electrode materials (Al, Co, Nb) are inspected with X-ray photoelectron spec-
troscopy (XPS). Elemental and chemical state identi cation verify that the
plasma oxidation recipe, optimized for Al/Co layers in Chapter 3, oxidizes All
metallic Al with negligible Co oxidation. Angle-resolved XPS is used to de-
termine AIO, layer thickness and preliminary data is discussed for correlating

this thickness with ex situ transport determined thickness. Correlation varies
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depending on the material stack (e.g., AIQYCo vs. AlO,/Al), signifying the

need for further investigation.

Chapter 5: The interplay between the Nb and Al superconducting systems
is studied as a function of Al thickness in Nb/Al bilayers, where the density
of states evolves from a uniform Nb-like system at thin Al to a convolution
of the Nb and Al states at thick Al. The evolution of the Nb/Al bilayer su-
perconducting state with Al thickness is probed using normal metal-insulator-
superconducting (NIS) tunnel junctions. The bilayer T remains above 6 K
for Al thickness exceeding 300 nm on 45 nm Nb. The low temperature tun-
neling conductance spectra transition from primarily single-gapped spectra at
thin Al (/ 15 nm) to spectra exhibiting dual gap-like features. A modied
Blonders-Tinkham-Klapwijk based model is proposed, which interprets the
transport as a convolution of Al-like and Nb-like states. Calculated conduc-
tance spectra qualitatively match the evolution of the conductance spectra
with Al thickness, with the Nb-like states dominating the conductance over

all Al thicknesses.

Chapter 6: A summary is given of the work presented, including potential

impacts and future experiments enabled by these results.
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Chapter 2: Experimental Methods

2.1 Context

Metal { insulator { metal (MIM) tunnel junctions are employed as critical
components in quantum information, metrological standards, and tunneling spec-
troscopy [49, 50, 51, 52]. In this context, a tunnel junction refers to two metal
contacts separated by a thin insulating layer such that electrical transport is domi-
nated by quantum mechanical tunneling [53]. The current-voltage (I-V) character-
istics of the device is determined by the density of states in each metal electrode and
the shape of the potential energy barrier between the two formed by the insulat-
ing tunnel barrier. As the tunneling probability is exponentially dependent on the
height and width of the potential energy barrier, minute changes in these properties
from contaminants or process deviations can signi cantly change the tunnel junc-
tion transport characteristics [44, 52]. This sensitivity necessitates the utmost care
during fabrication in maintaining sample cleanliness and precise process parameters.

Experiments described in this thesis utilize both normal metal-insulator-normal
metal tunnel junctions, described as NIN tunnel junctions moving forward, and
normal metal-insulator-superconductor (NIS) tunnel junctions. All tunnel junc-

tions discussed here are fabricated on 75 mm thermally oxidized Si wafers. Metals
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are deposited with electron beam deposition through etched Ni shadow masks held

1.5 mm above the wafer surface. The tunnel barriers used for all devices are AlIO
fabricated by plasma oxidation of metallic aluminum thin Ims. Device character-
ization is performed with in situ X-ray photoelectron spectroscopy (XPS) andx
situ electrical measurements. Detailed tunnel junction layer stacks will be discussed
in later chapters. All of the measurements and device fabrication discussed in this
thesis takes place at the National Institute of Standards and Technology (NIST) in
Gaithersburg, MD.

The following chapter describes the equipment and methods utilized to fabri-
cate and characterize mesoscopic tunnel junctions. | will discuss the design of our
custom ultrahigh vacuum (UHV) deposition system in section 2.2, which enables
entirely in situ fabrication. The procedure for fabricating tunnel junctions with this
system follows in section 2.3. Section 2.4 closes out the chapter with a discussion

on the room temperature and cryogenic methods used for device characterization.

2.2 Wafer Fabrication System

The fabrication system was designed to ensure device cleanliness through-
out processing, while maintaining expedited process development and prototyping.
Scaled up from a separate system in our group [54], this system integrates sputter-
ing and electron beam (e-beam) evaporation for metals deposition, plasma cleaning
and oxidation, and photoelectron spectroscopy as seen in Fig. 2.1. Wafer storage

elevators and vacuum transfer rods enable top to bottom wafer processing in an
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Figure 2.1: CAD rendering of the custom UHV wafer fabrication system. The four
main chambers are identi ed as deposition chamber, load lock chamber, oxidation
chamber, and XPS system. The Cartesian axes used for the system are shown in
the upper right-hand corner.

ultrahigh vacuum environment not exceeding pressures of 4@orr, except during
in situ plasma oxidation in high purity oxygen.

The UHV deposition system is designed for 75 mm wafers, which are moved
throughout the system via magnetic transfer rods. The wafers are individually
placed in stainless steel wafer cassettes made up of a top and bottom portion. As
seen in Fig. 2.2(a), the wafer is placed face down inside the cassette top according

to the wafer at and machined cassette at. The cassette bottom has pins on the
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interior to hold the wafer ush against the cassette top when the halves are bolted
together. In Fig. 2.2(b), raceways can be seen on the cassette sides and are intended
to mate with transfer forks of magnetic transfer rods. Once inside the cassette, the
wafer has a maximum lateral excursion of 390 m and a maximum rotational
excursion of 3 relative to the cassette. The cassette pins help to mitigate such
excursions, but jostling of the wafer during magnetic transfer rod movement can
cause the wafer to shift slightly. Wafer movement becomes relevant when attempting
to align subsequent depositions through shadow masks and will be discussed later.

Once assembled, the wafer cassettes are loaded onto a twelve slot wafer ele-
vator inside the load lock chamber. The load lock chamber, intended for sample
exchange to and from vacuum, is centrally located in the system and connects to
the deposition chamber, oxidation chamber, and XPS chamber with pneumatic gate
valves separating each. The relatively small chamber volume enables fast vent and
pump down times. In order to access each of the elevator slots with transfer rods,
the elevator can be raised and lower via a vacuum compatible Z-stage translator
with stepper motor control. In addition, the elevator can be hand rotated 360to
face any of the three attached chambers or the viewport used for sample loading and
unloading. After sample loading, the load lock is pumped to below 50 mTorr with an
Anest Iwata ISP-250 scroll pump followed by an Edwards STP-451 turbomolecular
pump down to the chamber base pressure of approximately 5 xdorr.

Once in vacuum, the cassettes are shuttled around the system via magnetic
transfer rods. A magnetically coupled slide glides over the outside of the transfer
rod tube and translates the rod. Forks on the end of the transfer rod slide into the
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Figure 2.2: Stainless steel wafer cassette. (a) The Si wafer is placed face down in
the left (top) cassette half. Pins on the right (bottom) cassette half keep the wafer
ush against the top of the cassette and mitigate wafer shifts. (b) The assembled
cassette has lateral raceways to mate with transfer rod forks and a slot at the front

for the transfer rod latching mechanism.
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cassette rails on either side as shown with a shadow mask cassette in Fig. 2.3(a).
The slide can be rotated to engage the wafer cassette with a small hook. Once
engaged, the wafer can be pulled out of an elevator or magazine slot and transferred
to another. The tension loaded pins on the elevator slots catch the cassette and the
forks can be withdrawn after the hook is disengaged.

Metals deposition occurs via three UHV compatible AJA International sputter
guns and a Thermionics ve pocket electron beam (e-beam) deposition gun in the
deposition chamber. The chamber is a 32 in. diameter x 32 in. tall cylinder with
a rounded base and lid, supporting 94 vacuum ports in total. The chamber base
pressure is 2-5 x 1€ Torr maintained by a Pfeier TMU 1000M turbomolecular
pump and a Gamma Vacuum ion pump. In addition, the ion pump is equipped
with a titanium sublimation pump (TSP). The turbo pump is backed by an Edwards
XDS35i scroll pump. A residual gas analyzer (RGA) is mounted on the chamber
lid and monitors the partial pressures of species in the chamber. The RGA scan
in Fig. 2.4 was recorded for a chamber pressure of 4 x*®0Torr as measured with
the chamber ion gauge. The scan, which shows the partial pressure of species in
the chamber as a function of mass, shows commonly seen residual gases in vacuum.
Speci cally, H,O is expected as the chamber has not been baked and is di cult
to remove otherwise. Also mounted on the chamber lid are the sputter guns, with
sputter gas feedthrough lines on their respective anges. Each sputter gun can have
the angle of the sputter target adjusted to face a wafer located centrally in the
deposition chamber and each is equipped with a pneumatic shutter. The e-beam

deposition system is located at the bottom of the chamber near the chamber wall.
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Figure 2.3: Wafer and shadow mask cassettes are moved around the system via
magnetic transfer rods. (a) Taken outside of vacuum during maintenance, a shadow

mask cassette is engaged with the transfer rod forks. (b) The shadow mask cassette,
not fully seated here, is inserted upside down relative to the wafer cassette to keep

the wafer and mask in close proximity.
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An external stepper motor is used to switch between ve source pockets.

A toroidal cryogenic shroud sits in the middle of the chamber and is covered
with a circular copper plate. The shroud acts as a sorption pump to signi cantly
decrease the chamber pressure when lled with liquid nitrogen. The low (-165 C)
surface temperature of the shroud greatly increases the probability that impinging
gas molecules will adsorb or condense, thus removing them from vacuum. Lead-
ing up to a deposition, the chamber pressure can be reduced to10*! Torr when
cooled. The copper plate on the shroud serves to both increase the area of the
cryogenic shroud, thereby increasing pump capacity, and to break line of sight be-
tween sputter deposition and e-beam deposition source. In addition, the shroud
provides protection against the pressure increase as a result of the hot source, as the
pressure above and below the shroud is likely not in equilibrium during deposition.
Holes in the copper plate provide line of sight from the e-beam source to the wafer.
Additional openings provide line of sight between the source and quartz crystal mi-
crobalances located just above the copper plate. Pneumatic shutters just above the
plate are used to selectively make or break line of sight to the wafer and QCMs from
the e-beam source. Viewports are mounted around the chamber, enabling process
inspection and wafer manipulation with the sample manipulator and transfer rod.

Wafers are held in the deposition chamber on a 5-axis sample manipulator
mounted on the side of the chamber. In addition, a twelve slot elevator is mounted
on the chamber lid just above the load lock-deposition chamber port. The elevator
can be moved down in line with the transfer rod to store additional wafers. A

magnetic transfer rod is used to move wafers from the load lock elevator to a two
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Figure 2.4: RGA mass spectra from the deposition chamber at a pressure of
4 x 10%° Torr. Residual species commonly seen in vacuum are identi ed in the
scan: H, C, H,O, CO, N, O,, and CG,.
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slot magazine on the manipulator. The bottom slot is intended for wafer cassettes
and the top slot is intended for shadow mask cassettes, shown in Fig. 2.3(b). The
two are oriented in such a way to keep the mask and wafer in close proximity,
thus reducing pattern spread from the stencil to the wafer during deposition. The
cassette magazine is attached to a vacuum port by a 24 in. hollow support as seen in
Fig. 2.5(a). Rods inside the support translate rotation from external stepper motors
to azimuthal or polar rotation of the manipulator magazine. The manipulator is
mounted on a translation sled with vacuum bellows as seen in Fig. 2.5(b). A worm
gear assembly enables stepper motor controlled movement of the manipulator in
the Z direction. Limited movement of the manipulator in the X and Y directions

is achieved with a port aligner. A thermocouple temperature gauge and a ceramic
heater, seen in Fig. 2.5(a), are located in the manipulator just below the wafer
allowing for annealing or heating during depositions. In addition to a thermocouple
thermometer, a pyrometer can be used to measure the wafer temperature through
viewports on the chamber lid.

Oxygen plasma cleaning and plasma oxidation occurs in the plasma chamber,
seen connected to the load lock in Fig. 2.1. This chamber is attached to the load
lock and houses a three-slot cassette elevator. The elevator is controlled by a stepper
motor and external Z-stage translators. Base pressure is approximately1Torr,
maintained by an Edwards STP-301 turbo molecular pump backed by an Edwards
nXDS10i scroll pump. A magnetic transfer rod moves wafer cassettes from the
load lock to the oxidation chamber elevator. With the cassette on the top slot,

the elevator raises the cassette to be ush and concentric with a circular cathode
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Figure 2.5: 5-axis sample manipulator on the deposition chamber. (a) The hollow
support tube houses rods to translate stepper motor rotation to manipulator ro-

tation. Current leads run along the support to the ceramic heater. (b) The sled

assembly supports the manipulator and enables lateral movement.
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at ground potential. A circular anode hangs above the cathode, supported by four
cylindrical insulators with tapped holes on either end. These insulators electrically
isolate the anode from the chamber and set the anode-cathode spacing at 3.87 cm for
the devices discussed in this thesis. Both electrodes have a diameter of 6 in. A metal
wire with sh scale insulators connects the anode to a high voltage feed through.
Once oxygen is introduced to the chamber, RF or DC bias can be applied to the
anode to spark a glow discharge. An optical spectrometer sits outside of a viewport
and is used to monitor the optical spectrum of the plasma, which indicates the
species present. Oxide growth and oxidation recipes will be discussed in Chapter 3.
Several changes have been made to the oxidation chamber over time, mostly to
mitigate plasma contamination or bolster oxidation reproducibility. The insulators
that support the anode were originally alumina but were eventually changed to a
coated ceramic, as outgassing from the relatively porous alumina caused elongated
pump down times and contamination of the plasma. The Kapton coated wire origi-
nally connecting the high power feedthrough to the anode was replaced with a bare
metal wire with sh scale insulators, also to avoid unintended species in the plasma.
The transfer rod mounted on the oxidation chamber traverses underneath the sam-
ple elevator, necessitating o -axis driving of the elevator via the external z-stage.
A stainless steel rod is coupled to the elevator on one end and welded on the other
end to a 2.75 in. ange. This ange, attached to the chamber by a vacuum bellows,
moves up and down inside the external Z-stage translator. However, it was di cult
to seat the wafer cassette level with the cathode when only being driven and ade-

guately supported on one side. This exacerbated variations in device characteristics
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across a given wafer, as the oxidation rate is very sensitive to the height of a device
within the plasma. By installing an second Z-stage assembly on the opposite side
of the elevator, the seating of the wafer cassette within the cathode was improved.
The nal system connected to the load lock, also shown in Fig. 2.1, is a SPECs
photoelectron spectroscopy system. The system is capable of X-ray photoelectron
spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and Auger elec-
tron spectroscopy (AES). As with the other chambers, a magnetic transfer rod is
used to retrieve a wafer cassette from the load lock and move it to the sample ma-
nipulator in the center of the analysis chamber. A more in-depth discussion of the

XPS system and related measurements can be found in Chapter 4.

2.3 Tunnel Junction Fabrication Process

Fabricating our crossed wire tunnel junctions occurs in four steps: plasma
cleaning of the Si/SiQ, wafer, deposition of the bottom metal layers through one
shadow mask (M1),in situ tunnel barrier formation via plasma oxidation, and
deposition of the top metal layers through a second shadow mask (M2). This section

describes process details for each of these steps in our UHV system.

2.3.1 Metals Deposition

Metal thin Im deposition takes place in the UHV deposition chamber. Prior
to deposition, the cryogen shroud is lled with liquid nitrogen and cools the shroud

and central copper plate to approximately -170C. The cooled shroud acts as a
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sorption pump and reduces the chamber pressure the#0Torr range. Depositing
our Ims in UHV helps to mitigate the number of impurities included in the Ims
from residual gases in the chamber. Assuming unity sticking coe cient, around one
monolayer of impurities can form on the Si wafer surface per second at a pressure of
10° Torr [55]. The low pressure of residual gases during a deposition and between
depositions ensures minimal impurities in the Im and at Im interfaces. Impurities
from residual gases, such as oxygen or hydrogen, can signi cantly a ect structural,
mechanical, and electrical properties of a deposited Im [56]. In particular, the
superconducting properties (transition temperature g, coherence length, etc.) of

Nb Ims, discussed in Chapter 5, can be severely degraded by oxygen incorporation.
The chamber pressure can also further decrease during the deposition of materials
such as Co or Nb, which e ectively getter residual gases.

While the deposition chamber is equipped with sputter guns, only e-beam
evaporation is employed for the devices discussed in this thesis. A Thermionics
RLC electron beam source with 5 pockets is installed on the chamber below the
sample manipulator. The pockets are lled with shot or pellets of Al, Co, Nb, Au,
and Cu. The pockets are linearly translated via an external stepper motor, exposing
the source pocket of choice to the electron beam. The electron beam hearth is cooled
with chilled water, typically at 15 C. Crucible liners can be used in each pocket to
decrease heat transfer between the source and the hearth.

By bombarding the e-beam source material with a focused electron beam, the
source material is heated to increase the materials vapor pressure. As the vapor

pressure exceeds the background chamber pressure, the evaporant condenses on the
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exposed wafer surface approximately 46 cm above. The e-beam process is as follows.
A lament assembly is held at -10 kV relative to the crucible. Current is passed
through the lament to achieve thermionic emission. The electrons are accelerated
away from the lament into a permanent magnetic eld, which directs the beam into
the crucible. In addition, current passing through sweep coils on either side of the
beam path generate a magnetic eld to focus and sweep the beam on the crucible
[57]. The user primarily controls the emission current to determine evaporation
rate and the sweep current to determine the beam spot size or sweep pattern. The
evaporation rate depends on the power deposited, radiative and conductive heat
loss from the source, and the latent heat of vaporization. Once the desired source
material is selected, the emission current is slowly raised to approximately 25 mA
to warm the source. After a few minutes, the emission current is increased to reach
the desired evaporation rate.

The emission current necessary to reach a desired deposition rate is determined
empirically with a quartz crystal microbalance (QCM). Evaporated material con-
denses on the surface of a quartz crystal whose resonant frequency is monitored with
an In con SQC-310 Deposition Controller [58]. The resonance frequency changes
with mass from the condensate. The change in resonant frequency with time is
converted into a deposition rate using the acoustic impedance of the quartz and
evaporant, the density of the evaporant, and the tooling factor as input parameters.
The tooling factor is a geometric correction that accounts for the di erent position
of the QCM sensor relative to the wafer of interest. The tooling factor (TF), de ned

in Eq. 2.1, is determined by comparing the thickness of a deposited Im as measured
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Source Zratio (g/cm?)
Nb 0.492 8.578
Al 1.080 2.7
Co 0.343 8.9
Cu 0.437 8.930
Au 0.381 19.30

Table 2.1: QCM input parameters

by the QCM (t4) and the actual thickness measured with pro lometry {).

t
TF¢ = TFitﬂ (2.1)
X

TF; is the calibrated tooling factor and TF is the initial tooling factor used prior to
calibration. Four separate QCMs are located around the perimeter of the deposition
chamber just above the cryogenic shroud, each with their own crystal tooling factor
ranging from 80% to 135%. Material input parameters are listed in Table 2.1 [58].
Tooling factors for each individual Im are all set to 100%. As material builds up on

a QCM over time, the accuracy decreases. Having multiple QCMs provides longer
intervals between chamber servicing.

In addition to QCM monitoring, the deposition controller also controls pneu-
matic shutters installed just over the copper shroud plate. Two shutters are used
to control line of site between the e-beam source and the wafer on the sample ma-
nipulator. A Im recipe is entered into the deposition controller, which includes the
QCM input parameters for a given source material and the desired Im thickness.
Once the selected QCM is registering the desired deposition rate, the recipe can be

started and the shutters are automatically retracted. The shutters move back to
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break wafer-source line of sight once the desired Im thickness reading is reached.

The emission current is then decreased to 0 mA.

2.3.2 Shadow Masks

The deposited metal wires that constitute our crossed wire tunnel junctions are
de ned using shadow masks. The shadow masks are 0.001 in. thick etched Ni stencils
fabricated via electroforming. Using shadow masks to de ne devices, as opposed to
photolithography, is primarily motivated by expedited processing and cleanliness.
Photoresist residue is an oft cited source of contamination in mesoscopic devices
that can be disregarded here [59]. The masks have sixteen 0.4 in. x 0.4 in. dies with
individual stencil designs laid out in a 4 x 4 pattern, as shown by Fig. 2.6(a) for a
Gen | mask. Separate mask cassettes are used for the bottom (M1) and top (M2)
tunnel junction layers. While both stencils are identical, one is ipped over relative
to the other along the dashed line in Fig. 2.6(a). In other words, the two masks
are mirror images of each other. The tunnel barrier is formed via oxidation of the
rst layer prior to deposition of the second layer and will be discussed later. In the
upright orientation according to the letter labels in Fig. 2.6(a), the die designs are
laid out such that the left 2 x 4 dies and the right 2 x 4 dies superimposed on each
other form the completed die designs. Twelve open circles around the perimeter of
each die provide contact pads for electrical measurements.

The Ni stencil is sandwiched between two stainless steel supports shaped as

75 mm wafers to provide rigidity. This assembly is placed in a stainless steel cassette
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in the same manner as our wafers and stored in the load lock chamber elevator. M1
and M2 cassettes are typically stored in the load lock chamber. The only di erence
between the two is that the mask assemblies are ipped over relative to each other
prior to cassette assembly such that they are mirror images when viewed straight
on. Once a wafer cassette is placed on the sample manipulator of the deposition
chamber, the manipulator magazine is rotated 18Galong the polar angle such that
the wafer surface is facing the bottom of the chamber. The mask cassette can then
be loaded onto the sample manipulator in the same manner as the wafer cassette.
This arrangement, shown for a partially seated mask cassette in Fig. 2.3(b), puts
the shadow mask and wafer surface in close proximity to each other to minimize

spreading of the stencil pattern during deposition.

2.3.2.1 Generation 1 Masks

Individual die designs for the rst generation masks, fabricated by Tecan,
are shown on Fig. 2.6(b). The dashed line in Fig. 2.6(b) indicates the separation
between the two designs halves. After the top layer has been deposited through
M1 and bottom layer through M2, the wafer will have four unique die designs. The
square or \D" design devices, seen in the middle of the rst and last row of the
mask, can be used in a clean room setting to create structures such as nanopillars.
In addition, the \D" devices provide a relatively large area useful for photoelectron
spectroscopy. The other three die designs can be seen in Fig. 2.6(b) with the designs

labeled \A", \B", and \C." The \A" die design is composed of a 0.002 in. wide \dog
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bone" shaped wire and four 0.001 in. wide cross wires spaced 0.002 in. apart. This
design results in tunnel junction areas of 55 m x 75 m. The dog bone wire has
two contacts on either end allowing for four terminal resistance measurements of the
layer. In addition to simply o ering four crossed wire tunnel junctions to measure for
better statistical analysis, the arrangement of the \A" devices can theoretically be
employed for spin injection experiments [60]. However, it was typical that one or two
of the vertical cross wire apertures would not fully open during mask etching since
closely spaced apertures of 0.001" on a 0.001" thick stencil are di cult to achieve.
The \B" design results in two crossed wire junctions, each composed of perpendicular
wires of 0.002 in. width. This design allows for signi cant misalignment between top
and bottom layer depositions while maintaining the cross wire geometry with the
desired junction area. The \C" design results in one junction per die with the two
sides overlapped in the middle of the die. As the junction area is de ned by the
lateral overlap in this case, as opposed to wire widths for crossed wire devices, the
junction area can be controlled via angled deposition. However, this design is quite
sensitive to misalignment between top and bottom layer masks.

The alignment of the top and bottom tunnel junction layers was originally
the dominant factor in determining device yield. Shifts between the top and bot-
tom layer can cause the patterns to overlap in unintended places giving rise to
poorly de ned junction areas. Misalignment of the contact pads between the layers
makes room temperature characterization di cult in our custom measurement jig,
discussed later in this chapter. Misalignment typically occurred due to poor or in-
consistent seating of the wafer and mask cassettes in the sample manipulator, as well
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Figure 2.6: Generation | stencil and completed die designs. (a) The dashed line
indicates the left and right side designs to be superimposed on each other once both
tunnel junction layers are deposited. (b) The individual die designs for the Gen |
masks, including the stencil aperture dimensions for the \A" design.
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as shifting of the mask or wafer in their respective cassettes. When the magnetic
transfer rod forks disengage from the cassettes and slide away, the cassette can shift
in the manipulator magazine slot. To remedy this, the tip of the magnetic transfer
rod forks were used to push each cassette fully into their respective slots without the
fork entering the cassette side rails. Inspection by camera con rmed this method
typically avoided shifts from M1 and M2 relative to the wafer cassette greater than

50 m. Misalignment from the wafer shifting inside it's cassette occurred during
cassette transfers. This was remedied by ensuring smooth magnetic transfer rod
movement and cassette - elevator interactions.

Misalignment due to masks shifting in their respective wafers was the most
prevalent source and necessitated several changes. First, the Ni stencil and stainless
steel mask support assembly was tack welded together as the stencil would often
slide inside the supports. Second, four 1/16 in. diameter dowel pins were welded
around the interior of the top mask cassette half. These pins went through holes
in the mask assembly and served to stabilize the position of the assembly relative
to the cassette. With the improved mask assembly - cassette design and proper
seating of cassettes with the transfer rod forks, misalignment between the top and
bottom tunnel junction layers was reduced to 50 m. Given the leniency allowed
from the die designs, this practically removed layer misalignment from device yield

considerations.
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2.3.2.2 Generation Il Masks

Several issues, including a dwindling supply and incomplete aperture open-
ings, lead to a second generation of masks fabricated by Bluering Stencils. The
overall shape of the mask, 2.5 in. x 2.5 in. with sixteen dies, was retained as seen in
Fig. 2.7(a). The \C" type devices were removed in favor of more \A" type devices,
allowing for a greater number of tunnel junctions per wafer. The spacing of the
vertical cross wires in the \A" devices was increased to improve pattern etch yield
during mask manufacturing. The resulting tunnel junctions, seen in Fig. 2.7(b),
typically had an area of 55 x 55 m?2. Finally, test bars of di erent widths were
included in the \D" dies. This allowed for four terminal resistance measurements of
the top and bottom metal layers with a clearly de ned area, enabling calculation of

the speci c resistance, or resistance per square, of each layer.

2.3.3 Plasma Oxidation

Prior to metals deposition, wafers undergo oxygen plasma cleaning in the
oxidation chamber. Organic contaminants on the wafer surface can be deleterious
to Im growth and device performance [61, 62]. The species present in the plasma
primarily consist of oxygen ions (O, O,") and excited radicals (O*), con rmed by
the optical spectrum of the plasma shown in Fig. 2.8. These species react with the
organic molecules found on the wafer surface, forming molecules with relatively high
vapor pressures such as hydrocarbons and are pumped away. The oxidation chamber

elevator has three slots with the top slot being used for plasma exposure. With the
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Figure 2.7: Gen Il stencil design and device micrograph. (a) The 2.5 in. x 2.5
in. Gen Il stencils include more \A" type dies and test wires to the sides of the

\D" dies. (b) Completed \A" device with the layer stack Nb/AI/AIO /Au/Cu/Au

and good pattern alignment. In this image, the vertical wires are the bottom layer

Nb/AI/AIO  and the horizontal wire is the top layer Au/Cu/Au.
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elevator raised up, a magnetic transfer rod moves underneath of it to retrieve a wafer
from the load lock. Once the transfer rod is fully retracted back into the oxidation
chamber, the elevator is lowered and and the wafer is loaded onto the top elevator
slot. With the wafer raised to the anode, a gate valve isolates the chamber from
the turbo pump and the valve connecting the tri-scroll backing pump to the turbo
pump is closed. Research grade 99.99% oxygen is leaked into the chamber. The
roughing valve, connecting the backing pump directly to the chamber, is opened to
continuously pump species away maintaining a dynamic pressure of160 mTorr.

A Kepco DC power supply, operating in constant current mode, applies a high
negative voltage to the cathode and ignites the plasma. A recipe programmed into
the power supply controls the time and DC current [63]. The recipe used for wafer
cleaning is 40 s at 100 mA and -570 - -600 V (57 - 60 W). The parameters in this
recipe were scaled from a di erent system to achieve similar results [54]. XPS was
used to check for contaminants on the wafer surface and to verify the e cacy of
the plasma cleaning recipe. Fig. 2.9 displays XPS survey scans on a Si/Siafer
before and after plasma cleaning. The only contaminant identi ed is C, which is
no longer discernible after plasma cleaning in the inset of Fig. 2.9. Furthermore,
no contaminants that could potentially result from sputtering (Fe, Cr, etc.) in the
oxidation chamber are detected. Once the recipe nishes after 40 s, the high voltage
is turned o and the plasma ceases. The roughing pump reduces the chamber
pressure to below 50 mTorr, roughly 60 s after the Dleak valve is closed. The
roughing valve is closed and the turbo backing valve is opened, followed by the
turbo pump gate valve opening to evacuate the chamber down to it's typical base
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Figure 2.8: Optical spectrum of DC oxygen plasma operating at 58.8 W
(-588 V, 100 mA). The chamber pressure is 160 mTorr. The only identi able species
in the plasma are oxygen ions and oxygen radicals.

pressure in the 16§ Torr range.

Plasma oxidation is performed in a similar manner to plasma cleaning. After
the bottom tunnel junction layer deposition ending in Al, the wafer is transferred
to the oxidation chamber. Instead of using a continuous ow of @from the leak
valve, the chamber is lled to a static pressure of 160 mTorr and the leak valve
is closed. The typical oxidation recipe used to form our AlQtunnel barriers is

100 mA (57 - 60 W) for 7 s. Details on determining this recipe will be discussed
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Figure 2.9: XPS survey scan of a 75 mm Si wafer with 100 nm of Si®efore and
after plasma cleaning. The measurement is performed using a high power (100 W)
setting and the spot sizeis 100 m in diameter. The only identi able peaks are of
O, Si, and C. (inset) The C 1s peak is no longer discernible within the measurement
sensitivity after plasma cleaning.
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in Chapter 3. The direction of the electric eld ensures that the positive ions are
accelerated away from the wafer surface, reducing the possibility of sputtering the
wafer surface via the positively charged ions. Once the oxidation is complete, the
chamber is quickly evacuated back to base pressure. The wafer sits for at least twelve
hours under vacuum before returning to the deposition chamber for the top metal
layers. Empirical observations from within our group have shown that deposition of
the top metal layers directly after oxidation results in tunnel junctions with higher
rates of tunnel junction resistance drift in time. It is possible that the benet of
reduced resistance drift, when allowing the wafer to sit prior to top layer deposition,
arises from relaxation of atoms in the barrier to lower free-energy con gurations
prior to perturbation of the top metal layer deposition. Tunnel junction drift, which

is correlated with electrically active defects, is further discussed in Chapter 3.

2.4 Device Characterization

After the top tunnel junction layers have been deposited, the wafer is trans-
ferred to the load lock and removed from vacuum. Both room temperature and
cryogenic measurements are used to characterize the tunnel junctions. In this sec-
tion, I will describe the measurement systems used and provide details on performing

speci ¢ measurements.
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2.4.1 Room Temperature Device Characterization

The room temperature |-V characteristics of the tunnel junctions and their
leads are measured using a custom jig, where mechanical and electrical contact is
enabled by spring-loaded pins. The wafer is held in a shallow recess on a clean metal
plate and a printed circuit board (PCB) with spring loaded pins is placed over top
of it. The layout of the pins matches the layout of the contact pads on the wafer,
thus making electrical contact to each individual wire and allowing for fast wafer
characterization. |-V measurements were performed in a four point con guration
to remove the lead resistances from consideration. For example, the four point
con guration to measure conductance of an \A" die dog bone wire is shown in
Fig. 2.10(a). A Hewlett-Packard 3468B multimeter sources a constant currentgl
from 1" to 1. A Keithley 2000 multimeter is placed in series and independently
measures the source current. The voltage drop (V) over the wire is measured as
V=V *-V"and read from the front display of the multimeter.

Due to the symmetry of the mask pattern, there are four \A" dies with hor-
izontal dog bone wires on completed wafer: two on the left side from the bottom
layer (M1) and two on the right side from the top layer (M2). Given that the
resistance along the wire is inversely proportional to the width, the vast majority
of the voltage drop can be assumed to occur over the narrow section of the wire
indicated in Fig. 2.10(a). Once the length () and width (w) of the wire have been
measured, the layer's square resistance is calculated ag R R(w/l). Thin Ims

with the same thickness and resistivity will have the same Jg regardless of area,
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Figure 2.10: Four point I-V measurement con gurations on an \A" die. The hori-
zontal \dog bone" wire is top layer of Au/cu/Au and the vertical cross wires are the
bottom layers of Nb/AI/AIO . (a) The square resistance for the top and bottom
tunnel junction layers is typically determined by measured the dog bone resistances
on \A" dies. As the resistance along the wire is inversely proportional to the width,
the measured V can be assumed to occur over the long narrow section indicated
by the white rectangle. The length and width of the wire is determined via optical
microscopy. (b) Ry for each tunnel junction is measured in a four point con gura-
tion. The \A" dies o er four evenly spaced tunnel junctions with a common wire.
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providing a useful metric when comparing devices. In addition, & is needed for
the \negative resistance" correction described later in this chapter.

The four point measurement con guration for a tunnel junction is shown in
Fig. 2.10(b). The current biased I-V characteristics are measured over V.= 100 mV
with a Keithley 2612 source meter. This bias range is used to avoid Fowler-Nordheim
(FN) tunneling. FN tunneling describes tunneling through a triangle barrier as a
consequence of the bias eV approaching the barrier height Therefore, the trape-
zoidal barrier approximation is no longer valid. The data is then smoothed and

numerically di erentiated to obtain the di erential conductance (dl/dV).

2.4.1.1 Negative Resistance Artifact

While e ective eliminating lead and contact resistance from the measurement,
four point measurements of crossed wire tunnel junctions returns a value for device
resistance R, less than that of the actual device resistance &, [54, 64]. In such
a con guration, the voltage drop from the tunneling current through the junction
is convolved with the voltage drop from current owing laterally in the cross wire
regions just above and below the junction. A systematic correction can be applied

to R4y to obtain the actual Ry, Using the equations shown below.

1 W W
R, = é(qu,tWt + qu,bw_b) (2.2)

p
n6( Rl + RO)Rdev
4pt —

R 2.3
sinh( 6( R; + Ro)=Raev) ° (2:3)
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Figure 2.11: dV/dI(V) for a low resistance tunnel junction is shown before and after
correction for the negative resistance e ect. By correcting the di erential resistance,
the extracted tunnel barrier parameters are also corrected. Adapted from Ref [64]
with permission from AIP publishing.

R o is the measured R, for a proxy device fabricated without an a tunnel barrier.
Rsq.t (Rsqp) is the square resistance of the top (bottom) layer and swy,) is the wire
width of the top (bottom) layer. R ; is the upper bound on the error, representing
the case where Ry ! 1 . By solving for the root Ryey in Eq. 2.3 for each Ry (V),
the corrected di erential resistance as a function of bias can be obtained as seen
from Fig. 2.11 taken from Ref. [64].

The relative error due to the negative resistance artifact is nonlinear with R,
decreasing with increasing device resistance. Naturally, the e ect is also mitigated

as lead resistance decreases. The tunnel junctions discussed in Chapter 3, which
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have resistance-area (R,A) products of 3-7 x 1¢ m?, su er a relative error
of <3%. The tunnel junctions discussed in Chapter 5, which have highergRA

products of 0.5-1.5x 16  m?, suer a relative error of <0.5%.

2.4.1.2 Tunnel Junction Resistance Modelling

Three criteria, described by Rowell [53], are often used to verify that quantum
tunneling of electrons is the dominant transport mechanism in a tunnel junction: 1)
an exponential dependence of conductance with insulator thickness, 2) a parabolic
dependence of conductance with voltage, and 3) an insulating-like temperature de-
pendence of conductance. These criteria are typically applied to rule out signi cant
contribution to the conductance from pinholes, or metallic shorts through the barrier
from one electrode to the other. Criteria #1 and #2 can be viewed as necessary but
not su cient, as they can be demonstrated in tunnel junctions with metallic shorts
(pinholes) [65, 66]. As a practical matter, criterion #1 is not addressed here as it
cannot be used to evaluate a single device with a chemically de ned barrier thick-
ness. Criterion #2, a parabolic conductance with voltage, is typically demonstrated
by adequately tting the conductance of a tunnel junction with an appropriate theo-
retical expression, such as the Simmons [67] or Brinkman-Dynes-Rowell (BDR) [68]
model, and extracting physically meaningful tunnel barrier parameters [65]. The
following section discusses such a model by Chow, which is used in this thesis [69].

As an introduction to the model described by Chow, we consider two parallel

electrodes separated by a thin insulating layer. The insulating dieletric forms a
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potential barrier between the two electrodes due to the energy gap between it's
valence and conduction bands. For a su ciently thin insulating layer, electrons can

guantum tunnel between the two electrodes. The energy diagram for such a system
without an applied bias is shown in Fig. 2.12(a), taken from Ref. [69]. Once the

materials are brought into electrical contact, electrons tunnel between the electrodes
and align the Fermi levels once equilibrated. Under an applied bias V between the
electrodes, an integral expression for the tunneling current density J is given by

Eq. 2.4 below. [67, 69]:

J = (Ex; V)D(Ex)dEx (2.4)

Here, e is the electron chargd is Planck's constant,m is the electron massg, is
the maximum energy of electrons in the electrode,sHs the energy of an electron
with momentum perpendicular to the barrier (direction of tunneling), (E,V) is the
supply function, and D(E,V) is the tunneling probability. The supply function is
calculated using the density of states of each electrode,(E,V) and their respective

distributions governed by the Fermi-Dirac distribution function f (E,V) [68]:

(E;V)= 1(E) o(E eV)If(E) f(E eV)] (2.5)

For normal metal electrodes at low bias (V 0), the density of states for each metal
can be considered energy independent and removed from the integral.

The tunneling probability is expressed using the Wentzel-Kramers-Brillouin
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Figure 2.12: Electron energy diagram in a metal-insulator-metal tunnel junction.
(a) The Fermi levels are aligned when the junction is not biased and the electrodes
have equilibrated. The larger work function of electrode 2 leads tg> ,. (b) With

a positive bias on electrode 2, the Fermi level of electrode 2 is pushed down relative
to electrode 1. In Chow's convention, this is considered the reverse bias direction.
Adapted from Ref [69] with permission from AIP publishing.
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(WKB) approximation [67, 68, 69]:

)

ZX
4 M e B (2.6)

D(E.) = exp -

X1

The barrier potential (x) is measured with respect to E, the Fermi level of the
negatively biased electrode in this convention. The integral limitg,; and x, are the
classical turning points within the WKB formalism, where x=Xx,-x; represents the
tunnel barrier width. Within this formalism, the expression for tunneling probability
begins to fail if x approaches the tunneling electron's wavelength or if the electron's
energy is near the maximum of the potential barrier (x). In other words, the WKB
tunneling probability is best suited for wide and tall barriers.

As Eq. 2.6 has no closed form solution with an arbitrary potential barrier
shape, the barrier potential (x) is often replaced with a rectangular or trapezoidal
barrier. The exact shape of (x) is extremely di cult to express, as it depends on the
electrode work functions, electron a nity of the insulator, image forces, dielectric
constant of the insulator, and applied bias [69]. The Simmons model found success
by approximating an arbitrary potential barrier shape (x,V), with the barrier width
along the x direction, with an average barrier height (V) [67]. By providing the
following function for an arbitrary tunnel barrier potential in Eq. 2.7, the Chow
model builds upon the Simmons model by accurately capturing asymmetry in the

I-V characteristics at low voltage [69]:

) » h , iy
i 1 X2 _ 4 12 ( 2 eV)E '
T @)
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With 16 ,, the shape of the barrier depends upon the polarity of applied
bias. The convention used for Eq. 2.7 is that the electrode with the smaller work
function (read as barrier height here) is being biased, as shown in Fig. 2.12(b).
When biasing the electrode with the larger work function, simply swap; and
on the right side of Eq. 2.7. For low bias voltages (/e V ol e), the tunnel

current density can be expressed by substituting Eq. 2.7 and Eq. 2.6 into Eq. 2.4:

3e(2m % n 1 1 0
J= % cexp[ Bs (2] ({+eV)exp[] Bs( (+ eV)?] (2.8)
wheres = x and
B =4 (2m)z=h=1:025¢V zA™: (2.9)

The tunnel current in Eq. 2.8 is evaluated using the 0 K Fermi-Dirac distribution,
thus ignoring thermal contributions to the current. Again, low bias is used to
avoid Fowler-Nordheim (FN) tunneling characterized by a triangular barrier. The
di erential conductance is then given by the partial derivative of Eq. 2.8 with respect
to V:

(V) _

— = G(V) = A(vI) (2.10)

where A is the device area in this context.

Given the device area, Eq. 2.10 can be used to t the di erential conductance,
obtained by taking the numerical derivative of the DC voltage with respect to the
current, with free parameterss, 1, and ,. Fig. 2.13 displays the di erential con-

ductance ts for two devices at room temperature and the extracted t parameters.
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Below the FN limit, the di erential conductance has a approximately \? depen-
dence [68]. For the case of; = 5, the conductance minimum is centered at O V.
This is nearly the case in Fig. 2.13(a), where; » for this Co/AlO ,/Co tunnel
junction. However, the minimum in Fig. 2.13(b) is shifted in bias away from 0 V
due to large barrier asymmetry in this Nb/AI-AlO,/Au tunnel junction. Any real
tunnel junction will have some degree of asymmetry, which is typically attributed
to di erent work functions in the electrodes or a nonuniform chemical composition
in the barrier. For the Co/AlO,/Co measurement in Fig. 2.13(a), the oxidation
is thought to be relatively uniform and closer to stoichiometric AlO; as discussed
in Chapter 3 [70]. Combined with similar electrodes, the nearly symmetric barrier
is expected. For the Nb/AI-AlO,/Au measurement in Fig. 2.13(b), the aggressive
plasma oxidation front acting on a relatively thick Al layer likely leads to a nonuni-
form, sub-stoichiometric oxide pro le [46, 70]. Combined with dissimilar electrodes,
it is not surprising that signi cant barrier asymmetry is observed. The device in
Fig. 2.13(b) also has a larger barrier width compared to Fig. 2.13(a), which makes

the conductance change more gradually with bias.

2.4.2 Cryogenic Device Characterization

Measuring the conductance of tunnel junctions and their metallic leads as a
function of temperature can provide valuable insight concerning material quality and
character. This may include information on the dominant conduction mechanisms

through the tunnel barrier or the prevalence of impurities or defects in the device.
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Figure 2.13: dl/dV as a function of bias voltage V and Chow model ts for (a)
Co/AlO 4/Co and (b) Nb/AI-AlIO ,/Au tunnel junctions.
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Furthermore, cryogenic temperatures open the door to interesting physics such as
superconductivity discussed in Chapters 1 and 5. The following section describes the
cryogenic systems utilized in this thesis and provides details on cryogenic electrical
measurements.

Individual sample dies are cleaved from nished tunnel junction wafers and
silver pasted into a 24 pin dual in-line package (DIP), as seen in Fig. 2.14. Wire
bonds are made between the die and DIP contact pads. Cryogenic measurements
discussed in this thesis take place in two commercial systems, an Advanced Research
Systems (ARS) closed cycle cryocooler and a Bluefors Cryogenics BF-LD400 dilution
refrigerator (DR). The base temperature of the cryocooler is approximately 3.9
K. The DR is capable of reaching 10 mK. Discussion on the e ective electron
temperature in the DR can be found in Chapter 5. The measurements in this thesis
do not utilize any passive lters on the signal lines. Shown in Fig. 2.15, the sample
DIP is mounted onto the base temperature sample stage for both systems. A custom
multiplexing (MUX) board, shown in Fig. 2.15(b), is attached to the DR sample
stage, allowing for high measurement throughput. Room temperature checks are
performed prior to cooling down, consisting of I-V measurements on the tunnel
junction and lead wires. Cryogenic four terminal I-V characteristics are measured
in the same manner as the room temperature measurements, the con guration of
which is shown in Fig. 2.10(b). The source currentslis set by applying a bias
voltage to I+ and measured at |- with a current preampli er at ground potential.
The di erential voltage V4 is measured as V+ - V-.

The residual resistivity ratio (RRR) of the metallic tunnel junction leads can
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Figure 2.14: 24 pin DIP with two \A" design tunnel junction dies. The chips are
silver pasted to the DIP. Wire bonds connect the DIP and die contact pads.

be determined by comparing the resistivity at room temperature and cryogenic
temperatures. RRR is commonly used as a gross indicator of material quality. For
non-superconducting materials, this is de ned as RRR = B k/Rok. As 0 Kis not
practical, the resistivity at the coldest measurement temperature (typically 2-4 K)
is referenced. For superconducting materials, resistivity is exactly 0 below the su-
perconducting transition temperature (T;) SO Ry ¢ is replaced by the resistivity at

a temperature just above . According to Matthiesen's Rule, the resistivity of
metals can be treated as the sum of two parts: 1),,, a temperature dependent
resistivity resulting from phonon scattering of a carrier in the lattice, and 2) ;, a
temperature independent resistivity resulting from scattering of a carrier o material
impurities, lattice defects, and grain boundaries [71]. As temperature is decreased,
phonon scattering probability and , decreases. As T 0 K, only the residual re-
sistivity ( ;) remains, thus providing a metric for the prevalence of impurities and

defects in the material. For reference, the RRR of Cu wire for telecommunications
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(@)

(b)

Figure 2.15: Sample DIPs mounted on the nominally base temperature sample
stages for the (a) cryocooler and (b) the DR. Multiple samples can be addressed
on the DR multiplexing board, shown in (b), allowing for increased measurement

throughput.
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is  40-50. RRR for superconducting Ims will be discussed in Chapter 5, where
our Nb wires with thin Al overlayers have RRR 1.8 in good agreement with other
polycrystalline Nb Ims [39, 72].

Rowell's third, and most rigorous [65, 66], criterion of junction conductance
dominated by tunneling is demonstrated by measuring conductance G(\W0) as a
function of temperature. Again, this is most useful in ruling out a signi cant con-
tribution from pinhole conduction. This criterion is typically stated as a tunnel
junction displaying conductance with an insulating-like temperature dependence,
i.e. the conductance decreases with decreasing temperature. For an ideal MIM
system with single-step elastic tunneling as the dominant conduction mechanism,
the relative change in conductance is governed by Fermi-Dirac statistics. [73, 74].
In this case, the conductance is predicted to decrease by several percent between
room temperature and 10 K, given that the tunnel barrier heights seen here are
much larger than kT. Consider the example in Fig. 2.16, where the conductance
of a Nb/AI/AIO ,/Au tunnel junction, discussed in Chapter 5, decreases by 80%
between room temperature and 4 K. This trend, which is typical for the tunnel
junctions discussed in this thesis, ful lls Rowell's third criterion, dispelling the no-
tion of signi cant pinhole conduction through the barrier. The stronger temperature
dependence of the conductance compared to the ideal Fermi-Dirac limited case, of-
ten seen in literature for devices with amorphous tunnel barriers, suggests additional
thermally activated conduction mechanisms such as inelastic tunneling via localized

defect states in the barrier [65, 75, 76].
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Figure 2.16: A conductance decrease of 80% for a Nb/AI/AIDAuU tunnel junction
is seen between 300 K and 4 K.
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2.4.2.1 Normal metal - Insulator - Superconductor Tunnel Junctions

The devices discussed in Chapter 5 incorporate a Nb/AI bilayer electrode,
which undergoes a superconducting phase transition below a critical temperature
T.. I-V measurements are performed on the superconducting bilayer and the NIS
tunnel junction in the same four point manner as described for room temperature
characterization. As discussed in Chapter 1, determining Tof the bilayer sets a
relative scale for superconducting properties such as the superconducting energy
gap and the coherence length. As | will discuss in Chapter 5,.Tis determined
using the temperature dependence of the Nb/Al wire resistance and the temperature
dependence of the superconducting critical current.l

The di erential conductance of the NIS tunnel junctions is measured in the
vicinity of the superconducting gap energy, typically 10 mV. The NIS conductance
spectrum represents an analogue to the thermally smeared quasiparticle density of
states in the superconducting region near the insulator. Information pertaining to
the superconducting state and the tunnel barrier can be inferred from this conduc-
tance spectrum, such as the superconducting energy gap or BTK tunnel barrier
strength [77]. Further discussion on Nb/Al bilayer-based NIS tunnel junctions can

be found in Chapter 5.

2.5 Chapter Summary

The UHV system described here enables complete tunnel junction fabrication

entirely in UHV conditions. This mitigates the inclusion of material impurities or
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contamination from residual gases and limits uncontrolled oxide formation. The
multitude of fabrication capabilities provided by the system enable us to explore a
large phase space of sample processing. In the following chapters, these capabilities
are leveraged, alongsiden situ and ex situ material characterization methods, to
improve or gain insight on properties of several technologically critical material

systems.
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Chapter 3: Plasma Oxidation for AIOx Tunnel Barriers

3.1 Context

The focus of this chapter is the optimization of the plasma oxidation recipe
for ultra-thin Al layers con ned by Co electrodes and the reduced aging observed
when compared to AlQ tunnel barriers without Co con nement. The term \Co
con nement" here refers to an ultrathin AlO, tunnel barrier (1 nm) with Co
electrodes on either side intended to \con ne" oxygen within the designed tunnel
barrier. Crossed wire tunnel junctions with Co con ned tunnel barriers have a bot-
tom layer of [4A0 nm Co / 1 nm Co / (1.1 nm Al + Oxidation)] and a top layer
of [5nm Co / 40 nm Cu / 5 nm Au]. Plasma oxidation parameters (i.e., power,
time, pressure) are tuned to achieve a fully oxidized Al layer with an oxygen density
near to that of stoichiometric Al,O3. The resistance drift in time, or aging, of these
\con ned" tunnel junctions is compared to \uncon ned" tunnel junctions with a
bottom layer of [40 nm Co /1 nm Co / (10 nm Al + Oxidation)] with an identi-
cal oxidation recipe and top layer. Resistance of a representative con ned tunnel
junction device increases by 34.0 5.4% over 8 months, while the resistance of
the uncon ned tunnel junction device increases by 95.4 7.8% over the same span.

The mitigated aging in the con ned tunnel junctions, compared to the uncon ned
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tunnel junctions, is attributed to an AlO, tunnel barrier with an initially sharper
and homogeneous oxygen pro le with an O/Al ratio nearer to that of stoichiometric
Al,Os.

Section 3.2 will contain an introduction to plasma oxidation of Al and the
development of the plasma oxidation recipe used for this thesis. This will include
the e ects of Co con nement layers on the oxidation process. Comparison of tunnel
junction resistance drift with and without Co con nement is discussed in section 3.3.
The results of section 3.3 are described in Ref. [70]. The chapter is then summarized
in section 3.5.

The con ned and uncon ned barrier stability results of this chapter are pub-

lished in Ref. [70].

3.1.1 Background

Ultrathin, amorphous aluminum oxide (AIOy) layers are a popular choice as
a tunnel barrier in metal-insulator-metal tunnel junctions implemented for Joseph-
son junction devices, magnetic storage, and in spintronics applications [45, 78, 79].
This popularity is driven largely by the ease of fabricating ultrathin (2 nm) layers
with self-limiting thermal oxidation at room temperature, as well as the essentially
uniform attenuation of di erent spin and symmetry states described well within
the WKB formalism [47, 80]. However, an undesirable property of AlQlayers is
\aging" as manifest in drifting electrical properties over time [22, 43, 44, 81]. Specif-

ically, the tunneling resistance of AlQ tunnel junctions has often been observed to
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slowly increase with time. Such instability is an obvious drawback for commer-
cial device applications where a drift in the normal state tunneling resistance can
cause, for example, the critical current () of a Josephson junction or the tunneling
magnetoresistance (TMR) of a magnetic tunnel junction to drift [81, 82].

Time dependent chemical and structural relaxation of the barrier pro le changes
the potential energy landscape in the tunnel junction, resulting in drifting (aging) of
the tunnel junction resistance. One of the most commonly cited mechanisms is the
\glassy" relaxation of the oxide and metal/oxide interface. Oxidation of a disordered
base electrode, as is often the procedure for Al@unnel barrier formation, results
in a polycrystalline or amorphous oxide in which many atoms are not in a global
equilibrium state or are under-coordinated (i.e., have dangling bonds) [22, 44, 83].
Electrically active defects resulting from such a structure include dangling bonds
acting as charge traps or ions tunneling between local potential minima. Changes
in charge distribution as a result of these defects manifests as changes in tunnel bar-
rier height or width. The room temperature stabilization of atomic con gurations
and neutralization of such charge traps can take place over long time scales on the
order of months [22, 44].

In addition, junction aging may manifest via structural ordering of the oxygen
sub-lattice [43]. Pavolotskyet al suggest that, for example, vacancy ow can pro-
vide the non-thermal enhancement of oxygen di usion required for such structural
ordering. The resultant curing of structural defects or annihilation of vacancies
manifests as aging as defect states and indirect tunneling paths are removed. For-

eign species in or near the tunnel barrier can also lead to resistance drift. For
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example, photoresist residue or water molecules present during oxidation can result
in hydrogen and hydroxyl groups (-OH) in the barrier. Hydroxyl groups can form
aluminum hydroxides (ALO3zH,0, Al,03 3H,0), in turn lowering the potential bar-

rier height [84, 85]. Resistance drift can occur as a result of hydroxide dissociation,
but typically requires temperatures in excess of 145 [85]. Likewise, di usion of
species due to concentration gradients can cause the tunnel barrier to change over
time but, in the absence of non-thermal di usion enhancement, typically occurs at
higher temperatures.

The electrically active defects in amorphous AlQthat give rise to aging are
also thought to be prominent sources of decoherence for qubit, or quantum bit,
states [22, 83, 86]. Atomic defects such as metastable atomic con gurations, often
found in substoichiometric or low density regions of an oxide [87], are believed to be
the origin of many two-level uctuators (TLS). The dipole moment of such defects
can couple to nearby qubits and act as a major source of dissipation, thus reducing
coherence times [30, 83, 86]. Therefore, mitigation of tunnel junction aging is likely
to coincide with a mitigation of decoherence sources.

The stability, or aging, of the tunnel junction is expected to be strongly de-
pendent on the initial oxide formation. An oxide which is denser and has a higher
O/Al ratio is expected to contain fewer voids and O vacancies, thus constraining
structural and chemical pro le changes over time due to higher atomic coordina-
tion [83, 87, 88]. However, many process techniques used to achieve this can be
technically challenging or have unintended consequences on the junction. Vacuum
annealing has been shown to be e ective in mitigating tunnel junction resistance
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drift [44, 84]. Annealing hastens the glassy relaxation of the tunnel barrier by
allowing atoms to (re)arrange into lower free energy con gurations [43, 81]. How-
ever, this may result in an unpredictably large absolute change from the unannealed
resistance and may also produce undesirable di usion in the tunnel junction. In ad-
dition, single-crystal tunnel barriers show a decreased density of TLS defects, which
are typically associated with aging. While these barriers may improve stability, the
epitaxial growth is quite challenging. Moving forward, | will discuss how plasma
oxidation and cobalt con nement are used to create AlQ barriers with improved

stoichiometry over thermal oxides and improve barrier stability.

3.2 Plasma Oxidation of thin Al layers on Co

3.2.1 Oxidation of Al

The growth of oxide layers on metals is a complex process in which the re-
actants are separated from each other after an initial monolayer formation. When
exposed to an aluminum surface, oxygen impinges with some sticking probability
(S) and is chemisorbed to begin the initial growth. This initial layer growth is rate
limited by the supply of oxygen. For devices in this thesis, the rst monolayer is
likely formed in milliseconds for an oxygen pressure of 160 mTorr and S 0f21010°
for O, [89]. From this point on, the reactants must di use through the oxide to reach
each other. Due in part to a signi cant size di erence, di usion of aluminum ions
dominates over di usion of oxygen ions. Below roughly 4 nm, oxide growth is rate

limited by aluminum ion di usion and is well described by the Mott-Cabrera loga-
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rithmic growth law [45, 89, 90, 91]. The Mott-Cabrera model describes metal oxide
formation that is limited by eld-facilitated hopping of metal ions at the metal-oxide
interface and through the existing oxide. Aluminum ions have been conrmed as
the primary moving species using an isotope technique, in which oxidation was ini-
tiated with O ¢ before continuing with O'8 [45]. Kuiper et al employed Rutherford
backscattering (RBS) and secondary ion mass spectroscopy (SIMS) to show that
the initial AlO '8, layers were buried underneath the subsequent A} layers, in-
dicating that Al was di using through the initial layer to reach the surface. A build

up of net charge from this ion di usion current is avoided by electrons tunnelling
from the metal substrate to the acceptor levels of oxygen adsorbed on the surface.
This electron transfer establishes an equilibrium potential across the oxide, typically
called the Mott potential (V). The resulting electric eld assists aluminum ions
as they di use through interstitial sites by a hopping process, lowering the energy

barrier needed to di use.

3.2.1.1 Plasma Oxidation

Plasma oxidation of Al has been shown to produce oxides with a higher O/Al
ratio in a signi cantly shorter time than typical (i.e., room temperature) thermal
oxidation [45, 47, 92]. The key di erence between the two processes, in this context,
is the exposure of the Al to di erent oxygen species present in the plasma. For
thermal oxidation, the Al surface is exposed mostly to @which dissociates upon

chemisorption. It is likely that the dissociation necessary is responsible for a rela-
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tively low sticking probability (102 - 103) [89]. For plasma oxidation, the Al surface
is exposed to more reactive species such as ions (@,") or reactive neutrals (T,
0O3). The plasma is overall neutral as electrons are present from ionization events,
as well as a relatively small population of negative ions.

Oxygen radicals (O) have been identi ed in the literature to likely be the
main species in the plasma oxidation process. Kuipet al used optical spectra of
an oxygen plasma to identify Q* and O as the most populous species [45]. The
oxidation rate was not observed to be bias dependent which suggested s the
primary driver of the oxidation process. However, the oxidation rate decreased with
increasing pressure between 5 - 45 Pa even though thé d@ensity had a maximum
near 25 Pa. They concluded that while Ois likely the main actor, enhanced ther-
malization due to a shorter mean free path (MFP) was responsible for the decreased
oxidation rate with pressure. In contrast, Knechten found an increase of oxida-
tion rate with pressure between 5 - 15 Pa with Odensity increasing in kind [47].
However, the oxidation rate increased linearly with power up to 15 W while the
O" density was found to be relatively at after 4 W. They, like Kuiper, supposed
that O was a primary driver of the oxidation process, but a parallel process of ions
delivering \thermal spikes" to the surface acted as a secondary driver.

For several reasons, the net e ect of the plasma species is to enhance Al dif-
fusion through the oxide. First, G has a much higher sticking probability than Q,
so surface coverage is enhanced over thermal oxidation. Second,a@®ms have a
much higher electron a nity of 1.5 eV (deeper acceptor levels) compared to the 0.45

eV electron a nity of O , molecules [93]. Both the increased surface coverage and
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higher electron a nity of O * combine to increase the surface charge density, thus
increasing M, and the electric eld across the oxide. The activation energy of Al
hopping is decreased due to the larger electric eld and, in Knechten's model, ther-
mal energy provided by impinging ions. While there are common threads such as
the e ect of O", Knechten notes that di erences in the overall oxidation mechanism,

as well as oxidation rate dependencies on process parameters (pressure, power, etc.),
may arise between plasma system con gurations (e.g., line of site con gurations of

plasma electrodes relative to the oxidation surface of interest).

3.2.1.2 E ects of Co con nement

The devices discussed in this chapter utilize an ultrathin ( 1.5 nm) AlOy
tunnel barrier con ned by Co electrodes on the top and bottom side. Plasma oxi-
dation of thin Al layers on Co has been studied in great detail, as Co/AlIgJCo is
a popular magnetic tunnel junction (MTJ) stack used in the tunneling magnetore-
sistance (TMR) community [45, 46, 47]. TMR is the di erent in tunneling junction
resistance depending on the relative alignment of magnetic electrodes and is uti-
lized in memory storage. A thin Al layer, typically 0.8-1.5 nm thick, is deposited
on a Co underlayer and consumed by the oxidation process. After pioneering work
by Moodera, Kuiper et al showed that the TMR of Co/AlO,/Co MTJs was max-
imized under two conditions: 1) the tunnel barrier is homogeneously oxidized to
the stoichiometric O/Al ratio of 1.5 and 2) no Co oxide is formed [45, 94]. The

homogeneous tunnel barrier ensures minimal pinhole conductance which couples
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the magnetic electrodes, while CoO and GO, are known to scatter spins and mix
the spin-up and spin-down channels [95]. RBS and transmission electron microscopy
(TEM) were used to observe the O content in the oxide layer and the layer thickness
as a function of oxidation time, as seen in Fig. 3.1(a-b). The O content increased
logarithmically with time, but the oxide thickness was constant between 10 s and
100 s. They concluded that the oxidation was found to occur in several steps, with a
substoichiometric Al-rich oxidation front progressing to the Al/Co interface followed
by a build up of O content in the oxide [45, 46]. After 100 s, su cient O had built
up at the Al/Co interface for the Co to begin oxidizing.

Following Kuiper's observations, the Co underlayer can be thought of as an
oxidation stop for the thin Al layer above. This behavior can likely be attributed
to the signi cantly larger (more negative) Gibbs free energy of formation of AD3
(G % =-1581 kJ/mol) compared to the Co oxides, CoO ( G;° = -215 kJ/mol)
and Co;0,4 (G ° = -770 kd/mol) [78, 96]. By utilizing a Co overlayer as well, the
Al can be considered a potential well for O. Thus with the Co con nement, the
tunnel barrier can be formed with an initially sharper O pro le with an O/Al ratio
near stoichiometric ALO3; and retain a homogeneous oxidation pro le over time. In
general, metals whose oxides have relatively small (less negative) s &Gompared
to Al, such as Ti or V, are expected to provide a qualitatively similar bene t [1].
Comparison of devices with con ned barriers and uncon ned barriers are discussed

later in the chapter.
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