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Solid-state quantum computing devices are among the most promising can-
didates for realizing quantum computers, due to the characteristics that they are
more versatile and more easily scalable compared to other implementations, and
the anticipated integration with existing silicon device fabrication and nanoscale
technology. In the solid-state quantum computing field, superconducting and semi-
conducting qubits have achieved tremendous progress. However, there still exist
issues such as material instabilities, device vulnerabilities, fabrication complexities,
measurement noise, etc., that hinder the performance improvement in the device
level. In addition, the future of large scale quantum computing relies on efficiently
transducing quantum information between different bases, which requires mutually
compatible devices and materials.

In this thesis, I report on the device development and characterization for solv-

ing issues and improving performance in two solid-state quantum computing fields —



superconducting and semiconducting, and finally propose and evaluate a device ar-
chitecture of compatibly integrating these two types of quantum computing devices
for qubit implementation. For superconducting quantum computing, the material
instability of aluminum oxide (AlOy), which is thought to be a decoherence source
in superconducting quantum computing circuits, is remarkably mitigated on single-
electron devices with Al/AlO /Al tunnel junctions. By employing plasma oxidation
and ultra-high vacuum (UHV) chambers, one manifestation of AlOy instability — the
long-term charge offset drift of Al/AlO, /Al single-electron transistors (SETSs) is sig-
nificantly reduced (best AQy = 0.13 e &+ 0.01 e over ~ 7.6 days and no observation
of AQq exceeding 1 e), compared to the results of devices with conventionally fabri-
cated Al/AlOy /Al tunnel junctions in previous studies (best AQy = 0.43 e + 0.007 e
over ~ 9 days and most AQ)y > 1 e within one day). For semiconducting quantum
computing, robust single metal gate layer metal-oxide-semiconductor (MOS) quan-
tum dot devices are developed for improving fabrication efficiency and reducing
failure modes, with sufficient device performance for diagnostic qubits. No fail-
ures with gate voltage excursions > 10 V are observed. Quantum dot formation,
capacitive charge sensing with signal-to-noise ratio (SNR > 5) sufficient for spin
readout, and reasonable effective electron temperatures (7, ~ 200 mK) that enable
spin qubit studies, are demonstrated. Along the device development, measurement
noise that determines the performance of device characterization is also studied and
improved. The noise level in a dilution refrigerator with ~ 10 mK base temperature
is substantially lowered from ~ 4 K to < 0.5 K. Finally, the device design, modeling,

and theoretical calculations of integrating the charge stability improved Al/AlO, /Al



SETs with the streamlined, robust silicon MOS quantum dots are presented for ad-
vancing an integrated solid-state qubit platform. An analytical method is proposed
to evaluate the device feasibility and find the optimal operating point for perform-
ing charge sensing and spin readout, which can be used to optimize device design
and guide experimental measurement for better qubit performance in versatile spin
qubit scenarios. Via increasing the charging energy of the charge sensor by a factor
of 2, the SNR at the optimal operating point can be improved by a factor of ~ 6.
These achievements together are building blocks to implement an integrated solid-
state qubit platform integrating semiconducting and superconducting devices, with

the capability of transducing quantum information between different bases.
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Chapter 1: Introduction

With the increasing demand of computational power and shrinking size of mi-
croelectronic transistors, quantum computing has been attracting more and more at-
tention in both research and industrial fields. On the one hand, quantum computing
provides fundamentally different algorithms and remarkably enhanced calculation
speed than classical computing for those difficult problems that have exponentially
increasing complexity [3]. On the other hand, an end-point of “Moore’s law” [4] that
successfully predicts continuous reduction in transistor dimensions, is approaching
due to the domination of quantum effects [5]. Instead of making great efforts to sup-
press quantum effects, it is more wise to harness the quantum effects for the benefit
of solving complex problems. So far, the achievements in implementing quantum
logic gates, quantum algorithms, surface code, machine learning, etc. are excit-
ing, and quantum computers for wide applications are expected to be commercially
available within a few years [6, 7, 8, 9, 10, 11, 12, 13].

Shor’s algorithm for prime factorization [14] is the most famous example that
demonstrates the supremacy of quantum computers over classical computers for
specific problems. For modern classical computers, this computational problem

of factorizing a large composite integer N into prime numbers requires billions of



years to solve, which is computationally unreachable, and therefore has being widely
used for a basic encryption tool in information security, known as Rivest-Shamir-
Adleman (RSA) cryptosystem [15]. However, due to Shor’s algorithm, a quantum
computer can solve it within a few hours and is capable to invalidate the current
RSA cryptography schemes.

For representing information, the counterpart of a bit in quantum computing
is the quantum bit, known as qubit. There are two significant properties of qubits
that make a quantum computer fundamentally different from a classical computer —
quantum superposition and quantum entanglement [3]. Unlike in classical comput-
ing where a bit can only be in the 0 state or 1 state, the qubit in quantum computing
can be in both ground and excited states at the same time with a probability for
each, called superposition [16]. Superposition indicates the wave-like property and
complies with the Schrodinger equation. If one qubit is in the superposition of two
classical states, then n qubits are in a superposition of 2" classical states. There-
fore, by connecting many qubits via superposition, vast computational spaces are
created. The quantum entanglement was discovered by Albert Einstein [17]. If
two qubits are generated and “entangled”, there is a correlation between them —
if one qubit is in one specific state, the other qubit has to be in another specific
state. A representative example is the electron spin such that when two electrons
are entangled, then one of the electrons is always measured to be spin-up if the
other electron is measured to be spin-down. With quantum algorithms using quan-
tum entanglement, particular complex problems can be solved more efficiently on

quantum computers than classical computers. These two properties together give



quantum computers massive computational power. These special properties leads
to the critical requirement of quantum computers — the internal operation must be
isolated from the rest of the universe [18]. Loss of information from the system
into the environment can disturb the fragile quantum mechanical waves and cause
quantum decoherence. There are three important time scales that determine the
qubit fidelity — 77, T5 and T3. T3 is the relaxation time that an excited state takes to
decay towards the ground state. T3 is the coherence time or dephasing time, which
characterizes the time that a qubit can keep its quantum coherence properties. 7%
is the measured decay time which is close but smaller to T, due to experimental or
environmental imperfections.

There are many physical realizations of qubits such as nuclear magnetic reso-
nance (NMR) [19, 20, 21], ion traps [22, 23, 24|, superconducting circuits [25, 26, 27],
nitrogen vacancies (NV centers) in diamond [28], semiconductor quantum dots
[29, 30, 31, 32], etc. Among these paths, solid-state implementations appear to
be promising because of the potential scalability and possible integration with ex-
isting silicon device fabrication and nanoscale technology [3, 33, 34]. Here in this
thesis, I will focus on the two solid-state quantum computing approaches — super-
conducting and semiconducting quantum computing. More specifically, nanoscale
device development and characterization for both superconducting and semiconduct-
ing quantum computing fields will be presented and discussed. One type of device is
metallic single-electron transistor (SET) with Al/AlO,/Al tunnel junctions, which is
also know as Josephson junction and a key component in superconducting quantum

computation. The other type of device is silicon metal-oxide-semiconductor (MOS)



quantum dot for semiconducting quantum computation which utilizes spin qubit.
In this chapter I will introduce the basic principles for understanding the operating

mechanisms of these devices for quantum computing.

1.1 Electron Transport through Quantum Dots

This section closely follows the discussion in Ref. [35].

The basic operating mechanisms of the devices discussed in this thesis rely
on the electron transport mechanism through quantum dots. Quantum dot can be
considered as a small island confining electrons which is coupled to three terminals
— source, drain and gate electrodes [35, 36], as shown in Fig. 1.1. They together
constitute a single-electron transistor (SET). The small conductor acts as an island
for confining individual electrons residing in it, and is also called as “island” in SET
devices. The source and drain electron reservoirs are coupled to the dot through
tunnel barriers. Electron tunneling can only occur between the dot and source/drain
reservoirs, as indicated by the arrows. The source and drain electrodes connect the
dot to macroscopic voltage sources and current meters. The gate electrode controls
the electrostatic potential of the dot. The number of electrons on the dot can
only be an integer, which leads to the quantized charge on the dot. FElectrons
on the dot occupy quantized energy levels. The thermal energy kg1 (kg is the
Boltzmann constant and T is the thermal temperature) must be smaller than the
energy level spacing on the dot, AFE, to resolve the energy level quantization. The

level spacing at the Fermi energy Er for a box of size L is [35]: (N/4)h*m?/mL? for



1D, (1/7)h?7?/mL? for 2D and (1/37%N)Y3h?72 /mL? for 3D (N and m are integer
numbers, 7 is the reduced Planck constant). h*m?/mL? is the characteristic energy
scale. When electron tunneling occurs, the system adjusts the number of electrons on
the dot to minimize the total energy. To observe the phenomena originating from
the charge discretization, two conditions are required: 1) charging energy of the
quantum dot must exceed the thermal energy, Eo > kpT where E¢ is the charging
energy of the dot that will be discussed below; 2) the tunnel resistances between
the dot and source/drain are sufficiently high to confine the electrons, R;>h/e?
where R; is the tunnel resistance of a single tunnel barrier and h/e? is the resistance
quantum (h is the Planck constant).

Fig. 1.2(a) shows the potential diagram of a quantum dot along the transport
direction. The states in the source/drain reservoirs of electrons are filled up to the
electrochemical potentials figource/ fdrain, T€spectively. The externally applied source-
drain bias V;; produces an energy window between the source and drain reservoirs:
eVisd = Hsource — Mhdrain- Neglecting thermal energy and co-tunneling, transport only
occurs when available charging levels on the dot fall within the energy window
[35]. The number of available states is determined by the electrochemical potential
of the dot, pgot(N), where N is the number of electrons on the dot. At a fixed
gate voltage V, N is the largest integer that satisfies pgor(IV) < fisource = [drain-
The states in the dot are filled up to g, (V) and separated by the single-particle
energy spacing AFE. For the electrochemical potential of the dot, the general form
is: fiagot(N) = pien(N) + e(N), where pep(N) is the chemical potential and ep(N)

is the electrostatic potential.



Drain

Source

Quantum dot

Figure 1.1: (Adapted with permission from Ref.[35], Copyright 1997, Springer Sci-
ence Business Media Dordrecht) Schematic diagram of a quantum dot. The dot
is coupled to source, drain and gate electrode. Electron tunneling can only occur
between the dot and the source/drain reservoirs, as indicated by the arrows.



Coulomb Blockade

L]

Figure 1.2: (Adapted with permission from Ref.[35], Copyright 1997, Springer Sci-
ence Business Media Dordrecht) Potential diagram of a quantum dot along the
transport direction. (a) Coulomb blockade regime. (b) Single electron tunneling
regime.



To add one electron to the dot, the required addition energy is the electro-
chemical potential difference between the two charge states, N and N + 1, which
is referred to as the charging energy: FEc = pgor(N + 1) — pgor(N) = é—; Here
Cy, is the dot’s total capacitance. This non-zero addition energy leads to a block-
ade for electrons tunneling on the dot, as illustrated in the low bias regime in Fig.
1.2(a), where there is no current between the two peaks. The addition of one elec-
tron on the dot would raise pigo¢(N) (the highest solid line) to pge (N + 1) (the
lowest dashed line), which is higher than the the reservoir’s electrochemical po-
tential. Therefore, the electrons in the source reservoir cannot tunnel on the dot.
This is the case of “Coulomb blockade” — the electron transport is blockaded when
taot(N) < psources fdrain < Haot(IN 4+ 1). In the case of Coulomb blockade, electron
exchange is prohibited and the number of electrons on the dot is fixed, so there is
no current through the dot.

The gate electrode is coupled to the dot and controls the dot’s electrostatic
potential. By changing the gate voltage, pgoi(N + 1) can be moved down to fall
within the source-drain bias window, between fisource and figrain, as illustrated in
Fig. 1.2(b) left panel. Since fisource > flaot(N + 1), an electron from the source
reservoir can tunnel onto the dot and raise the dot’s electrostatic potential from
ep(N) to ep(N + 1), ep(N + 1) — ep(N) = Eg, illustrated as an increase in the
conduction band bottom in Fig. 1.2(b). Now the states in the dot are filled up to the
dot’s electrochemical potential pig0(N 4 1), as illustrated in Fig. 1.2(b) right panel.
Since figot(N +1) > fiqrain, One electron can tunnel off the dot to the drain reservoir,

decreasing the dot’s electrochemical potential back to pge:(N). A new cycle begins

8



by a new electron tunneling from the source reservoir on the dot and this single
electron tunneling process repeats with the number of electrons on the dot jumping
between N and N +1: NN 4+ 1—-N—N + 1— ... Therefore, current through
the dot can be measured due to the successive discrete charging and discharging of
the dot.

At a fixed source-drain bias, the current through the dot oscillates between
zero (Coulomb blockade) and non-zero (no Coulomb blockade) by sweeping the
gate voltage V;, which is known as Coulomb blockade oscillations, as illustrated in
Fig. 1.3(a). The oscillation period for single electron tunneling in the gate voltage
i, where Cy is the coupling capacitance between the gate

Cy

and the dot. In the blockade region between peaks, the number of electrons on the

direction is: AV, =

dot is fixed to an integer N. In the crossover between two stable charge states or
the peak region on the right, the number of electrons on the dot jumps between N
and N + 1 and results in a “charge degeneracy” [37], which induces the observed
current peaks. And in the next blockade region, the number of electrons on the
dot is increased to N 4+ 1. When the source-drain bias increases and opens the bias
window, more than one energy level falls within the bias window and transport is
no longer blockaded. In this case, the current oscillates nearly sinusoidally without
reaching zero, increasing as a level enters and decreasing as a level leaves the bias
window, as shown in Fig. 1.3(a) [36]. If we fix the gate voltage V;, and sweep the
source-drain bias V4, a non-linear current-voltage characteristic known as Coulomb
staircase can be measured, as shown in Fig. 1.3(b). A new current step occurs at

the threshold voltage (e/Cy) at which one more conduction channel is allowed on



the island. The threshold voltage is periodic in gate voltage, in accordance with the
Coulomb oscillations. By sweeping both V, and V4 and measure the conductance,
the so-called Coulomb diamonds can be measured as shown in Fig. 1.3(c). Transport
is blockaded inside the diamonds. The height of the diamonds indicate the charging

energy.

1.2 Metal-Oxide-Semiconductor (MOS) Structure

This section closely follows the discussion in Ref. [39].

One direct way to realize an SET island (dot) is to confine electrons in a small
piece of metal with insulating materials as tunnel barriers for controlling electron
exchange between the dot and source/drain. Another way to realize smaller quantum
dots is to form confined electron regions in semiconductors, which can be achieved by
metal-oxide-semiconductor (MOS) structures. Shown in Fig. 1.4 is a cross-sectional
view of the basic MOS device structure. The MOS device is fabricated from a silicon
substrate which is moderately doped for p-type or n-type. Shown here is a p-type
substrate. The substrate together with its ground is called the base. On the top of
the base is an insulating layer of silicon dioxide grown on the surface of the silicon
substrate, acting as the gate dielectric. The top gate layer is usually formed by
deposition of some metal or highly conductive poly-Si. The gate electrode is used to
apply an electric field through the oxide to the silicon. For the MOS device shown
in Fig. 1.4, the source and drain regions are n-type to provide electron carriers. The

source and drain electrodes are ohmic contacts which are connected to macroscopic
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Figure 1.3: (a) Coulomb blockade oscillations as a function of the gate voltage
V, at low and high source-drain bias, V4. (b) Coulomb staircase measurement as
a function of V4. (c) (Adapted from Ref.[36]) Schematic Coulomb diamonds as
a function of V; and V4. ((a) and (c) are adapted from Ref.[36], an Open Access
article under Creative Commons Attribution License; (b) is adapted with permission
from Ref.[38], Copyright 1991, Springer-Verlag.)
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Figure 1.4: (Adapted with permission from Ref.[39], Copyright 2018, Springer-
Verlag GmbH Germany) Schematic diagram of the cross-sectional view of the basic
MOS device structure. Shown here is a p-type substrate and n-type source and
drain regions.

voltage sources and current meters. The electric field applied by the gate electrode
can induce changes of the carrier properties in the silicon layer underneath the gate,
i.e., changes of conductance in the source-drain channel.

For the operating of the MOS device, there are four regimes related to four
different gate voltage ranges, V; [39, 40]. Shown in Fig. 1.5 top half are the schematic
energy band diagrams of the MOS structure in these four regimes. For each V, range,
the diagram shows three regions and they represent metal, oxide and semiconductor
from the left to the right. In the metal regions, the Fermi levels for the metal

Er,, are denoted by the solid lines and the dashed lines denote the positions of the
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Si Fermi levels Er. In the oxide regions, we show the valence band edge. In the
semiconductor regions, we show the Si conduction band edge E., the intrinsic Fermi
level for the undoped Si E; (illustrated as dashed lines), the Fermi level Er for the
p-type Si, and the valence band edge F, in each diagram. Fig. 1.5 bottom half show
the charge layers of the interfaces in each regime and the names of these regimes.

When V, = 0, the Fermi levels in the metal and semiconductor regions line up
and there are no net charges at the interfaces. This is the flat-band regime where
the energy bands in the semiconductor are flat.

When V, < 0, an electric field is built up in the oxide and the negative gate
voltage bends the Si energy bands up at the semiconductor-oxide interface. The
Fermi level Er is constant through the semiconductor region because the system is
in thermal equilibrium and there is no current. The valence band edge FE, is now
closer to the Fermi level Er at the semiconductor-oxide interface than in the bulk
semiconductor. Therefore, holes accumulate at the semiconductor-oxide interface
and electrons accumulate at the metal-oxide interface. This is the accumulation
regime where the surface of the semiconductor is more p-type than the bulk material.

When the gate voltage is positive but less than some threshold value Vj,
which is determined by the electrical and geometry properties of the MOS structure,
0 <V, < Vip, the electric field applied by the gate voltage bend the Si energy bands
down at the semiconductor-oxide interface, resulting in a space charge region and
a depletion of holes. This is the depletion regime where a negatively charged layer
of localized states is formed at the semiconductor-oxide interface and correspond-

ing positively charged region is formed at the metal-oxide interface. The induced
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depletion region width increases as V; increases. V}, is the gate voltage that causes
the intrinsic Fermi level Er; and the actual Fermi level Er to be identical at the
semiconductor-oxide interface.

When V,; > Vj;, the Si energy bands at the semiconductor-oxide interface are
further bent down and the intrinsic Fermi level at the interface Er; drops below
the actual Fermi level Fr. The conduction band edge E. at the surface is now
closer to the Fermi level Er than the valence band edge F,, while E, is closer to
Er than E. in the bulk Si. This is the inversion regime, where the surface of the
semiconductor at the semiconductor-oxide interface is now inverted from p-type to n-
type, inducing the inversion layer, where mobile electrons reside. The inversion layer
creates a conducting channel between the source and drain regions. The electrons
in this inversion layer are of wide interest, since their motion in one dimension is
confined and quantized, forming two-dimensional electron gas (2DEG) [39]. Most

importantly, they can be controlled by the gate electrode.

1.3 Electron Spin Readout in Solid-State Quantum Computing

This section closely follows the discussion in Ref. [30].

Over the past several decades, tremendous advances have been achieved in the
field of quantum information. Among these building blocks towards sophisticated
quantum computing processors, solid-state quantum computing has many attrac-
tive features such as being considered more versatile and more easily scalable, and

the anticipated integration with existing silicon device fabrication and nanoscale
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Figure 1.5: (Adapted with permission from Ref.[39], Copyright 2018, Springer-
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technology [33, 41]. Electron spins confined in solids are considered as carriers for
quantum information and can represent well-isolated qubits due to long coherence
times [32, 42], fast gate operations [43, 44|, and the potential for scalability [45, 46].

To perform computation, the electron spin qubits must be initialized and mea-
sured [47, 48, 49]. In both circuit-based and measurement-based quantum comput-
ing, the readout of an individual electron spins is a critical step, which have been
achieved with spin-to-charge conversion followed by charge detection. More specif-
ically in this technique, whether an electron can tunnel depends on its spin state,
and a charge detector electrostatically coupled to the electron site can sense whether
the charge is displaced, thereby indicate the spin state [32, 42, 50, 51]. SET devices
are extraordinarily sensitive to charge change in the vicinity of the SET island and
can consequently be used as charge detectors [52].

Fig. 1.6(a) and (b) illustrate an example operation of electron spin readout
[30]. The spin-dependent tunneling of electrons is achieved by applying a magnetic
field B so that the spin-up state has a higher energy than the spin-down state, differ-
entiated by the Zeeman splitting &/ = gupB, where g =~ 2 is the spin gyromagnetic
ratio and pp is the Bohr magneton. To perform the readout, the electrochemical
potentials on the SET island (psgpr) and a nearby electron site (4 for spin-up state
and p, for spin-down state) are set by the gate voltages such that the SET current
Isgr is zero when the electron is on the electron site, and Isgr is nonzero when the
electron is on the SET island. There are three phases in the readout process. (1)
Load phase, when the gate voltage is tuned such that piggpr > pir, 2y, an electron in an
unknown spin state tunnels from the SET island to the electron site, and Isgr drops
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to zero. (2) Read phase, when the gate voltage is tuned such that p; < pgpr < s,
a spin-down electron remains trapped on the electron site, resulting in Isgr = 0,
while a spin-up electron can tunnel onto the SET island and lead to Isgr > 0. A
different spin-down electron from the SET island can later tunnel back onto the
electron site, causing Isgr = 0 again. Therefore, the signal of a spin-up electron is
a current pulse at the beginning of the read phase, while no SET current change is
observed during the whole read phase if the original electron is in spin-down state.
(3) Empty phase, when the gate voltage is tuned such that pusgr < gy, f1y, to empty
the electron site to prepare for a new cycle. The remaining spin-down electron on

the electron site tunnels back onto the SET island, leading to Isgt > 0.

1.4 Motivation and Project Goals

SET devices, which can be realized either in metals or in semiconductors,
play an important role in single spin readout for solid-state quantum computing.
For metallic SET devices, the tunnel barriers are realized by sandwiching a very
thin insulator between the SET island metal and source/drain metal [53, 54]. This
structure is known as tunnel junctions. The widely used tunnel junctions in metallic
SETs are Al/AlO,/Al tunnel junctions, because aluminum as metal leads has good
conductance, and its native oxide has good dielectric properties and is relatively
easy to fabricate. Al/AlO,/Al tunnel junctions are also popular in superconducting
quantum computing communities as Josephson junctions [55, 56, 57]. For semicon-

ductor SET devices, the dot is formed by inducing an electron layer (2DEG) using
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Figure 1.6: (Adapted with permission from Ref.[30], Copyright 2010, Nature Pub-
lishing Group) An example operation of electron spin readout. (a) A schematic
diagram showing spin-dependent tunneling. (b) Illustration of the electrochemical
potentials, gate pulse sequence and SET current showing the readout process.
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the electric field applied by the inversion gate and inducing tunnel barriers using the
electric field applied by the barrier gates in the MOS structure. Al together with
AlO, are also widely used as the gate material and gate isolation.

Metallic SET devices are relatively easy to fabricate and low-cost, since the
device fabrication mainly involves two metal layer deposition and oxide growth in
between them, and minimum requirements for the substrate (substrate with surface
dielectric). By using double-layer stencil masks and double-angle deposition, the
deposition of two metal layers only require one e-beam lithography process [54].
Since the dot is already defined by the island metal and tunnel junctions when the
device is fabricated, metallic devices don’t require much efforts to tune the single
electron tunneling conditions. However, the tunnel barriers are fixed and cannot be
tuned in metallic devices. Shrinking the dot size is also limited.

Fabricating semiconductor SET devices is more complicated because of the
MOS mechanisms. It requires high-quality silicon substrate, the substrate needs to
be implanted for the source/drain regions, silicon dioxide needs to be grown as the
primary gate isolation, the ohmic contacts cannot be fabricated together with the
gate structures, and devices with multiple gate layers can have more failure modes,
etc. Compared to metallic devices, semiconductor devices require much more efforts
to tune the quantum dots and tunnel barriers. On the other hand, the quantum dots
formed in semiconductors are tunable and can be made very small, thereby are more
likely to achieve few electron regime to have better qubit performance [30, 31, 58].

It is noted that aluminum and its oxide are ubiquitously employed in solid-state
quantum computing field. However, amorphous AlO, with initial nonequilibrium
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structure is frequently reported to have a broad distribution of electrically active
defects, exhibiting instabilities and therefore inducing decoherence sources in qubit
devices [55, 59]. One manifestation of AlO, instabilities is charge offset drift in SET
devices, which is observed as random fluctuations of the phase of the device’s control
curve [36] and can be utilized as a metric to evaluate the material instabilities in
SET devices.

Therefore, the goal of this work is to first mitigate AlO, instabilities in quan-
tum computing devices by using charge offset drift as the metric, seek for a robust
approach to improve fabrication efficiency and reduce failure modes of MOS quan-
tum dot devices with reduced but still sufficient capabilities to fulfill our qubit devel-
opment, and finally design a feasible way to integrate metallic and semiconductor
devices together to develop a preliminary qubit platform for diagnostics. During
this process, studying the noise sources are necessary to evaluate and improve our

measurement capabilities for advancing qubit implementation.

1.5 Dissertation Outline

e Chapter 2: The experimental apparatus and methods used to fabricate and
characterize solid-state quantum computing devices in this work are demon-
strated. This is mainly focused on our customized instruments, process and
measurement methods in addition to the standard cleanroom fabrication tech-

niques.

e Chapter 3: Reduction of charge offset drift in metallic SETs using plasma
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oxidized aluminum is presented and discussed. The charge offset drift (AQ))
measured from the plasma oxidized AlO, SETs in this work is remarkably
reduced (best AQy = 0.13 e £ 0.01 e over =~ 7.6 days and no observation of
AQq exceeding 1 e), compared to the results of conventionally fabricated AlO
tunnel barriers in previous studies (best AQy = 0.43 e 4+ 0.007 e over ~ 9 days
and most AQy > 1 e within one day).This improvement is primarily attributed
to using plasma oxidation, which forms the tunnel barrier with fewer two-level
system (TLS) defects, and secondarily to fabricating the devices entirely within

a UHV system.

Chapter 4: Development of robust, single metal gate layer MOS quantum
dot devices with reduced failure modes and compromised electrostatic gate
control is presented and discussed. Quantum dot formation, capacitive charge
sensing between channels, and reasonable effective electron temperatures that
enable spin qubit studies are presented. The costs and benefits of the trade-off

between device performance and fabrication efficiency are discussed.

Chapter 5: Noise study based on Coulomb blockade peak width broadening
and improvement of device measurement capabilities are presented and dis-
cussed. Temperature-dependent conductance measurements and comparison
of effective electron temperature (7,) using two two different quantum dot
systems, P donor-based and MOS-based Si quantum dots, are presented. The
noise origins and factors inducing high 7T, are discussed and analyzed. The

noise level in a dilution refrigerator with ~ 10 mK base temperature is sub-
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stantially lowered from ~ 4 K to ~ 0.5 K by rearranging ground configuration

and noise filtering.

Chapter 6: The design and development of integrating stability improved
metallic AlIO, SETs and streamlined single metal gate layer MOS quantum
dot devices for a hybrid qubit architecture are presented and discussed. The
design of device structure and streamlined process flow will be presented, as
well as the device modeling and simulation. An analytical method is proposed

to evaluate the device design for charge sensing and spin readout feasibility.

Chapter 7: A summary of the main scientific results and impacts of these
results are presented. Future scientific research proposals enabled by this work

are discussed.
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Chapter 2: Experimental Apparatus and Methods

The device fabrication in this work are partly done with standard cleanroom
fabrication facilities, and partly done with our customized experimental system and
methods. The device characterization is mostly done in a 10 mK dilution refriger-
ator (DR) system, and partly done in a 4 K cryogenic system. In this chapter, I
will introduce our experimental apparatus and methods used for fabricating plasma
oxidized aluminum oxide (AlOy) tunnel barriers in ultra-high vacuum (UHV) envi-

ronment, and low-temperature systems for device characterization.

2.1 UHV Chamber Configuration

The plasma oxidized AlO, tunnel barriers and UHV environment which con-
tribute to the remarkable charge stability improvement of metallic SET's are achieved
within a custom multi-chamber UHV system with base pressure < 1077 Pa
(1072 Torr). This custom multi-chamber UHV system is an integrated single system
equipped with capabilities of deposition, plasma oxidation and X-ray photoelectron
spectroscopy (XPS), as well as introducing and transferring samples between differ-
ent chambers. Therefore, during the the whole course of fine structure fabrication

of SET devices, we are able to keep the devices in UHV environment except for
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the short time when the sample is exposed in oxygen plasma. Fig. 2.1 shows an
overview of our custom multi-chamber UHV system, which consists of a load lock
chamber for introducing samples and storing waiting samples, a deposition chamber
for electron-beam (e-beam) evaporation, a plasma chamber for plasma oxidation,
and an in situ XPS system for characterizing materials (not used in this work). The
deposition chamber, plasma chamber and XPS chamber are all connected via the
load loack chamber. Each chamber has its own vacuum pumping line and differ-
ent chambers are isolated by highly reliable vacuum gate valves to keep their own
vacuum pressure without being affected by other chambers. There are three mag-
netically coupled transfer rods installed in the deposition chamber, plasma chamber
and XPS chamber, respectively. They are used to transfer samples between the load
lock chamber and the other three process chambers, while opening the gate valve
between the two sample transfer chambers.

To maximize the device volume fabricated in a single run, this system is de-
signed for wafer scale (3 in wafer) processing. Samples are first introduced in the
load lock chamber without interrupting the vacuum of other chambers. There is an
elevator with 25 slots in the load lock chamber which can store 25 wafers at a time
and move up and down for the transfer rods to select which wafer to be transferred
to other chambers. Once the samples are loaded in, the load lock chamber can
be pumped down to a typical pressure of 10~° Torr, via a turbo pump backed by
a scroll pump. The door of the load lock is sealed via a copper o-ring to ensure
good vacuum. The load lock chamber is also served as the transfer station when

transferring samples among the other three chambers. The sample is mounted in a
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Figure 2.1: An overview of our custom multi-chamber UHV system, which consists
of a load lock chamber for introducing samples and storing waiting samples, a de-
position chamber for e-beam evaporation, a plasma chamber for plasma oxidation,
and an in situ XPS system for characterizing materials.
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a stainless-steel cassette and securely grounded by system ground throughout the
whole processing in this UHV system.

Once the load lock chamber is pumped down to approximately 10~° Torr,
the gate valve between the load lock chamber and the plasma chamber can be
opened and the SET device sample that has e-beam lithography patterned resist is
transferred to the plasma chamber first for resist descum. The plasma chamber is
kept under UHV (107° Torr) all the time except for the oxygen plasma processing
period. During the oxygen plasma process, the plasma chamber is filled with research
grade oxygen. Then the electrodes in the plasma chamber are energized to strike
oxygen plasma. Details of the oxygen plasma process will be discussed in Section
2.2. Once the oxygen plasma process is done, the plasma chamber is immediately
pumped down via its vacuum line all the way to its base pressure. When the plasma
chamber is under UHV, the sample can be transferred to the deposition chamber
via the load lock chamber for subsequent processing steps.

The deposition chamber is typically kept at a base pressure of ~ 1071° Torr
and equipped with an e-beam evaporator. There are 5 pockets on the e-beam evap-
orator storing evaporant materials, providing selections of source materials among
gold (Au), copper (Cu), aluminum (Al), cobalt (Co) and niobium (Nb) metals.
There are crucible liners containing these metals to decrease heat transfer between
the evaporant and the hearth, and provide better uniformity and deposition rate
control. The source materials are placed linearly on a motor-controlled rail and the
selected source material can be moved to the e-beam spot position for thin film de-

position. During the e-beam evaporation, the e-gun hearth is cooled by continuous
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chilled water flow. The deposition chamber is also equipped with a liquid nitrogen
(LN3) cooling shroud above the evaporating sources, and thermocouples for moni-
toring the metal shroud temperature. There are feedthroughs connecting the cooling
shroud with LNy dewar to fill the shroud with LNy during e-beam evaporation. The
LNy cooling shroud plays two role during the metal deposition: 1) regulate the
temperature of the deposition chamber that is continuously heated by the source
materials, 2) adsorb and freeze residual gases in the deposition chamber to provide
better vacuum pressure and reduce impurities of deposited films. Typically with
the metal shroud filled with LN, and at temperature =~ —160 °C, the deposition
chamber pressure can be maintained below 5 x 10~ Torr during the whole course
of e-beam evaporation.

A motor controlled manipulator with capabilities of axial and radial rotation
can hold and move the sample above the evaporation source for metal deposition.
The distance between the source and the sample is ~ 46 cm. For normal deposi-
tion, the sample is held face down with its normal aligned with the incidence of
the evaporation vapor. For angle deposition, the sample is rotated axially to form
a deposition angle between the sample normal and the incidence of the evapora-
tion vapor. A commercial quartz crystal microbalance (QCM) deposition monitor
is mounted in the deposition chamber to monitor deposition rate and measure de-
posited film thickness. There are three parameters set on the QCM controller for
using different source materials: density, z-ratio, and tooling factor. Density and
z-ration are set according to the materials properties. Tooling factor is a geometric

correction and is calibrated regularly by comparing the profilometry measured film
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thickness representing the actual film thickness, with the QCM measured film thick-
ness. The calibrated tooling factor (TF,,) can be calculated as: TF, = TF;- (t,,/t;),
where TF; is the initial tooling factor, ¢; is the film thickness measured by QCM,
and t,, is the actual film thickness measured by profilometry. The QCM controller
also controls the pneumatic shutter which can open and close the path between the
evaporating source and the sample. Typically the source material is first evaporated
at the desired evaporation rate with shutter closed for sacrificing a few nanometer
thick film to clean the source material. After the source is cleaned to a satisfactory
extent, the deposition can be started manually by opening the shutter through the
QCM controller and making film thickness monitor start from zero. The desired
film thickness is set on the QCM controller. When the film thickness monitored by
the QCM reaches the set point, the QCM controller automatically closes the shutter

and ends the metal deposition.

2.2  Plasma Oxidation

The advantage of plasma oxidized AlO, tunnel barriers over conventional ther-
mally oxidized AlOy tunnel barriers was originally studied in the field of magnetic
tunnel junctions (MTJ) for magnetic random access memory (MRAM) and other
magnetic sensor applications, where the much higher magnetoresistance (MR) values
were obtained through plasma oxidized barriers rather than thermally oxidized bar-
riers [60, 61]. Plasma oxidation is found to incorporate much higher oxygen content

(the oxygen incorporation rate scales logarithmically with time) in much shorter
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Figure 2.2: A typical optical emission spectrum of oxygen plasma taken in our
plasma chamber (160 mTorr, 59 W, DC) [65]. The important species are charged
O3 molecules at 550 - 560 nm and neutral O* free radicals at 777 nm.

time and form aluminum oxide that is much closer to stoichiometric Al,O3 than
thermal oxidation [62, 63]. In the process of aluminum oxidation for both plasma
and thermal processing, it is experimentally found that aluminum are the moving
species by using oxygen isotopes, i.e., aluminum diffuses through the forming oxide
and reacts with oxygen at the surface [62, 64]. During this phase, the growing oxide
thickness increases with increasing processing time.

Kuiper et al. studied the mechanism of plasma oxidation [62, 63]. The oxygen

plasma itself is charge neutral but consists of positive, negative and neutral species.
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The negative species are mostly electrons but also include negatively charged oxy-
gen ions and molecules. The positive species are mostly the singularly charged OF
molecules. There also exists a large amount of electrically neutral, highly reac-
tive O* free radicals in the oxygen plasma. Shown in Fig. 2.2 is a typical optical
emission spectrum of oxygen plasma taken in our plasma chamber (160 mTorr, 59
W, DC) [65]. In the spectrum, the important species are charged O3 molecules at
550 - 560 nm and neutral O* free radicals at 777 nm. Due to the experimental re-
sults that no effect measured when applying a voltage to the sample during plasma
oxidation, Kuiper et al. deduced that neutral and low-energetic O* radicals are the
most significant species in the plasma oxidation [62, 63]. This also agrees with the
observation that highest oxidation is obtained at the lowest pressure. At higher
pressure, O* free radicals have a shorter mean free path, and will collide with back-
ground gas particles and get thermalized before reaching the sample surface. At
lower pressure, the mean free path of O* free radicals are longer, and it is more
likely that the O* free radicals collide with the sample before colliding with other
gas particles.

In our fabrication process, after the deposition of bottom layer aluminum, the
sample is transferred in situ to the plasma chamber and plasma oxidized under
condition of 21 Pa (160 mTorr) of research grade oxygen using 57 W to 60 W
(100 mA at -570 V to -600 V) DC for 7 s. Fig. 2.3 shows the interior of our
plasma chamber with ignited oxygen plasma. Inside the plasma chamber are two
concentrically mounted circular electrodes in a parallel plate configuration, spaced

by ~ 3.8 cm distance, which is at the same order of the mean free path of O*
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Figure 2.3: The interior of our plasma chamber with ignited oxygen plasma. The
bottom plate is the anode with the 3 in Si/SiOy wafer sample positioned in the
center. The top plate is the cathode, connected to a high voltage power supply
outside the vacuum chamber, through the Kapton coated wire.
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free radicals at the experimental pressure. The bottom electrode is the anode.
The sample (3 in Si/SiO, wafer) is facing up, held by a motor-controlled elevator,
positioned in the center and in electrical contact with the anode plate. The top
electrode is the cathode. Both anode and cathode plates are made with stainless
steel. There is a Kapton coated wire that connects the top electrode (cathode) to
a high voltage power supply sitting outside the vacuum chamber, through the top
flange of the plasma chamber.

The pumping system of the plasma chamber is designed for efficiently filling
the chamber with O, gas for plasma oxidation and fast pumping down the chamber
back to its base pressure after the oxidation process. In a typical operation of plasma
oxidation, the gate valve isolating the turbo pump and the chamber is closed so that
the chamber is not pumped out by any vacuum pumps and the turbo pump is still
kept at its full spin speed for fast evacuating the chamber after the plasma process.
There is a stainless steel tube of gas line controlled by a manual leak valve connecting
the plasma chamber and an 99.99 % pure O, source bottle. The research grade O,
gas can now be leaked into the plasma chamber by opening the leak valve. There is
also a backing valve connecting the plasma chamber and the backing scroll pump.
The O, pressure in the plasma chamber is monitored and can be tuned to the desired
pressure through combined control of the leak valve and the backing valve.

Once the plasma chamber is filled with pure Oy gas, the high voltage power
supply outputs a timed, negative DC bias in constant current mode to the top
electrode (cathode) in the plasma chamber, to strike a plasma discharge in the
background of O, gas [66]. The power supply is operated in fast mode and the rise
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time to reach the current set points is < 1 ms. There is an optical spectrometer
installed in the plasma chamber to monitor plasma composition during the oxidation
process (see Fig. 2.2), making sure that the ignited plasma spectrum mainly consists
of O and O* peaks without the presence of other impurities, as described in the
literature [62, 63]. The processing parameters (Oy pressure, power and time) of
plasma oxidation were varied to optimize O* intensity by previous group members in
a smaller system using similar processing [67, 68]. For this system, these parameters
were tuned by matching the resistance-area (RA) product of fabricated Co/AlOy/Co
tunnel junctions with previous optimized results [65]. The typical RA product
of Co/AlO,/Co tunnel junctions is =~ 10° Qum? for 1.1 nm Al (expected to be
fully oxidized and turn into ~ 1.3 nm AlOy after plasma oxidation) sandwiched
between two Co layers. It is noted that in this bias direction, positive radicals (O3 )
are accelerated toward the top cathode plate, away from the sample, which is in
agreement with the literature [62, 63] that the neutrally charged O* free radicals are
the dominant species contributing to the the oxidation process.

After the plasma oxidation, the backing valve connecting the plasma chamber
and the backing scroll pump is opened first to roughly reduce the chamber pressure
to approximately 50 mTorr. Then we close the backing valve, and open the gate
valve between the plasma chamber and the turbo pump which is kept at its full spin
speed, to bring the chamber back to its base pressure (107 Torr). After oxidation,
the sample is held under UHV for overnight to allow the formed oxide to relax, as

detailed in Section 3.2.
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2.3 Low-Temperature Systems for Device Characterization

2.3.1 10 mK Dilution Refrigerator

Dilution refrigerator (DR) systems are refrigerator systems that provide con-
tinuous cooling at temperatures below 300 mK. With the cooling power generated
by mixing the two isotopes of helium, 3-He and 4-He, a DR can provide temper-
atures < 10 mK with no moving parts at the low temperature stages. The DR’s
continuous cooling cycle can only be started with 7' < 4.2 K. Previously, this pre-
condition temperature was achieved by liquid helium bath in the wet DR. The DR
system we are using in this work (Bluefors BF-LD400) is a modern DR (also known
as dry DR), which can precool to reach the precondition with a Cryomech Pulse
Tube (PT) cryocooler.

The DR cooling power is provided by 3-He/4-He mixtures at low tempera-
tures. As shown in Fig. 2.4, at saturated vapor pressure pure 4-He undergoes a
phase transition from a normal fluid into a superfluid at 2.17 K, resulting in com-
pletely different properties of the two isotopes below this transition temperature
[69]. Diluting the 4-He with 3-He results in a decreasing superfluid transition tem-
perature, as shown in Fig. 2.4. At temperatures below 0.8 K the 3-He/4-He mixture
will separate into two phases: a 3-He rich phase (the concentrated phase) and a 3-He
poor phase (the dilute phase). At very low temperatures the concentrated phase
becomes pure 3-He while the dilute phase contains approximately 6.4 % 3-He and

93.6 % 4-He. The enthalpy of 3-He in the dilute phase is larger than that in the
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Figure 2.4: (Taken from Ref.[69]) Phase diagram of He-3/He-4.

concentrated phase, leading to energy consumption in moving 3-He atoms from the
concentrated phase to the dilute phase. Therefore, heat can be removed from the
well isolated mixing chamber environment in the DR and cooling is accomplished.
Shown in Fig. 2.5 left panel is the interior of our DR cryostat. There are
different temperature stages for reaching the base temperature in the mixing cham-
ber, where our samples discussed in this work are installed. The radiation shields
of different temperature stages and the outer vacuum cans are not shown. As men-
tioned before, in our dry DR system we use a PT cryocooler to obtain the staring

temperature T' < 4.2 K to to enter the DR cycle. The flanges of the 50 K and

35



quasi-4 K radiation shield are connected to the two stages of the PT. Flexible cop-
per braids are used to protect the cryostat from vibrations caused by the PT. The
whole radiation shield assembly is kept in one common vacuum space to be isolated
from the surrounding environment. The 3-He gas is precooled to T' < 4.2 K by
different heat exchangers. There is a cold trap at approximately 50 K, which traps
contamination in the circulation and also acts as a heat exchanger. The 3-He gas is
then thermalized at the regenerator tube and the second stage of the PT.

After being pre-cooled to T' < 4.2 K, the 3-He/4-He mixture is pressurized to
approximately 2 bar by a compressor and then precooled by the heat exchangers in
the condensing line to lower temperature to be partly condensed after the main flow
impedance. The condensing line enters the still pumping line at approximately the
quasi 4 K flange. The flow impedance is located inside the top part of the still. The
mixture is condensed to liquid phase to fill the mixing chamber, heat exchangers
and part of the still. The DR cycle is started by pumping the still. In the cycle,
the helium pumped away can return into the system through the condensing line.
The pumping causes helium evaporation, which is a heat absorbing process and
decreases the mixture temperature to 7' < 0.8 K. At this temperature the phase
separation of the mixture appears. The heavier 4-He rich phase (dilute phase) tends
to accumulate at the bottom of the mixing chamber and the two phases (dilute and
concentrated) will finally settle as shown in Fig. 2.5 right panel.

In the mixing chamber the 3-He is forced through the phase boundary to enter
the dilute phase and absorbs heat as we discussed above. Due to the lack of 3-He in

the still by pumping, the osmotic pressure drives the 3-He from the mixing chamber
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Figure 2.5: (Taken from Ref.[69]) Left panel: the interior of DR cryostat. Right
panel: Schematic diagram of the DR circulation.

to the still in the dilute stream. Due to the large difference in vapor pressure between
3-He and 4-He, the helium pumped away from the dilute phase is almost pure 3-He.
The 3-He then return into the condensing line of the DR, precooled and rejoin the
concentrated phase. The cooling power of the DR depends on the amount of 3-He
atoms crossing the phase boundary, which is the flow rate. Usually heat is applied
to the still to increase the vapor pressure, obtaining a high enough circulation and

flow rate.
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2.3.2 4 K Cryogenic System

Shown in Fig. 2.6(a) is a schematic diagram of our 4 K closed cycle cryo-
genic system (ARS DE-204S). It mainly consists of the expander, radiation shield,
vacuum shroud, compressor and vacuum pump [70]. The expander is also known
as coldhead, which is where the refrigeration cycle happens. It is connected to the
compressor via two gas lines and a power cable. One gas line is the high pressure
line, which provides high pressure helium gas to the expander. The other gas line
is the low pressure line, which returns low pressure helium gas from the expander.
The sample is installed in the coldhead and kept in vacuum isolated from surround-
ing environment. The radiation shield blocks thermal radiation from the vacuum
shroud. The compressor supplies the necessary helium gas flow for the expander to
obtain the refrigeration capacity. The electrical power cable drives a motor which
turns a valve disc inside the expander. There is also a temperature controller which
can read the temperature from the temperature sensors and also provide heat power
to heat the system through a PID control.

The cooling mechanism is based on the principle of the Gifford-McMahon
refrigeration cycle [71]. The motor rotates the valve disk, which opens the high
pressure path. Therefore, the high pressure helium gas is allowed to pass through
the regenerating material and go into the lower portion of the expander. There is a
displacer assembly inside the lower portion of the expander. After this, the pressure
differential drives the displacer up so that the gas at the bottom will expand and cool.

Then, the motor continuously to rotate the valve disk, which opens the low pressure
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path. Therefore, cold gas is allowed to flow through the regenerating material which
removes heat from the system. Finally, the pressure differential drives the displacer
back to its original position and the refrigeration cycle repeats.

This 4 K cryogenic system is designed to be compatibly operated in a magnetic
field, by inserting the coldhead part where the sample resides into the center of an
electromagnet, as shown in Fig. 2.6(b). With this configuration, magnetic field
can be applied perpendicularly to the sample surface for performing magnetic field

measurements at cryogenic temperatures, as detailed in Section 4.4.
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Figure 2.6: (a) (Taken from Ref.[70]) Schematic diagram of our 4 K closed cycle
cryogenic system. (b) Photo of coldhead part where the sample resides being inserted
into the center of an electromagnet.
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Chapter 3: Reducing Charge Offset Drift in Metallic SETs with Plasma

Oxidized Aluminum

In this chapter, I will discuss the work on studying and solving the charge
instability issue called charge offset drift associated with aluminum oxide (AlOy),
which is an important material in solid-state quantum computing devices. AlOy
is often employed as the gate insulator in silicon-based semiconductor quantum
computing devices, and almost ubiquitously as a tunnel barrier in superconducting
quantum information architectures. However, AlO, is frequently reported to have a
broad distribution of electrically active defects, including two-level systems (TLSs)
[59]. TLSs, believed to arise from the initial nonequilibrium structure of AlOy [72],
have been shown to be the dominant decoherence source in superconducting qubits
[73]. Here I report on the excellent charge stabilities over more than a week mea-
sured on our AlOy-based single-electron transistors (SETs) fabricated in ultra-high
vacuum (UHV) chambers using in situ plasma oxidation. This improvement of
charge stability enables applications of AlO, as tunnel barriers, capacitor dielectrics
or gate insulators in close proximity to qubit devices, and also enables the possible
device integration of metallic SETs in a quantum computing architecture. Histori-

cally, AlO-based SETs and gate materials exhibit time instabilities due to charge
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defect rearrangements that are observed as abrupt and unpredictable changes in
the devices’ control parameters. Similarly, in superconducting quantum computing
applications, defects in AlO, often dominate the loss mechanisms such as decoher-
ence, limiting relaxation times and constraining possible qubit choices [59, 72]. To
characterize the charge offset stability of our AlO,-based devices, we fabricate SETs
with sub-1 e (e is the elementary charge) charge sensitivity and utilize charge offset
drift measurements (measuring voltage shifts in the SET control curve over long
periods of time). The charge offset drift (AQy) measured from the plasma oxidized
AlO, SETs in this work is remarkably reduced (best AQy = 0.13 e £ 0.01 e over
~ 7.6 days and no observation of AQ) exceeding 1 e), compared to the results
of conventionally fabricated AlOy tunnel barriers in previous studies (best AQy =
0.43 e £ 0.007 e over ~ 9 days and most AQy > 1 e within one day). We attribute
this improvement primarily to using plasma oxidation, which forms the tunnel bar-
rier with fewer two-level system (TLS) defects, and secondarily to fabricating the
devices entirely within a UHV system.

The main results of this chapter is published in Ref. [54]. This chapter is par-
tially reproduced from [54], under a Creative Commons Attribution-NonCommercial-

NoDerivatives 4.0 International License, Copyright 2020.

3.1 Introduction

The future of large scale quantum computing depends on successfully merging

diverse materials and qubit architectures that each realize different functionalities,
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i.e., computation, cache, memory or long range transmission. To accomplish this,
quantum information must be efficiently transduced between bases, e.g. supercon-
ducting and semiconducting qubits, requiring mutually compatible materials and
designs. Specifically within those two realms, aluminum and its native oxides (AlOy)
have enabled great advances, providing simple and reliable tunnel couplings in su-
perconducting circuits [74, 75, 76] and isolation oxides between nanoscale gates for
semiconducting qubit control [31, 77]. However, superconducting qubits still suffer
from unacceptably high relaxation rates, motivating device designs that minimize
AlO, utilization and the electric field density within the oxides (reduced partici-
pation factor). Similarly, aluminum implementation in semiconducting devices is
most successful the farther the aluminum is from the sensitive region of the device
[30, 31, 78, 79]. In both cases, the amorphous AlO, formed during thermal oxida-
tion is thought to have a high density of electrically active defects originating from
its nonequilibrium structure [72, 73], which interact with the quantum system and
create a substantial loss mechanism.

Nonetheless, aluminum and AlO, remain highly desirable choices due to the
nearly ideal WKB-like (Wentzel-Kramers —Brillouin) attenuation of states in the
tunnel barriers, i.e., minimal tunneling dependence on angular momentum, spin,
etc., and their compatibility with nanofabrication techniques. Therefore, efforts to
identify and suppress the instabilities of AlO, are of great significance for enhancing
qubit performance. Further, establishing stable aluminum oxides enables expanded
use of metallic single-electron transistors (SETs), to be used as surface mounted

charge sensors, reducing the density of in-plane circuit elements. These charge
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sensors could, for example, provide projective spin readout through spin-to-charge
conversion techniques already demonstrated [30, 80, 81].

SETSs are considered to be the world’s most sensitive electrometers, with the
capability of detecting the motion of individual electrons or charge instabilities [36,
52, 82, 83, 84]. The same sensitivity that enables exquisite readout of a target
qubit is also susceptible to any other charge motion within the local environment,
e.g., unintentional charge defects. Therefore, these characteristics of SET sensitivity
can be employed to probe whether sufficiently stable charge environments can be
realized, e.g., to what extent the instabilities of AlO, are suppressed.

Here we utilize one characteristic of SETSs, known as charge offset drift, to
evaluate the material stability of our plasma oxidized aluminum. Typically, the
dependence of the SET’s source-drain current /; on the gate voltage V,, which is
the SE'T’s control curve, has a periodic behavior with each period corresponding to
a 1 e change in the island’s net charge. The period is determined by the coupling
capacitance between the gate and the SET island. When the source-drain bias
Vi =~ 0, the control curve looks like a series of sharp peaks, but at modest bias
(temperature), i.e., 0 < eVy(kpT.) < E¢, the control curve smooths out similar to a
sinusoid, where F¢ is the charging energy of the SET island, kg is the Boltzmann
constant, e is the elementary charge and T, is the effective electron temperature. The
phase of the control curve corresponds to the voltage offset between consecutively

measured curves. The difference in phase of different curves is referred to as charge

phase

offset, denoted by )y = NTA
P

e, which originates from the device’s local electrostatic
environment that is affected by different fabrication procedures. If there exists
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random fluctuation in the SET’s local electrostatic environment, the phase of the
SET’s control curve (Qg) will then exhibit time instability referred to as charge
offset drift, AQy [36]. Therefore, the time trace of the phase is a sensitive indicator
of SET’s charge stability and charge offset drift (AQ) can be used to quantitatively
evaluate this stability.

Extensive prior work examining the charge offset stability of various devices
showed that metallic SETs incorporating AlO, tunnel barriers demonstrate the
largest charge offset drift (AQy > le), while silicon SETs show very small charge
offset drift (AQy < 0.1e). In addition, silicon SETs with aluminum gates exhibit
intermediate charge offset drift (AQy, ~ 0.1e). [36, 52, 53, 82, 83, 84, 85] The
large, abrupt phase changes leading to large A@)y in metallic SETs are attributed
to two-level system (TLS) defects associated with amorphous AlO,, consistent with
similar findings from TLS spectroscopy studies in the context of superconducting
qubits [86, 87, 88]. In our group’s prior work, we mitigated long-term, macroscopic
resistance drift using plasma oxidized AlOy tunnel barrier devices [89], a behavior
thought to originate from the same bath of defects that causes significant charge
offset drift [90, 91]. Plasma oxidation, compared to conventional thermal oxida-
tion, incorporates higher oxygen content in the barrier layer at a considerably faster
rate, resulting in a much better initial quality [62, 63, 92]. To explore whether the
macroscopic improvements seen in plasma oxidized AlO, improve the feasibility for
AlOy use in quantum computing applications, we fabricated metallic SETs with
plasma oxidized AlO, tunnel barriers and measured their long-term charge offset

drift. We find these devices exhibit significantly reduced charge offset drift — the
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best AQy = 0.13 e £ 0.01 e over = 7.6 days and no observation of A, exceeding
1 e, compared with any other previously reported metallic SETs [36, 53, 84, 93]
where the best AQy = 0.43 e + 0.007 e over ~ 9 days and most AQq > 1 e within
one day. We attribute this improvement to i) using plasma oxidation to form the
tunnel barriers and ii) fabricating the devices entirely within a system of ultra-high

vacuum (UHV) chambers.

3.2 Device Fabrication

In order to reduce the fabrication time and increase the device volume, the
macroscopic contact electrodes and interconnects are fabricated first by wafer-scale
photolithography, sputter deposition of 10 nm titanium and 50 nm gold, and a sub-
sequent lift-off process. Next, the device fine structures are fabricated by double
angle, shadow evaporation techniques [94], as illustrated in Fig. 3.1. The processes
are as follows: first, double layer electron-beam (e-beam) resist (methyl methacry-
late — MMA, and polymethyl methacrylate — PMMA) is spin coated on the SiOy/Si
substrate wafer and patterned by high-resolution e-beam lithography. The thick-
ness of each resist layer is approximately 150 nm as the undercut room is feasible
for conducting double-angle deposition using our material stacks without any metal
lift-off issues. With thicker material stacks, the deposited material may clog the
patterned openings on the resist in the first deposition and affect the deposition
angle in the second deposition. In that case, the deposition angle in the first deposi-

tion should be considered to be closer to the normal deposition in order to not clog
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Figure 3.1: (a) Cross-sectional cartoon illustrating double angle, shadow evaporation
and the formation of tunnel junctions. (b) Plan-view cartoon demonstrates that size
of tunnel junctions can be varied by manipulating deposition angles.
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the openings too much. Also, thicker material stacks (= 100 nm total thickness)
could cause lift-off issues, even if it does not exceed the bottom layer resist thick-
ness, as shown in our early tests. By controlling the e-beam dose, we can form an
undercut in the bottom MMA resist layer as shown in Fig. 3.1(a). Fig. 3.2 shows
the dose test we did to find the optimal e-beam dose for desired device patterns.
Fig. 3.2(a) is the SEM image of the device pattern after e-beam lithography and
resist development. The dimensions of six different positions denoted in Fig. 3.2(a)
were measured for different doses and plotted in Fig. 3.2(b) and (c). Considering
the metal deposition effects and sufficient undercut for forming tunnel junctions, e-
beam dose of 1500 pC/ecm” was chosen for the coarse region and 1800 xC/cm” was
chosen for the fine region to ensure no resist residue in the region of tunnel junctions.
All of the steps leading up to deposition of the fine structure are performed ez situ
in a nanofabrication facility.

Once the large-scale fanout and nano-scale lithographic stencils are complete,
the wafers are loaded into our customized system of UHV chambers with a base
pressure of < 1077 Pa (1072 Torr) equipped with deposition and plasma oxidation
capability (see Ref. [89] for equipment details) for the metalization of fine struc-
tures. It is noted that the e-beam resist residue descum before this metalization
step is done in our oxygen plasma chamber so that we can keep the sample in
the UHV environment (except for the short time when the chamber is filled with
oxygen/plasma) until the completion of metalization without being exposed to the
atmosphere. To find out the appropriate oxygen plasma etch time for e-beam resist

descum and also study the impact of our plasma oxidation on the e-beam resist, we
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Figure 3.2: E-beam lithography dose test. (a) SEM image of the device pattern after
e-beam lithography and resist development. (b) and (c): The measured dimensions
of six different positions denoted in (a) with varying e-beam doses.
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conducted a series of tests to study the resist etch rate of our oxygen plasma — DC
plasma at 21 Pa / 160 mTorr of research grade oxygen with 57 W to 60 W for some
amount of time. These parameters of oxygen plasma are what we use for forming
AlO, and were optimized for optimal performance of plasma oxidation, as detailed
in Section 2.2. Four test wafers were coated with double layer e-beam resist using the
same recipe and undergone oxygen plasma for 5 s, 10 s, 20 s, and 40 s. The e-beam
resist thickness were measured by ellipsometry before and after oxygen plasma etch,
respectively. Fig. 3.3 shows the ellipsometry measured thickness difference before
and after plasma process (etched thickness) of e-beam resist vs the oxygen plasma
time. The etch rate obtained from the linear fit is approximately 1.7 nm/s. The
plasma time selected for resist descum is 5 s, which corresponds to etching ~ 10 nm
resist and is sufficient to remove resist residual without damaging the device pat-
tern. After resist descum, the wafer is transferred to the deposition chamber for
metal deposition of the device fine structure without leaving UHV environment.
The sample transferring and structure of UHV chambers are described in details
in Section 2.1. As shown in Fig. 3.1(a), we first deposit the bottom layer (2 nm
cobalt as a sticking layer and then 20 nm aluminum, 0.01 - 0.02 nm/s with pres-
sure < 107Y Torr) at the first angle (35°). Then the wafer is transferred to the
plasma chamber again where the surface of the bottom aluminum layer is oxidized
using oxygen plasma with the aforementioned parameters for 7 s, as illustrated in
Fig. 3.1(a). The oxide is then allowed to relax in vacuum for at least 12 h before
the top layer is deposited, consistent with prior work [89] mitigating resistance drift.

Empirical results have shown that depositing the top layer directly after the oxida-
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tion can lead to higher resistance drift of the tunnel junctions, which is not desired.
The AlO, layer produced under this condition is 2.03 4+ 0.10 nm thick, extracted
using the WKB transport model [89]. Note that although plasma can attack the
e-beam resist used for shadow evaporation, the influence of oxygen plasma on the
e-beam pattern at this step is not critical since most part of the resist has been
coated by the metal in the first deposition and the uncoated part is not that sen-
sitive to < 15 nm loss according to our calibration in Fig. 3.3. The wafer is then
transferred back to the deposition chamber where 30 nm aluminum is deposited at
the second angle (20°) for the top layer (0.01 - 0.02 nm/s with pressure < 10~ Torr),
as shown in Fig. 3.1(a). Overlapping of the two deposited layers at the SET island
(Coulomb island) form the SET tunnel junctions — one AlOy layer sandwiched by
two aluminum layers. By manipulating the two deposition angles, we can control
the size of the tunnel junctions, as demonstrated in Fig. 3.1(b) and detailed below.

Fig. 3.4(a) shows a false-color scanning electron microscope (SEM) image of
the device fine structure with a schematic cross-section through the tunnel junction
in Fig. 3.4(b). The blue part is the bottom layer and the top layer is shown in green.
It can be observed that, in addition to the tunnel junctions, other parts of the device
(source, drain and gate) also consist of overlapping of two layers, with a thin layer
of AlO, sandwiched in between. According to the resistance property of layered
materials — resistance area product is constant for the same layer, resistance of
AlOy in these parts is several orders of magnitude smaller than the tunnel junctions
due to the large area. Therefore, the lead resistance is negligible compared to the

tunnel junction resistance in the SET circuit. In our case of plasma oxidized AlO4
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Figure 3.4: (a) False-colored SEM image of an Al/AlO,/Al SET identical to the
one discussed in this chapter. The blue part is the bottom layer with plasma oxide
on the surface and the green is the top layer. (b) A cross-sectional cartoon through
the tunnel junction of the Al/AlO,/Al SETs.

93



SETs, the resistance of a single tunnel junction is usually in the order of magnitude
of tens of M€, as is closer to stoichiometric Al;O3 [62]. By controlling the deposition
angle, the size of the island and tunnel junctions can be controlled to a precision
of < 5 nm along the direction of rotation. Additionally, the pattern is designed so
that, depending on angle, some features do not appear in both layers. For example,
we only want the island and the bar of the gate to appear in the top layer, as shown
in 3.4(a). During the deposition steps, a liquid nitrogen cryoshroud is kept cold to
insure high vacuum (< 107 Torr). The substrate temperature begins at ambient
temperature and is expected to warm somewhat. By combining e-beam lithography
with photolithography, the total lithographic exposure time is < 1 h for a 75 mm
wafer with 100 devices. Fig. 3.5 show a complete device wafer consisting of 25 dies,
with each die containing four SET devices and two test devices. The die size of
10 x 10 mm is chosen for fitting the sample box of our dilution refrigerator (detailed
in Section 5.2.2) and the distribution of the device bonding pads are designed to fit
the bonding pads of the sample box. The two types of test devices are for measuring

the lead resistances of optical layer and e-beam layer, respectively.

3.3  Electrical Measurements and Results

3.3.1 Device Design and Characterization

When a metallic island is separated from source and drain reservoirs by tunnel
junctions, the resulting SET can confine an integer number of electrons on the

island. As a result of this charge quantization, the charging energy required to add
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Figure 3.5: A complete SET device wafer consisting of 25 dies, with each die con-
taining four SET devices and two test devices. Inset: optical microscope image of
an SET device.
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or remove a single electron from the island is E¢ = €?/Cy, where e is the charge
of a single electron and Cfy is the island’s total capacitance. Coulomb blockade
due to discrete electron charges is strongly visible when: i) the tunnel junction
conductances < 2¢2/h (h is the Planck constant), and ii) kT, < E¢ [35]. The
first criterion requires that the tunnel barriers are sufficiently opaque such that
the electrons can be confined on the island. The second criterion requires that
the charging energy exceeds the thermal energy for the charge quantization on the
island to be observed. If the bias V; < FE¢/e, then the spacing between single
electron energy levels is larger than the bias window V; and for some values of
Vy no energy levels on the island will fall within the bias window. In that case,
the source-drain current I, can be ~ 0, known as Coulomb blockade, as detailed
in Section 1.1. When a single electron energy level on the island does fall within
the source-drain bias window, then electrons can tunnel on and off of the island,
producing a source-drain current I;. The maximum of I is reached when an energy
level is fully within the bias window, producing a conductance peak that may be
broadened by bias or temperature. As V, is swept, different energy levels move
through the bias window, producing a periodic current oscillation vs V;, referred to
as Coulomb blockade oscillation (CBO). The oscillation period AV} is determined
by the capacitance between the gate and the island, AV, = e/C,. Since the total
charge on the metallic island is > 1 e, C, is approximately constant and the charging
energy is assumed constant [95]. When the temperature or bias becomes comparable
to the charging energy, these peaks merge into oscillations that are nearly sinusoidal.

To conduct the charge offset drift measurements, the samples are cooled in a
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cryogen-free dilution refrigerator (DR) with a base temperature of approximately
10 mK. As shown in Fig. 3.4(a), the SET consists of a small conducting island
coupled to the source and drain electrodes through two Al/AlO,/Al tunnel junc-
tions. The gate electrode is capacitively coupled to the island and manipulates the
electrostatic potential via the gate voltage V,, modifying the charge configuration
of the island. A small, constant DC bias, V; ~ 0.5 mV, is applied on the drain
electrode while measuring the current via a transimpedance amplifier on the source
electrode, I;. On the time scale of seconds, the standard deviation/typical noise of
the current and voltage are ~ 0.06 pA (see Fig. 3.14) and ~ 5 pV [96], respectively.
The device’s control curve is observed by measuring I, vs V, applied on the gate
electrode. A typical charge offset drift measurement involves repeatedly measuring
this control curve every few minutes for about one week, as discussed further below.

The devices used in this study and shown in Fig. 3.4 are designed to ex-
hibit Coulomb blockade behavior at temperatures < 1 K, with designed single
tunnel junction size of 40 nm by 100 nm. Based on the lithographic design and
SEM images of similar devices, we estimate the single tunnel junction dimensions
are (47 £ 10) nm by (109 £ 10) nm. Using a parallel plate capacitor model with
an AlO, permittivity of (10.4 &+ 1.1)-gy and a thickness of (2 4+ 0.2) nm, we esti-
mate each junction capacitance to be (236 + 65) aF (&g is the vacuum permittiv-
ity). A gate capacitance of (6.9 + 3.1) aF was calculated by modelling a gate of
(560 £+ 50) nm x (80 4+ 10) nm x (40 £ 10) nm (length x width x height) and
an island of (560 4+ 50) nm x (47 £+ 10) nm X (40 4+ 10) nm with a separation of
(145 £ 10) nm on a SiO,/Si substrate using the capacitance solver FastCap and a
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SiOy permittivity [97] of 3.9 - g and thickness of 100 nm. Therefore, a CBO period
of (23.24+10.4) mV is expected on these devices. Adding up these capacitance gives
an expected charging energy, Ec/kp = (3.9 £ 1.1) K, which agrees well with the

experimental results shown in the next section.

3.3.2 Charge Offset Drift Measurement

In prior studies of Al/AlO,/Al SETs, the local electrostatic environment of
the island would often change with time randomly, which appears as the phase of the
CBO fluctuating with time. This time instability, referred to as charge offset drift,
has been an issue in metallic SET devices for a long time. Many factors contribute
to the vulnerable electrostatic environment of the island, including unintentional
charge defects from multiple fabrication processes, temporal or thermal material
relaxation, circuit noise, etc.

Fig. 3.6(a) illustrates an example CBO from one of our plasma oxidized
Al/AlO4/Al SETs (W119-C1) at the base temperature of ~ 10 mK, with oscil-
lations from each single electron conductance peak moving through the bias win-
dow as V, is swept. In this case, the bias voltage V; ~ 0.5 mV is applied on
the drain electrode, with the current measured on the source held at ground, and
the current oscillates sinusoidally. The nonideal broadening is believed to be due
to a noise-induced high 7., which prevents complete Coulomb blockade, discussed
further below. The nonzero current offset observed in the CBO is attributed par-

tially to the merged peaks and an imperfect zero on the current preamplifier. For
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Figure 3.6: (a) A representative I, vs V;, CBO from device W119-C1 at ~ 10 mK
with an applied bias V; ~ 0.5 mV taken from ¢ &~ 2.3 d in panel (b), a color map
of Iy vs V, spanning > 1 week. The vertical stripes indicate that the CBO phase
remains stable with time.
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Figure 3.7: The charge offset, @y, extracted from the phase in Fig. 3.6(b), as a
function of the time.
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this device, the oscillation period AV, = (16.26 & 0.04) mV, from which the gate
capacitance C, = e/AV, ~ 9.8 aF, is in agreement with the design estimate of
(6.9+3.1) aF.

To evaluate the charge offset stability in our plasma oxidized SETs, the CBO
is repeatedly measured every five minutes over many days for device W119-C1. The
result of this long-term repetitive measurement is shown in Fig. 3.6(b). For each
V, sweep, the value on the y-axis is the time when that sweep ends. The color scale
on the z-axis represents the I; value measured from the source electrode. The high
and low current values form vertical stripes in time, which clearly show that the
CBO phase in our Al/AlO,/Al SET remains quite stable without sudden shifts over
the course of more than 7 days. Compared to the results from Al SET devices with
thermally oxidized AlO, tunnel barriers where frequent, abrupt shifts were observed
in the CBO phase [36, 53, 84, 93], this device exhibits much improved charge offset
stability.

To numerically evaluate the stability, we extract the charge offset, @)y, from
the repeated sweeps. Here we use two methods for extracting )y data compared in
this work and the two methods are consistent within 10 %, verified by Hu et al. [9§]
If the source-drain current oscillates nearly sinusoidally as a function of the gate
voltage, the measured I, vs V} is fit to:

1'(V,) = Ay - sin2n(V,/AV, + Qb/e)] + Io (3.1)

s

where A; is the oscillation amplitude, @} is the phase for a given ¢t and I is a
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nonideal offset. For each line in Fig. 3.6(b), the measured current data is fit to
Eq. 3.1. Then the charge offset as a function of each sweep, Qy(t) as a set of @, is
plotted as a function of time in Fig. 3.7. These data do not exhibit the dramatic,
abrupt jumps characteristic seen in devices of prior work (one small jump exists from
t ~ 4.1 dtot~4.7d), but do show a slow, linear drift of (—8.1 4 0.6)x1072 e/d.
The total charge offset drift over ~ 7.6 days is AQy = (0.13+0.011) e, where AQ
is defined as the full range of )y values measured and the uncertainty is calcu-
lated as the standard deviation of 100 data points in a stable range (from = 4.8 d to
~ 5.2 d). For previously reported metallic SETs with thermally oxidized Al/AlO, /Al
tunnel junctions, most AQ)y are much greater than 1 e and show many abrupt jumps
(36, 53, 84, 93].

When the SET control curve displays sharper peaks and cannot be well fit
sinusoidally (see Fig. 3.8(a)), individual peaks of the CBO are fit to a Gaussian to

locate the peak’s center position:

L(Vy) = Io + Ag - exp[=((Vy = Vo) /Va)’] (3.2)

Here, A, V. and V,, denote the area/height parameter, center position and full
width at half maximum (FWHM) of each Gaussian peak, respectively. In this case,
Qo(t) = e - mod[V,(t)/AV,], where AV} is the gate voltage difference between two
adjacent peaks. (Qo(t) data from device W119-C3 (shown in Fig. 3.9) is calculated
in this way. The long-term charge offset drift on devices W119-C1 and W119-C3

are measured at the same time. From the CBO shown in Fig. 3.8(a), we can

62



W119-C3/18.07.26

T

oYYV YUY

(a) Vq (V)

2
. 5
6 1.5
~5
)
o4
e 0.5
= 3
2 -0.5
1
0 -1.5

-0.1  -0.05 0 0.05 0.1

(b) Vg (V)

Figure 3.8: Charge offset drift measurement results on W119-C3. (a) An example
CBO at ~ 10 mK with an applied bias V; ~ 0.5 mV taken from ¢ &~ 5 h from panel
(b), a color map of I, vs Vj, spanning > 1 week.
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Figure 3.9: The charge offset, @y, extracted from the phase in Fig. 3.8(b), as a
function of the time.
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see that device W119-C3 exhibits larger oscillation period AV, = (17.9 + 0.5) mV
but narrower peak width (FWHM = 6.3 mV + 0.3 mV for a typical peak at base
temperature) compared to device W119-C1 (AV, = 16.26 mV £ 0.04 mV and
FWHM = 10.7 mV £ 0.7 mV for a typical peak at base temperature). This results
in a smaller linewidth/period ratio, which suggests lower noise/temperature than
W119-C1. Again, the nonzero current offset (negative in the case of W119-C3) ob-
served in the CBO is attributed to an imperfect zero on the current preamplifier.
Two different preamplifiers were used on each device and had different current off-
sets. It can be observed from the long-term repetitive CBO in Fig. 3.8(b) and the
charge offset (Qo(t)) data in Fig. 3.9 that, device W119-C3 shows one abrupt jump
of 0Qy ~ 0.07 e after t =~ 5.6 d of measurement, but is otherwise stable with a
linear drift of (21 4= 1)x1073 e/d. In this device, we find the AQq over ~ 7.6 days
is (0.30 £0.014) e.

We also fabricated devices with different geometries. Fig. 3.10(a) shows the
SEM image of two SET islands parallel to each other. The blue part represents the
bottom layer with plasma oxide on the surface and the green is the top layer. The
top/bottom SET is reflection of each other with an “in-line” arrangement. Shown
in Fig. 3.10(b) and Fig. 3.11 are the measured charge offset drift and extracted
Qo(t) data on an in-line Al/AlO, /Al SET (W119-T1-2, bottom device of the mirror
configuration), which was interrupted by other experiments several different times,
represented by the breaks on the time scale. Jumps in the current offset value are
due to other circuit nonidealities in the low bias regime. Due to the stronger gate

capacitance resulted from this geometry, this device exhibits a smaller oscillation

65



W119-T1-2/18.10.18 Is (pA)
0.5

3.8
3.1
2.5 0.3
3 2 y
£ .
iz 1.5
1 -0.1
0.5
0 -0.3

-0.04 -0.02 0 0.02 0.04

(b) Vg (V)

Figure 3.10: In-line SET devices and corresponding charge offset drift measurement
result. (a) False-colored SEM image of in-line SET devices. (b) Long-term repetitive
CBO taken over ~ 3.9 days as a function of time. The charge offset drift measure-
ment was interrupted by other experiments several different times, represented by
the breaks on the time scale.
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Figure 3.11: The charge offset, Qq, extracted from the phase in Fig. 3.10(b), as a
function of the time.
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period (AV, = 9.8 mV £ 0.5 mV) as expected, from which a gate capacitance of
Cy, ~ 16 aF is extracted. The total charge offset drift extracted using Sine method
is, AQo = (0.68 £0.038) e over ~ 3.9 days with multi-hour breaks. We can see that
the oscillation phase and current level fluctuate between measurement intervals, but
are stable within an interval. In the middle period of the measurements, there is a
180° phase shift from the beginning, but the phase stays stable for more than two

days regardless of the interruptions.

3.3.3  Attempt for Charge Sensing

| Capacitance (aF) | Top gate | Bottom gate |

Top island 16.2 13.3
Bottom island 12.7 16.7

Table 3.1: Extracted gate-island capacitances of mirror configured in-line SETs.

The more compact “in-line” structure is designed for being integrated with
other quantum devices as charge sensors in the future. In this case, we care about
the gate control on the SET island that will be used as charge sensor and the
effect of the gate manipulation on the other channel that will be used as target
dot to be sensed, which will be discussed in Chapter 6. Therefore, with the mirror
configuration shown in Fig. 3.10(a), we measure the gate manipulation of both gates
on both SET islands, as shown in Fig. 3.12 and extract the gate-island couplings as
shown in Table 3.1. In Fig. 3.12, “Ts” is the top device’s source, “Tg” is the top
device’s gate, “Bs” is the bottom device’s source and “Bg” is the bottom device’s
gate. Fig. 3.12(a) shows the SET current measured from the source electrode of
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Figure 3.12: Crosstalk of mirror configured in-line SETs as shown in Fig. 3.10(a).
(a) CBO of the top island controlled by the top gate. (b) CBO of the top island
controlled by the bottom gate. (¢) CBO of the bottom island controlled by the top
gate. (d) CBO of the bottom island controlled by the bottom gate.
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the top device (Irs) by sweeping the top gate voltage (Vry), which is the CBO of
the top island controlled by the top gate. Similarly, Fig. 3.12(b) is the CBO of the
top island controlled by the bottom gate, Fig. 3.12(c) is the CBO of the bottom
island controlled by the bottom gate, and Fig. 3.12(d) is the CBO of the bottom
island controlled by the top gate. From the extracted gate-island capacitance values
shown in Table 3.1, the coupling between the gate of one channel and the island of
the other channel is only ~ 25 % smaller that the coupling between the gate and the
island of one channel. These capacitance values need to be taken into consideration
for designing charge sensing devices, which will be discussed in Chapter 6 where we

use these Al/AlO,/Al SETSs as charge sensors.

’ Device \ tmeas (d) \ jumps \ AQo (e) ‘
W119-C1 7.6 1 0.13£0.011
W119-C3 7.6 1 0.30 £ 0.014
W119-T1-2 3.9 2¢ 0.68 = 0.038
NIST-G (Ref. [53] - FIG. 3) | 188 | > 100° >1
PTB (Ref. [53] - FIG. 4) 9.0 7 | 0.43+0.007
NIST-B (Ref. [53] - FIG. 5) | 7.5 | > 50 > 1
SOT Si (Ref. [85] - FIG. 7) 7.9 0 | 0.03+0.003

Table 3.2: Comparison of charge offset stabilities for several Al/AlO,/Al devices
used in this study and available in the literature, with a silicon SOI device as a high
quality benchmark in the last row. Footnotes: a — Non-contiguous measurements
with multi-hour breaks; b — Main method doesn’t apply and number of jumps is
roughly estimated by times of ()y change > 0.2 e. ¢ — 5 out of 7 jumps are correlated
with liquid helium transfers.

A summary of results from three plasma oxidized Al/AlOy/Al devices fab-
ricated in this work, three thermally oxidized Al/AlO4/Al devices presented in
Ref. [53], and the best known AQ result from an all-silicon device with no metals

published in Ref. [85], which is thought to have less TLS defects than devices con-
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taining AlO,, are shown in Table 3.2. The measurement duration ‘t.c.s’, ‘jumps’
and AQq from the longest single cooldown of each device are calculated and com-
pared. teas iS the total span of charge offset drift data, which includes break in
some cases, a ‘jump’ occurs when the 100 pt running standard deviation increases
by a factor of three, ‘AQq’ is defined as the full range of the )y values measured.
The uncertainty of AQy in each device (not relevant on the two devices drifting
more than 1 e) is defined as the standard deviation of 100 data points in one sta-
ble range, which indicates the measurement stability. For devices fabricated in this
work, W119-C3 has the same device geometry as W119-C1, while W119-T1-2 has
an alternative “in-line” geometry, as shown in Figs. 3.4(a) and 3.10(a) respectively,
but all of them exhibit extended periods (> 1.5 days) without jumps. Note that the
charge offset drift measurements of W119-T1-2 were often interrupted and stressed
by other measurements as discussed above. This device correspondingly exhibits
jumps after measurement breaks and larger A@)y uncertainty, but the charge offset
stability in each continuous interval remains stable. As summarized in Table 3.2,
all our plasma oxidized Al/AlO, /Al devices are much more stable than the historic
thermally oxidized ‘NIST-G’ and ‘NIST-B’ devices in Ref. [53], while they are com-
parable to the ‘PTB’ device, which is thought to be the best metallic Al/AlO, /Al
device in Ref. [53]. The nonmetallic, silicon SOI (silicon-on-insulator) device from
Ref. [85] is included for reference as one of the best results from an extended charge
offset stability measurement. We systematically find our metallic devices are much
more stable, with no evidence in any measurements of the gross, erratic charge off-

set seen in the historic metallic devices. Considering the relatively large systematic
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measurement, noise seen here, the charge offset stabilities in these devices might
be even better than shown in Table 3.2. For some applications, the best devices
studied here approach the stabilities seen in silicon devices, improving the prospects

for implementing metallic SETs with simpler fabrication requirements than silicon

SETs.

3.3.4 Temperature Dependence Measurement

Finally, we use the temperature dependence of the current lineshape to deter-
mine the total capacitance Cy, and charging energy E¢ for two devices in comparison
with the design values. The absence of strong Coulomb blockade in these devices, as
shown in Figs. 3.6(a) and 3.8(a), prevents estimation of C'y, and E¢ using a Coulomb
diamond measurement, as illustrated in Fig. 1.3(c). As mentioned earlier, strong
Coulomb blockade behavior can only be observed when kg7, < Ec. As the bath
temperature increases, the source/drain reservoirs broaden and the single electron
conductance peaks will be thermally broadened [99]. An individual current peak in

the classical regime where metallic quantum dot fits [95] is described as [35, 99, 100]:

(3.3)

1 —
_[ ~ 5_[00 . COSh_2 [M}

2.5kpT,
where I, = V; /R, is the reference current characterized by the bias voltage, R, is
the device resistance outside of blockade (V; > E¢/e), and a = C,;/Cy, is the lever
arm. Therefore, as the bath temperature (7") increases from the base temperature

(=~ 10 mK), the current peaks spaced by AV, thermally broaden and eventually
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Figure 3.13: (a) CBO on the Al/AlO,/Al SET (W119-C1) at varying temperatures.
(b) CBO on the Al/AlO,/Al SET (W119-C3) at varying temperatures.
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Figure 3.14: The symbols show CBO peak-to-peak amplitudes extracted from the
oscillations in Fig. 3.13(a) and (b) vs temperature. Red squares (blue diamonds)
are extracted from W119-C1 in Fig. 3.13(a) (W119-C3 in Fig. 3.13(b)). The
horizontal error bars represent temperature fluctuations within £+3 min of the log
time. Temperature errors < 20 mK are not shown. The red (blue) dotted line
represents the peak-to-peak trend from the model when E¢/kp = 4.5 K (5.6 K)
for Ry, = 150 MQ (140 MQ). The blue shaded region shows the model variation
when Cy, varies such that FE¢/kp varies over a range of +0.3 K, centered around
the best-fit value. The gray shaded region at the bottom indicates the measurement
noise.
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blend together. Experimentally, the CBO is typically only visible when kg7, <
0.3E¢ [35]. Fig. 3.13(a) and (b) show CBO sweeps as a function of the temper-
ature from W119-C1 and W119-C3, respectively. As expected, the oscillations die
down with increasing temperature and vanish at temperatures above > 1.3 K for
W119-C1 and > 1.6 K for W119-C3, when the oscillation is lost in the noise — gray
shaded region in Fig. 3.14. The blue solid lines in Fig. 3.13(a) and (b) show the
model CBO curves calculated from an array of 25 current peaks (Eq. 3.3) that span
V, = 0 spaced by AV, based on the extracted C, and AV, values as listed above,
T. = 0.75 K for W119-C1 and T, = 0.74 K for W119-C3, R, = (133 £ 20) MQ2 for
W119-C1 and Ry, = (145+20) MQ for W119-C3 (taken from separate I vs V; mea-
surements) and Cy, adjusted to match the temperature dependence below. Note that
it is important to include sufficient number of peaks outside the window to capture
tails of peaks. The peak-to-peak amplitude of the CBO vs temperature is shown in
Fig. 3.14 where the red squares (blue diamonds) are from W119-C1 (W119-C3) in
Fig. 3.13(a) (Fig. 3.13(b)). The two data points near 2 K are found by fitting a
sine function to the CBO to suppress noise and the fitting errors are represented by
the vertical error bars. All other data points are peak-to-peak amplitudes found by
the average of adjacent peak-to-valley values from the CBO and the vertical error
bars represent the standard deviation of all peak-to-valley values at that tempera-
ture. The horizontal error bars represent temperature fluctuations within +3 min
of the log time. Temperature errors < 20 mK are not shown. The red (blue) dotted
line shows the peak-to-peak amplitudes taken from model curves like that shown in
Fig. 3.13(a) and (b), where Cy, = 410 aF (329 aF), ie., Ec/kp = 4.5 K (5.6 K),
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for Ry, = 150 MQ (140 MQ), is adjusted to best capture the experimental trend
while using all other experimentally determined quantities. The blue shaded region
around the blue dotted line shows the peak-to-peak amplitude range for W119-C3
corresponding to E¢x/kg varying over a range of £0.3 K, centered around the best-fit
value. The experimental values and the model values agree well at temperatures
> 0.75 K. The discrepancy at temperatures below 0.75 K implies that the electron
temperature for W119-C1 is (0.5 — 0.75) K. The gray shaded region at the bottom
indicates the limit given by the current noise. The oscillations are not visible when
the temperature is > 1.3 K (1.6 K), which also agrees with Ref. [35] that oscillations
are not visible when kg7 > 0.3Ec. The good agreements between the lines and the
data allow us to constrain the uncertainty of E¢/kp to within about £0.3 K and the
best-fit E¢/kp values agree well with the design values for these devices given above
— Ec/kp = (3.9+£1.1) K. Taken as a whole, these measurements allow us to obtain
the devices’ charging energy and indicate the devices were realized as designed and

are functioning in the single electron regime consistent with the accepted theory.

3.4 Discussion and Summary

We now discuss the microscopics that can explain the improved charge offset
stability. The charge offset drift is thought to be caused by a broad distribution of
electrically active defects associated with amorphous AlO, tunnel barriers or gate
dielectrics fabricated by conventional thermal oxidation [36, 84, 101]. Among these

defects, TLSs originating from the initial nonequilibrium structure of amorphous
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AlOy [102] are quite common, which is also the predominant decoherence source
in superconducting qubits [59]. The exact location of the TLSs in the device that
adversely affects the charge offset noise remains uncertain, specifically on whether
they reside in the tunnel barriers, in the substrate material, or both [103, 104, 105].
Additionally, in a recent paper [98] and unpublished data (private communication
with M. D. Stewart, Jr. research group), AQ, reductions were observed by adding
a poly-Si top gate on bulk silicon SETs and replacing bulk Si with SOI substrate in
SETs using AlO, /Al metal gates. These results imply that the AlOy instability is
not the only factor affecting the magnitude of the charge noise, but that deliberate
device design, e.g., using SOI substrate instead of bulk Si, can also mitigate defect
interactions with quantum dots.

Devices fabricated in the present work did not utilize any geometries such
as adding top gate layer that expected to mitigate charge offset drift. Therefore,
we attribute the significant reduction of charge offset drift to i) the better initial
oxide quality achieved in the tunnel barrier using plasma oxidation, and ii) the
complete processing within a UHV environment. Firstly, previous studies [62, 63,
92] have shown that in plasma oxidation, the Al layer can incorporate much more
oxygen in a much shorter time and the measured O/Al ratio is much closer to
stoichiometric AlyO3 than in conventional thermal oxidation. In plasma oxidation,
the neutrally charged, low energy O* free radicals are the dominant reactive species
that accelerate the oxidation process [62], and our plasma is tuned to optimize O*
production (discussed in Section 2.2). Therefore, a smaller number of unoxidized Al

defects are expected in AlOy tunnel barriers produced by plasma oxidation relative
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to those formed by thermal oxidation. We have previously shown reduced long-term
resistance drift on AlOy tunnel barrier devices [89], consistent with this picture.
Secondly, UHV conditions for contamination control are well established to reduce
impurity concentrations [106] and improve surface smoothness [107] in the thin Al
film deposition, as well as limiting uncontrolled oxide formation in the as-deposited
Al layer before deliberate oxygen plasma treatment and reducing structural defects
in the tunnel barriers. In a recent paper [108], improved charge offset stability is
also observed in metallic Fe SETSs, which are also fabricated in UHV environment.
We propose that plasma oxidation is more likely to be the dominant underlying
cause for the significant AQ)q reduction, but either mechanism could be significant.

We also implemented plasma oxidized AlO, tunnel barriers in SETs fabri-
cated from other materials and measure their long-term charge offset drift. Fig.
3.15 shows the charge offset drift measurement from a Co/AlO,/Co SET (W118-14)
having the same device geometry but different layer structures as the Al/AlO/Al
SET shown in Fig. 3.4(a). For the Co/AlO,/Co SETs, the bottom layer consists
of 20 nm Co and 1.1 nm Al that is fully plasma oxidized as the tunnel barrier (ex-
pected AlO, thickness of ~ 1.3 nm [89]), and the top layer consists of 10 nm Co,
20 nm Cu and 10 nm Au. Qualitatively, we see improvements in the charge off-
set drift compared to the historical thermal oxide data shown in Table 3.2, but it
is not as dramatic as in these aluminum only devices. The process optimization
and data are far less complete for these devices. Compared to the Al/AlO,/Al
devices with the same geometry, this device exhibits a larger oscillation period
(AV, = 22.81 mV +0.08 mV) which indicates weaker gate coupling (C, =~ 7 aF).
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Figure 3.15: Plasma oxidized AlOy tunnel barriers implemented in Co/AlOy/Co
SETs. (a) Long-term repeating CBO taken over ~ 5.5 days as a function of time.
(b) Extracted charge offset, o, as a function of time.
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Figure 3.16: Possible correlation between Qy(t) data of Co/AlO,/Co SET and the
external disruptions. The grey shaded regions denote the night time during the
measurement. The red shaded regions denote the time duration when people enter
the lab for liquid nitrogen transfer, instrument checks, etc.

There are more jumps over the measurement course than above, but are also long
periods where the phase is stable and shows very small linear drift (0.013 e/d +
0.0002 e/d). The total charge offset drift extracted using Sine method is, AQy =
(0.64 £ 0.007) e. In Fig. 3.16, we show the possible correlation between the Qq(t)
data and the external disruptions. The grey shaded regions in the background de-
note the night time during the measurement when the external environment outside
the lab should be the quietest. The red shaded regions denote the time duration
when people entered the lab for liquid nitrogen transfer, instrument checks, etc. It
can be seen that the Qy(¢) data is much more stable in the night time and that
these abrupt jumps mostly happen in the daytime and have some correlation with
the external disruptions. Also, the Qy(t) tends to go back to its previous track
after these disruptions. Therefore, we may deduce that Co/AlO,/Co devices are
more susceptible to the external events than Al/AlO,/Al devices. Very little charge

offset drift data on Co/AlO,/Co SETs is present in the literature, but the Qo(t)
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shown here is still much better than the previous thermal oxidized Al/AlOy/Al SETSs
(36, 53, 84, 93].

Finally, the stability of these devices suggests an opportunity to evaluate
Al/AlO /Al SETs as charge sensors for MOS (metal-oxide-semiconductor) quan-
tum dot based charge qubits or spin-to-charge conversion in spin qubits. In this
application, an abrupt change in I, corresponding to a 1 e change on a capacitively-
coupled qubit, is used to detect a change in qubit charge configuration. The qubit is
typically configured such that a charge transition corresponds to a projective read-
out of the qubit. However, operationally, the charge sensor is often operated in a
constant feedback mode, where instead of change in current, an abrupt change in
the gate voltage (charge offset) needed to maintain a constant charge sensor current
indicates a charge transition. In order to hypothetically consider device W119-C1 as
a charge sensor, we set the criterion that the change in the control voltage (charge
offset) due to a charge transition must exceed 5 SD (99.97 % readout confidence)
of the noise for a period long compared to a measurement. For device W119-C1, a
SD of @y over a 10-hour period is 0.011 e (also the uncertainty in Table 3.2), cor-
responding to a SD in gate voltage ~ 0.18 mV (AV, ~ 16 mV). Therefore, as long
as C./Cs. nmos > 5SD or C./Cs nmos > 0.055, where C. is the coupling capacitance
between the MOS quantum dot and the SET charge sensor and Cs 05 is the total
capacitance of the quantum dot, the induced charge change on the charge sensor can
be distinguished from background instability with 99.97 % confidence. For a typi-
cal silicon MOS quantum dot, the total capacitance is =~ 50 aF and requires C, >
2.8 aF, which is quite small compared to typical coupling capacitances (for example
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~ 20 aF in Ref. [109]). Given the long term stability seen in these devices, this
hypothetical operation could be expected to persist for periods > 1 week without
any retuning events.

In summary, we fabricated novel metallic AlO, SET devices incorporating
plasma oxidized AlO, tunnel barriers in a UHV system. Much improved charge offset
stabilities are observed in these devices in multi-day measurements, in contrary to
the large charge offset drift measured from historical metallic devices using typical,
thermally oxidized AlOy tunnel barriers. Numerical results of (), data demonstrate
this improvement quantitatively. Two factors combine to suppress the TLS defects
in the AlO, tunnel barriers: i) Plasma oxidation, which is a more efficient oxide
process and can provide better initial oxide quality, and ii) the UHV environment,
which can drastically reduce contamination in the entire fabrication process and
preserve the quality of the formed AlO, tunnel barriers. Future experiments using
thermal oxidation in the UHV environment could separate the impacts of these two
possibilities. We speculate that there is some overlap between i) the class of slow
defects (time scale: hours or days) that generate slow charge offset drift and ii)
the class of faster defects (time scale: microseconds) that lead to decoherence from
relaxation or dephasing. For this reason, success in suppressing time instabilities
in AlIO, may pave the way to reducing some decoherence sources associated with
AlO, [72, 73] and enabling expanded implementation within quantum computation

systems.
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Chapter 4: Developing Single Layer MOS Quantum Dots for Diag-

nostic Qubits

In this chapter, I will be discussing the research work on silicon-based semicon-
ducting metal-oxide-semiconductor (MOS) quantum devices. Semiconductor quan-
tum dots are promising qubit candidates since they can leverage the highly developed
semiconductor industry in the past decades. With demonstrations of high-fidelity
single and two-qubit gates [110, 111], silicon MOS spin qubits have attracted more
and more research interests for being used to encode the quantum information. Here
we report on the design, fabrication and characterization of single metal gate layer,
metal-oxide-semiconductor (MOS) quantum dot devices robust against dielectric
breakdown, which are considered as prototypes for future diagnostic qubits. These
devices were developed as a preliminary solution to a longer term goal of a qubit
platform for intercomparison between materials or for in-line diagnostics, and to
provide a testbed for establishing classical measurements predictive of coherence
performance. For this stage, we seek a robust MOS design that is compatible with
wafer and chip architectures, that has a reduced process overhead and is sufficiently
capable of challenging and advancing our measurement capabilities. In this work,

we present our initial batch of silicon MOS devices using a single gate layer, which
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have not exhibited any failures with gate voltage excursions > 10 V, but do exhibit
the reduced electrostatic control expected of a single gate layer design. We observe
quantum dot formation, capacitive charge sensing between channels, and reasonable
effective electron temperatures that enable spin qubit studies. The costs and ben-
efits of the trade-off between device performance and fabrication efficiency will be
discussed, as well as opportunities for future improvements.

The main results of this chapter is published in Ref. [112]. This chapter is
partially reproduced from [112], with the permission of AIP Publishing, Copyright

2021.

4.1 Introduction

Among the candidate qubits for building large-scale quantum computers, silicon-
based architectures are attractive because they leverage existing industrial infras-
tructure with a plausible path to massive scale-up. The spin states of individual
electrons trapped in semiconductor quantum dots can encode quantum information
with long coherence times [113] due to the weak spin-orbit coupling and possibil-
ity to eliminate nuclear spins [114]. To read the spin state, single-shot readout of
individual electron spins in semiconductors has been realized with high fidelity by
using spin-to-charge conversion followed by charge detection [30, 80, 81, 115]. These
capabilities have been demonstrated using silicon-based MOS quantum dots with
lithographically defined metal gate electrodes on the surface.

For quantum dots to be used to host qubits, the electrostatic well trapping
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individual electrons must be small enough for the size quantization energy to be
larger than the thermal energy. Practically, in surface-gated silicon MOS devices,
this means defining a system of gates that controls the chemical potentials at length
scales much less than 100 nm, preferably closer to 10 nm. Typically, this results in
complex, multilayer gate stacks utilizing multiple materials that have large overlap
areas separated by very thin dielectrics [31, 58], which provide ample opportunities
for failure [116]. Moreover, the process flows for those devices are time consuming
and may not be entirely necessary for diagnostic purposes, such as probing the qual-
ity of gate materials or material interfaces, optimizing a specific material recipe or
process step, etc. However, to be sufficiently useful in this context, we do need to
measure coherence time for comparison with potential classical indicator measure-
ments, test different 2®Si isotopic enrichment levels, and compare different dielectric
materials, etc. Additionally, a process flow that is compatible with chip-scale fab-
rication is needed to work with our enriched ?*Si substrates [117, 118]. Therefore,
developing a chip compatible and robust “working” qubit with a relatively simple
fabrication process that reduces failure modes and obtains higher device yields is our
longer term objective. In these efforts, we take guidance from similarly streamlined
MOS quantum dot designs, e.g., single polysilicon gate layer [115, 119, 120] and
two-layer metal gate stack with fewer electrodes [121].

In order to achieve robust working qubits, we seek controllable quantum
dots that are able to do projective readout. We start from the design of Sher-
brooke/Sandia group’s single polysilicon gate layer devices [122], but modify the
design to account for local processing strengths and concerns, replace the polysili-
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con with elemental metals, and start with a relaxed design rule. In this work, we
present a device composed of two mirror configured silicon MOS quantum dot chan-
nels defined and gated with a single titanium/palladium (Ti/Pd) metal gate layer.
Electron transport measurements are presented in single and double quantum dot
configurations, capacitive charge sensing between two channels is shown, and elec-
tron temperature assessments are included. The devices are robust against dielectric
breakdown — we never experience an electrostatic discharge (ESD) failure on these
devices despite a minimum level of protections. Preliminary measurements indicate
that these single metal gate layer devices have advanced our initial goals for forming
controllable quantum dots and demonstrating charge sensing, which are critical for
approaching the longer term goal of qubit development. As an evaluation of the
tunnel coupling tuning needed for future qubit control/readout, we present simul-
taneous temperature dependent measurements on transport and charge sensing to

determine the upper bound of effective electron temperature and tunnel couplings.

4.2  Design Rules, Experimental and Modelling

As stated earlier, our main goal is to develop a MOS quantum dot design that
has higher device yields, robustness against dielectric breakdown, and the potential
to be developed into a “working” qubit for characterizing and optimizing the effects
of materials and interfaces on qubit coherence. To begin, we discuss a few design
rules/choices made based on literature and prior experience. Generally, MOS qubits

achieve the best gate field definition when utilizing the possible thinnest SiO, gate
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oxide and the narrowest gates to control the size and shape of inversion regions that
form the quantum dots. The smallest dots are made utilizing multiple, overlapping
metal gates that enable electrostatic control near the 10 nm limit, but often fail
due to poor isolation dielectrics between the overlapping gate layers, or broken gate
lines where one layer climbs over the edge of another [116]. At the time we initially
designed the devices shown here, those failure modes did not have robust solutions,
so we first chose to use only one gate layer, thereby using intervening vacuum as
the inter-gate isolation. This choice comes at the cost of less direct field control
between inversion regions and various gates, as well as larger features in general,
but otherwise eliminates all topography in the fine regions and leaves the primary
SiO, as the only isolation susceptible to failure.

Secondly, we chose an ~ 30 nm SiOs barrier as a compromise between maxi-
mizing the direct capacitance of the gate to the region below it while still keeping
a thick enough oxide to have mechanical strength during wirebonding. As addi-
tional protection, we thickened the gate contact pads to a total thickness > 900 nm.
In prior devices we experienced wire bonds breaking through the SiOy when using
~ 100 nm thick bond pads (especially in the case of thin SiOs) and creating a di-
rect leakage path from the gate metal to the two-dimensional electron gas (2DEG).
Systematic experiments carried out using 300 nm, 600 nm and 900 nm metal pad
thickness, indicated that > 95 % success rate can be achieved using a total metal
stack thickness > 900 nm with ~ 30 nm thermally grown oxide. Using a thicker field
oxide thinned down in the fine region was also considered, but this could reduce the

fidelity of the electron-beam (e-beam) lithography and limit scaling the design rule
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to much smaller dimensions. Additionally, trench isolation was considered for iso-
lating possible wirebonding breakthroughs from the inversion areas, but a developed
trench isolation process was not in place when these devices were being fabricated.

Thirdly, we chose to use Ti/Pd gates and minimize the gate metal thick-
ness of the fine features to make scaling down to smaller design rules more feasible
and enable compatibility with multiple gate layers in the future. Therefore, the
e-beam lithography must be done first to insure good overlap to the thicker fanout
of photolithography. However, some portions of the e-beam metallization must be
exposed during photolithography in order to make good electrical contact at the
e-beam /photo junction of the wires. If aluminum (Al) is used for the fine structure,
these exposed portions are vulnerable to attack from our typically used photore-
sist developer (tetramethylammonium hydroxide, TMAH based). Additionally, Al
gates are known to form an oxide layer around them, deforming the shape of the
electrodes and affecting the SiOy underneath them [123]. Therefore, we chose to
use Pd which is resistant to TMAH etching and also forms electrodes with smaller
grains compared to Al [58, 124]. However, our initial attempts to use Pd alone [125]
revealed instances of the metal peeling, and we used Ti/Pd for all the gate leads to
insure good adhesion.

For the initial development of this device line, we chose a relaxed design rule
that uses relatively large features and spaces between gates. Fig. 4.1 shows a
representative device layout of two single gate layer MOS devices designed in mirror
configuration, with one inversion gate and three finger gates for each device channel,
and one screening gate in between them. Fig. 4.1(a) is a schematic cross section
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Figure 4.1: (a) A schematic cross section of a device along an inversion gate con-
figured for a “full dot” as shown in the lower channel of (b), which shows the plan
view of the device layout used here. An inversion layer is induced at the Si/SiO,
interface under the TG/BG gates and then electrostatic barriers are set by the two
outer finger gates. Crossed boxes represent the ohmic source and drain contacts
out of view. The intended configuration for a “half” and “full” dot are schemati-
cally marked in blue, and tunnel barriers are denoted by magenta rectangles. The
modelled capacitances for these dot configurations are shown in Table 4.1.
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of the complete material stack for the whole device. The fabrication process is as
follows. We start with a 100 mm intrinsic silicon wafer (p > 1 x 10* -cm) and first
use photolithography and deep Si etch to register alignment marks for the alignment
of subsequent fabrication steps. After alignment marks are registered on the wafer,
the regions of ion implantation are patterned by photolithography and the wafer
is then ion implanted (3'P, 30 keV, 5 x 10'/cm?) to define ohmic contacts. Then
the wafer is oxidized with a layer of ~ 30 nm thermal SiOj, which is grown at
1000 °C for 21 min as the only dielectric. Next for the device layout, as mentioned
previously, the e-beam layer must be done before the optical layer to ensure good
contact /overlap between these two layers, since the optical layer is 10 times thicker
than the e-beam layer (as shown in Fig. 4.1(a)). The Ti/Pd fine structure is defined
first using e-beam lithography (resist: PMMA) and e-beam evaporation (5 nm Ti /
25 nm Pd) with a lift-off process. The macroscopic contact electrodes and fanout
are formed using photolithography, e-beam evaporation (5 nm Ti / 300 nm Pd) and
a lift-off process. Then the ohmic contacts of source/drain electrodes are made by
opening a window in SiOs with photolithography and etching over the implanted
region, then metallization of 300 nm Al using e-beam evaporation. After these steps,
before thickening the gate electrode contact pads, a forming gas (FG, Ny with 10 %
H,) anneal for 30 min is performed next, which helps to passivate dangling bonds at
the Si/SiO, interface, spike Al ohmic contacts, and repair damage in the silicon oxide
due to e-beam lithography [124, 126]. Finally, we use photolithography to define
windows on the gate contact pads that need to be thickened and deposit another

thick metal layer of 50 nm Ti / 550 nm Gold (Au) on these gate contact pads to
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avoid breaking through the thin SiO, gate isolation layer during wire bonding. In
total, four lithographic patterning and subsequent metallization steps are employed
to form the whole wafer consisting of > 100 chips with various gate layout designs.

A scanning electron microscope (SEM) image of the device layout used for the
data presented here is shown in Fig. 4.1(b). The device has a pair of MOS channels
in a mirror image configuration with one inversion gate to induce 2DEG at the
Si/SiOy interface and turn on the channel, and three finger gates to create barriers
and define the quantum dots or for use as plunger gates. As shown in the figure,
by using different combinations of finger gates to set tunnel barriers in the device
channel, we can tune quantum dots of different sizes. T(B) refer to top (bottom),
L/M/R to left /middle/right fingers and G to global inversion gate. Additionally, a
screening gate, SG, between the two channels can help confine the quantum dots
formed in the two channels. Ohmic contacts of source/drain electrodes are indicated
by the crossed boxes, S(D) is source (drain).

To develop an expectation of the relevant capacitances for tuning and compar-
ison with data, COMSOL multiphysics was used to model capacitances of various
gates to quantum dots assuming electron accumulation as shown in Fig. 4.1(b) for
an intended “half dot” (top channel) and an intended “full dot” (bottom channel).
Capacitances for selected gates are shown in Table 4.1. A gate oxide thickness of
33 nm was used based on ellipsometry measurements, a 2DEG thickness of 4 nm
was assumed and SiO. permittivity [97] of 3.9 - g5 and Si permittivity of 11.7 - g
were employed. These expected capacitances are compared to the data later for

triangulating the experimentally formed quantum dots.
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| Capacitance (aF) | (T/B)L | (T/B)M | (T/B)R | (T/B)G | SG | Size (nmxnm) |
Half dot 4.3 3.5 1.9 26.7 5.4 100 x 100
Full dot 6.4 7.6 6.4 55.7 11.5 300 x 100

Table 4.1: COMSOL modelled capacitance values (aF) between gates and dots,
assuming the configurations shown in Fig. 4.1(b). A gate oxide thickness of 33 nm
and an inversion layer thickness of 4 nm are used.

4.3 Electrical Measurements of Silicon MOS Quantum Dots

The electrical measurements of the MOS quantum dots shown in this section
were conducted in a cryogen-free dilution refrigerator with a base temperature of
~ 10 mK. Measurements were conducted by transport in a single channel or using
one channel to form a dot(s) and the other channel as an SET charge sensor (CS).
Bias is applied on the source electrode and the drain electrode is connected to
a current preamplifier. For the charge sensing measurements, a feedback loop is
applied to the CS plunger gate to maintain a constant current while recording the
current and the applied plunger gate voltage.

Our first step to evaluate these single gate layer devices is to form quantum
dots by applying negative voltages on the finger gates to induce tunnel barriers in
the device channel. Once evidence of Coulomb blockade is observed, the gate voltage
periodicity AV} of single electron peaks is used to determine the gate capacitance
C, = e/AV,, and the source-drain bias height Vsp of Coulomb diamonds is used to
find the total capacitance. Fig. 4.2(b) shows the DC measured charge transitions in
the top channel, with the intended half dot configuration shown in Fig. 4.2(a). By

sweeping one finger gate (“TM”) and the inversion gate (“TG”), the electrostatic
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Figure 4.2: (a) Intended device configuration of a half dot in the top channel. (b)
DC measured charge transitions measured with the device configured as shown in
(a) indicate the formation of a quantum dot. Irregularities in the charge transition

periods indicate nonidealities in the channel.
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Figure 4.3: (a) Intended device configuration of a full dot in the top channel. (b)
Coulomb diamonds measured with the device configured as shown in (a) indicate the
formation of a quantum dot. Irregularities in the diamonds indicate that unintended
barriers are also present in the channel.
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potential of the formed dot is changed and charge transitions are induced along the
swept directions. Here “TL” is used as the barrier gate and “TM” is used as both
barrier and plunger gates. The observed charge transitions indicate that there is dot
formed in the channel. The slopes of these charge transition lines are due to the ratio
between the coupling capacitances of the target dot to each sweeping gate. Using
the charge transition period along each sweeping gate voltage direction, we calculate
the gate capacitance between TM and the dot as Cty = e/AVpy &~ 4.8 aF, and the
gate capacitance between TG and the dot as Ctg = e¢/AVypg ~ 48 aF, which are
reasonable values for a formed dot in the device channel according to the modelling.
Compared to the modelled values, Crq is larger than the coupling capacitance
between the inversion gate and a half dot but smaller than the coupling capacitance
between the inversion gate and a full dot. This indicates that the formed dot size is
between the illustrated half dot and full dot. In addition, irregularities in the charge
transition periods can be seen. These are probably due to some nonidealities in the
device channel. Shown in Fig. 4.3(b) are Coulomb diamonds measured by lock-in
from the top channel with barriers applied from the “TL” and “TR” finger gates
and the TM finger gate used as a plunger (as shown in Fig. 4.3(a)), and an AC
excitation of 20 ©V. The irregularities observed in the diamond pattern indicate that
more than one dot feature is contributing in the channel. From the period of the
conductance peaks near Vsp = 0 V, we calculate the TM plunger gate capacitance to
the dot Cty = e/AVry = 8.9 aF, which is within 20 % compared to the modelled
value. From the largest diamond, the charging energy, Fc = eVsp = €?/Cy is
~ 0.25 meV, indicating a total capacitance Cy; =~ 640 aF. This total capacitance is
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much larger than the modelled value for a “full dot” configuration, and implies a
larger dot than expected. Nonetheless, based on these single gate layer devices, we
are able to configure quantum dots and measure electron transport using various
gate combinations as barriers and plunger. The gate capacitance is capable to
efficiently manipulate the chemical potentials of the formed dots, and the induced
charge change can be seen above the noise level with a signal-to-noise ratio (SNR)
> 5, sufficient for charge sensing [81].

In order to use a quantum dot as a qubit, one must have readout sensitive to the
projection of a single quantum state. Within MOS, projective quantum readout can
be accomplished by configuring the dots so that the charge transition (or absence) in
response to a gate excitation constitutes a readout. This requires detection of single
electron charge transition on a quantum dot. This can be extended to electron spin
readout by breaking the spin-state energy degeneracy (e.g., in a magnetic field) of the
basis states so that a charge transition indicates the spin state, i.e., spin-to-charge
conversion, and detecting the single transition by charge sensors [30, 80, 81, 115].

The development of single electron charge sensing for readout was a primary
goal for the devices presented here and motivated the mirror configuration of two
devices, as shown in Fig. 4.1(b). To attempt charge sensing, we tuned a half dot
in the top channel (CS) for capacitively sensing changes in the charge configura-
tion of a full dot (target) in the bottom channel, as marked in Fig. 4.1(b). We
found the direct capacitance of the bottom gates on the CS required correction
to maintain a position of high sensitivity. Therefore, we implemented a constant
PI (proportional-integral) feedback loop, where a setpoint current through the top
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Figure 4.4: Charge sensing data using a top channel half dot and the bottom channel
configured as a full dot. (a) Charge sensing signal measured in the SET sensor of
a sweep at Vggr = —2.74 V, taken from the slice marked by the blue dashed line in
(b). (b) Charge sensing by configuring the top channel as the SET sensor and the
bottom channel as the target dot, as marked in Fig. 4.1(b). According to the slope,
the target dot is more coupled to “BR” gate.
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SET channel (CS) was maintained by adjusting the CS plunger voltage (V},) and we
recorded both the CS current and the plunger voltage. A charge transition on the
target dot causes an abrupt change in the CS current (an error in the feedback),
and a subsequent correction by the feedback loop results in an abrupt change in
the plunger voltage. The errors in the current and the derivative of the plunger
voltage map out the boundaries of the target’s charge stability regions, as seen in
Fig. 4.4(b). As the bottom two finger gates are swept, the electrostatic potential of
the target dot is changed and charge transitions are induced along both directions
— Vpr, and Vggr. The parallel line features shown in Fig. 4.4(b) indicate charge
transitions on the target dot induced by changing Vgr, and Vgg. The linecut in
Fig. 4.4(a) shows the SNR in that instance of > 5, which is comparable to signal
strengths used for single shot readout [81]. The slopes of these lines are determined
by the ratio between the coupling capacitances of the target dot to each barrier gate.
From the charge transition period along each gate voltage direction, the gate capac-
itances in the bottom channel are, Cgy, = ¢/AVpp, =~ 6.4 aF and Cgr = ¢/AVpr ~
8 aF, respectively. The target dot is &~ 25 % more strongly coupled to “BR” gate
than to “BL” gate, probably due to some nonideality. Based on the symmetry and
similarity to the model values, the target dot is likely between the barriers induced
by “BL” and “BR” gates as intended. Additionally, another set of parallel lines
are seen in Fig. 4.4(b) with a weaker SNR, indicating an additional unintended
dot in the channel. From the period and slope, we estimate the coupling capaci-
tances between this unintended dot and the barrier gates as Cgp, &~ 8 aF and Cgr ~

1.4 aF. Therefore, this unintended dot is likely located near the “BL” gate.
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Figure 4.5: Large range charge sensing with the same dot configuration used in Fig.
4.4(b).
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Charge sensing allows charge reconfigurations to be detected that might be
invisible in transport and enables mapping the charge stability regions over very
large gate voltage ranges. Shown in Fig. 4.5 is a charge sensing measurement con-
sisting of &~ 50 charge transitions sensed by the CS. The dominant feature consists
of parallel lines with the same negative slope as the lines in Fig. 4.4(b), likely due to
the intended dot confined by “BL” and “BR” gates. Other than the main feature,
a fainter array of big bright spots is also seen, that are similarly spaced along Vg,
and Vgg, probably due to some other charge instabilities weakly coupled the CS.
Overall, the charge sensing reveals a remarkable amount of details over a wide range.

While an individual quantum dot provides exquisite charge sensitivity, and
single-electron charge sensing capability provides a readout mechanism, these alone
make realization and control of a qubit very challenging. Forming a tunnel coupled
double quantum dot enables the possibility of exchange control and other choices of
qubit encoding, e.g., singlet-triplet qubits [127]. Double quantum dots also enable
the charge degree of freedom to be employed to form charge qubit [128]. Therefore,
our intention with these devices was also to form double dots toward the formation
of qubits. Using the robust charge sensing, we found that, as we were sweeping the
half dot configuration as shown in Fig. 4.6(a), we would see regions that appeared
to correspond to a double dot charge stability pattern. Fig. 4.6(b) shows a “honey-
comb” double-dot stability diagram sensed by the SET sensor in the top channel.
Two sets of charge transition lines are visible and they correspond to each of the
two dots, respectively. According to the slope and period of each set of parallel

lines, one dot is more coupled to “BL” gate and the other dot is more coupled to

100



Ay

-

dV ,/dVg, (VIV)

SiQDW2-C2-1Gv5/20.01.26

-2.45 05
-2.46 - -1
- 1.5
— -2.47 .
2
= -2
[11]
> 248
2.5
-2.49 3
-3.5

-2.58 -2.57 -2.55
Vg, (V)
(b)

Figure 4.6: (a) Device configuration of the barriers, sensor dot and target dots. (b)
Charge stability diagram measured with charge sensing revealing a double quantum
dot pattern.
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Figure 4.7: (a) Charge sensor feedback control voltage (after correction for direct
capacitance) from the blue dashed line boxed region in Fig. 4.6. (b) Bias triangles
in the same blue dashed line boxed region.
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“BM” gate. We estimate that the capacitances between each dot and the two bar-
rier gates are: Cpi_pr ~ 10.7 aF, Cpy;_gm =~ 5.8 aF, Cps_pL, = 6.4 aF, Cpy_py ~
9.1 aF, where “D1” and “D2” refer to the two dots, respectively. However, charge
transitions from D1 to D2 are not visible, e.g., Fig. 4.7(a) shows the plunger gate
voltage after correcting for direct capacitance, and no contrast is visible between
(j +1,k) & (j,k + 1) charge stability regions, where the left and right element
inside the parentheses refer to the number of electrons on each dot, respectively.
Capacitance triangulation suggests that both dots are probably interior to the bar-
rier gates, likely due to an unintended barrier in that region, so that the capacitive
coupling from each dot to the CS is almost equal and the CS is not sensitive to the
charge change. To confirm that two coupled dots in series are present, we applied
a small Vgp on the bottom channel and observed bias triangles at the triple points,
shown in Fig. 4.7(b). Therefore, double quantum dots were found in these devices,
and hopefully the device versions with smaller gate widths and more finger gates
will provide more deliberate electrostatic control.

As stated earlier, another motivation for these devices was to advance our
measurement capability toward demonstrating tunable tunnel couplings and qubit
control /readout. As a starting point, we examine the effective electron temperature
and tunnel couplings implied by the Coulomb blockade linewidth measured by direct
transport and also the width of the charge transition sensed capacitively. Firstly, for

Coulomb blockade oscillations of an SET, the lineshape of an individual Coulomb
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Figure 4.8: Intended device configuration of the temperature dependence measure-
ment.

blockade current peak is given by [35, 99, 129]:

2In(1 +v/2)(V, — Vi.cn)

wcB

] (4.1)

Isgpr ~ T4 cosh™?

where Iggr is the SET current, I, is the peak height, V) is the swept plunger
gate voltage, V. cp is the Coulomb peak center position, and wcg is the Coulomb
peak width. For this analysis, we consider the temperature dependent broadening

plus a small additional width due to tunnel coupling [130], such that e - arweg =

\V/ (4.35kpT,.)% + (2hT.)2, where « is the lever arm of the plunger gate, kp is the
Boltzmann constant, 7T, is the electron temperature, h is the Planck constant, and

I'. is the tunnel coupling. For each temperature, we measure Coulomb resonances
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Figure 4.9: (a) Measured Coulomb blockade at base temperature. The data region
being fitted to extrapolate the zero-bias linewidth is marked by magenta dotted
box. Blue dotted line is the data of the example fit in (b) inset. (b) Temperature
dependence of the Coulomb blockade linewidth as shown in the inset. The vertical
error bars represent fitting errors. The horizontal error bars represent temperature
fluctuations within +3 min of the log time. Temperature errors < 10 mK are not
shown.
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Figure 4.10: (a) Measured charge transitions at base temperature. The data region
being fitted to average the charge transition width is marked by magenta dotted box.
Blue dotted line is the original data before linear slope correction of the example fit
in (b) inset. (b) Temperature dependence of charge transition width measured by
charge sensing as shown in the inset. The vertical error bars represent fitting errors.
The horizontal error bars represent temperature fluctuations within +3 min of the
log time. Temperature errors < 10 mK are not shown.
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in the zero source-drain bias limit (see Fig. 4.9(a) for an example) and extract wcp
using Eq. 4.1 (see Fig. 4.9(b) inset for an example). In Fig. 4.9(b) we show wcp
vs. the bath temperature 7,. The peak width increases with temperature when T, 2
180 mK but saturates at low temperature. The data is fit to weg(Ty) = /(mTy)? + A2,
giving a linear scaling factor m &~ 0.019 mV/mK and A ~ 3.46 mV as the effec-
tive electron temperature, tunnel coupling, etc. in low temperature regime where
T.(hT'./kg) > Tp. Using the fit m value, we can determine the lever arm « ~ 0.02,
which agrees well with Coulomb diamonds measured with this configuration. We
can also determine an upper bound for the effective electron temperature T, ~
182 mK, or, similarly, an upper bound for the tunnel coupling I'. ~ 8.3 GHz.
Secondly, for the charge transition width measured capacitively, the lineshape
of a single charge transition is approximated by the Fermi-Dirac (FD) distribution

130, 131]:

Va

Vcorr ~ e(vg—Vc,CT)/wCT +1

(4.2)

where Vi, is the voltage (corrected for direct capacitance) applied on the SET
plunger gate, V4 is the total voltage change between the two charge states, Vj is
the swept gate voltage, V., o1 is the center of the charge transition and wer is the
charge transition width. At each temperature, we measure the charge transitions
using the CS dot (see Fig. 4.10(a) for an example) and the same charge transition
is extracted, corrected for the linear slope, and fit using Eq. 4.2 (an example fit
after linear slope correction is shown in Fig. 4.10(b) inset). Fig. 4.10(b) shows

the extracted wer values vs. Ty, which have the similar hockey stick shape as
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Figure 4.11: Optical image of a typical Hall bar test device and the circuit diagram
of the transport measurements.

Fig. 4.9(b). As above, this is fit to extract the linear scaling factor and the temper-
ature independent part. Again, we can determine an upper bound for the effective
electron temperature T, ~ 234 mK, or, similarly, an upper bound for the tunnel
coupling I'. &~ 10.6 GHz. In both of these cases, the results indicate that our charge
sensing noise is sufficiently low to pursue single-shot readout for advancing the future

goal of a working qubit.
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4.4 Electrical Measurements of Silicon MOS Hall Bar Devices

It is commonly known that the e-beam lithography in the fabrication process
of MOS quantum devices creates defects at the Si/SiO interface, which can induce
charge traps in the device channel. It has been found that a FG anneal can restore
the device’s peak mobility after being significantly degraded by e-beam exposure to
within a factor of two of the peak mobility before the e-beam exposure. Further-
more, the FG anneal can efficiently remove the shallow defects generated by e-beam
exposure, which are within 4 meV below the conduction band edge. [126] Therefore,
we employed FG anneal after forming the device fine structure in the fabrication
process to repair the damage caused by e-beam lithography. To further assess the
oxide interface of these MOS devices, Hall bar test devices were also designed and
fabricated on each device die, as shown in Fig. 4.11. Using these MOS Hall bar
test devices, we can conduct cryogenic-temperature transport measurements of the
electron mobility, which is a commonly used method to evaluate the oxide interface
in MOS devices. However, these measurements are indirect measurements of the
confined shallow traps. [132] Peak mobility is measured at relatively high electron
densities where the 2DEG can effectively screen out the scattering centers [133].
Therefore, for quantum devices operating in the less electron regime, the peak mo-
bility is not a sufficient indicator for quality of the oxide interface [126]. An effective
way is to use a percolation transition model [134] to fit the transport measure-
ment data and extract the percolation threshold density. The percolation threshold

density is a good indicator of the Si/SiOs interface quality.

109



SiQDW2-C36/21.02.08

I 1 1 1 1
55400 ~ 300
55300 - 200
S S
~ 55200 -100 -
o Z
o’ 1'd
55100 -0
55000 — ~-100
I I I I I
-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Figure 4.12: An example R,, and R,, vs B Hall measurement data at 7 K, with
1.8 V applied on the gate and the I,; measured with -80 mV voltage source bias.
For each measurement, the magnetic field was first swept forwards from negative to
positive and then swept backwards from positive to negative to ensure good data
reliability. Blue solid line is the linear fit of R,, vs B data.
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In Fig. 4.11, we show the optical image of a typical Hall bar test device on
each device die fabricated in this work and the circuit diagram of the transport mea-
surements. The test devices were fabricated along with the fabrication of the MOS
quantum dot devices. The star-like shadow regions under these aluminum ohmic
contact pads (in silver color) are the ion implanted regions. The center region of the
Hall bar in light gold color was fabricated along with the gate fanout of the MOS
quantum dot devices. Similarly, the two gate contact pads in gold color were thick-
ened by 50 nm Ti/550 nm Au in the last process step to protect the thin oxide layer
underneath during wire bonding. The electrical transport measurements were con-
ducted in our 4 K cryogenic system with magnetic field applied between -0.25 T and
0.25 T, and at temperatures between 7 K and 20 K using DC measurement circuits.
DC gate voltage V, was applied on the two gate contact pads (“LG” and “RG”)
above threshold to induce 2DEG and turn on the device channel. At each temper-
ature, we varied the gate voltage V;, between 1 V and 7.5 V to change the electron
density in the channel. At each gate voltage, by sweeping the magnetic field between
-0.25 T and 0.25 T, Iy, Vi, and V,, were measured. Then, R,, = Vi, /I, and
R,y = Viy/Isq can be plotted as functions of the applied field B. Fig. 4.12 shows
an example R,, and R;, vs B data at 7 K, with 1.8 V applied on the gate and the
1,4 measured with -80 mV voltage source bias. For each measurement, the magnetic
field was first swept forwards from negative to positive and then swept backwards
from positive to negative to ensure good data reliability. The electron density at
each gate voltage can be calculated by ny, = i, where e is the elementary charge,

Y
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and is the reciprocal of the fitted slope of R,, vs B data (see the blue solid
zy
1
line in Fig. 4.12). The electron mobility can be calculated by p. = 7 where
UTT
R:m: . . . .
Ry, = is the sheet resistance along the zz direction at zero field

number of squares

(here, number of squares = 6). Shown in Fig. 4.13(a) and (b) are the extracted
ng vs V, data and p. vs n, data at 7 K, respectively. Here we use constant volt-
age source to measure the source-drain current I,; between “S” and “D”. To check
the uncertainties introduced by the voltage source, the data were measured with
different biases and polarities as shown in Fig. 4.13. It can be seen that the data
measured in different bias series align well with each other, so we choose to use 80
mV single bias for the measurements at higher temperatures. Fig. 4.13(a) shows
good linearity between the gate voltage and the electron density above ~ 1 V, indi-
cating that the MOS gate can turn on the channel and well manipulate the induced
2DEG underneath it. From the average of the extracted linear slopes at differ-
ent temperatures (Fig. 4.15(a)), the gate capacitance density can be calculated as
(1.11 £0.01) x 1077 F/cm?, which indicates the SiOy thickness of (31.1 + 0.3) nm
that agrees well with the ellipsometry measurement. Fig. 4.13(b) shows that the
peak mobility ~ 2720 cm?/Vs was achieved at V, &~ 5.5 V and n, ~ 3.3 x 10" cm™2.
These data imply that these test devices are able to perform transport measure-
ments and reveal the oxide interface properties for these quantum dot devices on
the same chip sample.

To extract the percolation threshold density, we plot the measured conductiv-

ity (0 = 1/Rs,) vs the electron density (n;) data at each temperature and fit the
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Figure 4.13: Extracted electron density and mobility data from Hall measurements
at 7 K. The data were measured with different biases and polarities to check the
uncertainties introduced by the voltage source. (a) Extracted n, vs V, data from
a series of Hall measurements at 7 K. (b) Extracted p. vs ns data from the same
series of Hall measurements at 7 K.
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data with a percolation transition model [134] of the form o(ny) = A(ns —n,)? and
extract the percolation threshold density, n,. n, provides a measure of the mini-
mum number of electrons required to fill the disorder landscape before a conducting
channel can be turned on [126]. p is the critical percolation exponent and is held at
1.31 here, which is the expected value for a 2D system. A is the pre-factor, which
we leave as a free parameter here. Shown in Fig. 4.14 is an example percolation
transition fit for the o vs ny data at 7 K. We fit the data at low electron density
range (< 2 x 10'? cm™2, marked by arrow in the Fig. 4.14) with holding p at 1.31
since this is the data range that determines n,. The data are fit well in this range,
as shown in Fig. 4.14. And we extract n, ~ 4.2 x 10! cm~2 at 7 K. This value is
in the same order of magnitude compared to other published results [126, 134] at
this temperature, therefore is a reasonable percolation threshold density for MOS
devices.

A more desired indicator to evaluate the oxide interface quality is the zero
temperature percolation threshold density, nyg. By measuring transport data and ex-
tracting n, at various temperatures, ny can be extrapolated by using the functional
form n, = ng+Ce %7 to extrapolate the percolation threshold to zero temperature.
The exponential term b is an energy gap related to the impurity distribution of the
system. We conducted preliminary temperature series of Hall transport measure-
ments from 7 K to 20 K, as shown in Fig. 4.15. The linearity between the electron
density n, and gate voltage V,; doesn’t change obviously with the temperature but
the electron mobility u. decreases with increasing temperature. We follow the same

procedure of extracting n, at 7 K to extract n, at other temperatures and plot n,, vs
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Figure 4.15: Extracted electron density and mobility data from temperature depen-
dent Hall measurements. (a) Extracted ns vs V, data from temperature dependent
Hall measurements. (b) Extracted . vs ngs data from temperature dependent Hall
measurements.
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Figure 4.16: Extracted percolation threshold density n, at various temperatures.
Error bars represent the fitting errors.

1/T in Fig. 4.16. For temperatures between 7 K and 15 K, n,, increases with increas-
ing temperature as expected, according to the extrapolation function. However, it’s
impossible to extract a precise ng value from this preliminary data set due to the
lack of data at low temperatures and deviation of the data at 20 K. More complete
data sets for n, vs 1/T and the extracted ny value will be evaluated in future work.
In general, this preliminary data set shows comparable n, values compared to other
published data [126, 134] and indicate reasonable oxide interface quality for these

MOS quantum dot devices.
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4.5 Discussion and Summary

Finally, we discuss the performance vs. fabrication efficiency for this design
approach. Our intent is to develop a straightforward fabrication process to make
electrically robust and chip-compatible quantum dots as a step towards the longer
term goal of a diagnostic qubit. Compared to multilayer devices in general, single-
layer devices have fewer fabrication steps and failure mechanisms, which can lead to
a higher device yield. As a trade-off, the single-layer devices presented in this paper
have less direct control of the dot’s electrostatic potential compared to multilayer
devices and will likely make reaching the single-electron regime more challenging.
As we have seen, the location of the dots and the barriers do not always seem to be
as intended and additional resonances in the channel are common.

Given the simplicity of the devices, the possible sources for the non-idealities
in the transport are limited. Some nonideal features may arise from film microstruc-
ture and grains within the gate metals, which we observed in SEM and atomic force
microscope (AFM) images (see Fig. 4.17) taken after the electrical measurements.
Additionally, during these measurements, the end-to-end electrical resistance of the
inversion gate line was very high, implying structural defect(s) somewhere along the
gate. Another defect mechanism observed in other devices is the partial delamina-
tion of Pd layer while the Ti layer appears to stick well to the SiO,. Further, some
of the irregular features in the transport and charge sensing measurements may
arise from Si/SiO, interface traps or an irregular potential at the Si/SiO, interface.

These nonidealities can induce unintended barriers and give rise to unintended dots,
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Figure 4.17: (Taken by Dr. Pradeep Namboodiri) Atomic force microscope (AFM)
image of an identical device revealing the gate metal film quality in the device fine
structure.

119



device instability, and noise at a variety of frequencies, etc.

Future improvement of these devices to yield cleaner dots and enable reaching
the few-electron regime could include additional diagnostic measurements on the
gate materials and gate oxides, and a focus on the gate line pattern and e-beam
dose. Due to the fabrication simplicity, the gate material stack and the gate oxide
can be tested relatively quickly in this single-layer diagnostic platform to optimize
the material deposition in terms of grain size, thickness, and the anneal parameters
for lithographic fidelity, wire conductivity and resultant dot performance. Addi-
tionally, the design rule can be substantially reduced, and thus the dot size, which
increases the charging energies and makes reaching the few-electron regime more
likely. Smaller dots can also decrease the cross section with defects in the ox-
ide which might otherwise dominate the device. Finally, improved modelling for
matching the observed capacitances with electrostatic models and extending these
to accurately predict inversion areas can allow for gate designs with smoother po-
tentials in the channel and fewer unintended barriers. Progress in these directions
could help these single-layer devices approach the single-electron regime.

The generation of devices presented here provides a simple testbed for exam-
ining these materials and design issues for rapid feedback. Based on these devices,
future work and refined devices are expected to extend to spin readout, single-shot

statistics, and the eventual implementation of a spin qubit, etc.
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Chapter 5:  Study and Improvement of Measurement Noise

In quantum science research, both cryogenic temperatures and low measure-
ment noise are required for high fidelity. In this chapter, I will present the work
on studying and improving the measurement noise. Temperature-dependent con-
ductance measurements and comparison of effective electron temperature (7,) using
two two different quantum dot systems, P donor-based and MOS-based Si quantum
dots, will be discussed. Measurements are made in various cryogenic systems over
temperatures varying from 10 mK to 25 K. The effective electron temperature is
extracted by fitting the experimental data using theoretical models. The Coulomb
resonance is not only thermally broadened by the thermal temperature but also
broadened by other temperature-independent sources such as gate noise, triboelec-
tric noise, etc. The noise origins and factors inducing high 7, are discussed and
analyzed. The noise level in a dilution refrigerator (DR) with ~ 10 mK base tem-
perature was substantially lowered from ~ 4 K to ~ 0.5 K by rearranging ground
configuration and noise filtering.

The P donor-based Si quantum dots used in this chapter is provided by R. M.

Silver research group at National Institute of Standards and Technology.
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5.1 Introduction

In the quantum measurements of solid-state quantum computing devices, both
cryogenic “bath” temperature and low measurement noise are required for high-
fidelity quantum state readout, through spin-to-charge conversion and charge detec-
tion. For the former, the cryostat’s base temperature (the devices’ bath temperature,
T,) has been lowered to < 10 mK in sophisticated *He/*He dilution refrigerators
[135]. For the latter, one indicator of the device noise — effective electron tempera-
ture (7 ), can usually be one to two orders of magnitude higher than T, [136]. In the
electron transport measurements, the high measurement noise or poor thermaliza-
tion can increase the thermal energy of the electrons and smear out the quantization
of electron motion and charge, presenting limitations for coherent measurements and
device integration.

To evaluate T,, a common way is to measure the peak width broadening of the
Coulomb resonance peak. The full width at half maximum (FWHM) of a Coulomb
resonance peak (Coulomb peak width) in a quantum dot is determined by the tunnel
coupling between the quantum dot and the electron reservoirs (hl'.), and the thermal
broadening (7;) [137]. When the conductances of the tunnel barriers are small

2
(< e—), the peak broadening due to the tunnel coupling (hT'.) is small, which

h
indicates that the tunneling process of higher order is suppressed [138], and the peak
broadening is dominated by the thermal broadening, 7,, at small source-drain bias.

High 7. in the measurement may come from noise sources extrinsic to the device

or from intrinsic noise in the device, which can be measured by the broadening of
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Coulomb blockade peaks in the measurements of quantum dot devices.

For the temperature broadening of the Coulomb peaks’ lineshape, typically
the temperature can be divided into three regimes [35]:
1) High temperature regime, ¢?/Cs < kgT,, where the thermal energy, kzT,, ex-
ceeds the quantum dot’s charging energy, ¢?/Cyx, (Cy is the dot’s total capacitance),
leading to the fact that the discreteness of charge on the dot cannot be discerned.
In this regime, the device conductance (G,) does not depend on the electron oc-
cupation of the dot and is completely determined by the ohmic sum of the left and
right tunnel barriers, 1/Go = 1/Giefy + 1/Gright-
2) Classical or multi-level regime, AE < kT, < €*/Cy (AFE is the energy level
spacing of the dot for electron occupation), where many levels are excited by ther-
mal fluctuations. In this regime, the lineshape of an individual conductance peak is

given by [99, 100]:

G eaAV, kT, 1 ( eaAV, )

~ —cosh™?
cos 2 5kp T

= 5.1
Goo  2sinh(eaAVy/kgT.) 2 (5-1)

where o = C,;/Cy is the lever arm of the plunger gate, and AV, = |V, — V| is
the distance to the peak center along the gate voltage direction. In this regime,
the FWHM of a single peak has a linear temperature dependence: ea - FWHM =
4.35kpT, [95]. Also, the single conductance peak maximum G,.x in this regime is
constant with varying temperatures, Gy = Goo /2. The factor of 2 in this conduc-
tance expression is due to that the probability of an electron tunneling through the

dot in this regime decreases to half compared to the high temperature regime, be-
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cause an electron can only tunnel on after the previous one tunnels off [35]. Fig. 5.1
shows an example of the calculated Coulomb blockade oscillations varying with tem-
perature in the classical regime based on our Al/AlO, /Al SETs (detailed in Section
3.3.4). Each oscillation curve is an integration of 25 individual Coulomb peaks, using
experimentally measured high temperature device conductances G, and Coulomb
peak center V.. The Coulomb oscillations are visible when kg7, < 0.3¢2 /Cs
(T. < 1.7 K for capacitance values used in the above example), also confirmed
by our experimental observations [54].

3) Quantum or single-level regime, kT, < AFE,¢e?/Cs, where the tunneling hap-
pens only through a single energy level on the dot. In this regime, the lineshape of

an individual conductance peak is given by [99, 139]:

G AF _y [(eaAV,
—_— = cosh (27€BT6) (5.2)

In this regime, the temperature dependence of the peak width is also linear but with
a different rate: ea - FWHM = 3.5kgT, [95]. In addition, the conductance peak
maximum G.x = Go - (AFE/4kpT,) decreases linearly with increasing temperature
in this regime, while remains constant in the classical regime. It is noted that metal
quantum dots cannot access the quantum regime because AFE of metals is very small
[95].

If the quantum dot is in the strong coupling regime, e*/Cy, < h'., AE, the

zero-temperature lineshape of the Coulomb peak is given by the Breit-Wigner for-
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Figure 5.1: Calculated Coulomb blockade oscillations varying with temperatures
in the classical regime based on our Al/AlO/Al SETs (detailed in Section 3.3.4).
Each oscillation curve is an integration of 25 individual Coulomb peaks, using exper-
imentally measured high temperature device conductances G, and Coulomb peak
center V, .. The Coulomb oscillations are visible when kpT,. < 0.3¢?/Cs; (T, < 1.7K
for capacitance values used here), also confirmed by our experimental observations
[54].
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mula [140]:

o 2 (hT.)?
~ h (hTL)? + (eaAV,)?

(5.3)

The conductance peak maximum equals to the conductance quantum, 2¢?/h. Coulomb
peaks in the regime kgT, ~ hl'. have the Lorentzian lineshape of Eq. 5.3.

Here in this work, we conducted and compared noise measurements in differ-
ent cryogenic systems. The electron temperature in a dilution refrigerator with base
temperature T, ~ 10 mK is substantially mitigated from ~ 4 K to ~ 0.5 K, by rear-
ranging ground configuration and noise filtering. To study the extrinsic systematic
noise origins and the intrinsic lattice couplings that affects the electron mobility,
we compare noise evaluation on two different quantum dot systems, P donor-based
and MOS-based Si quantum dots, cooled down together and measured using the
same measurement setup on the same platform. Temperature-dependent and bias-
dependent Coulomb blockade peak width are measured in different cryogenic setups
over temperatures ranging from 10 mK to 25 K. The upper bound of the effective
electron temperature 7, is extracted by fitting the experimental data using the theo-
retical models in the classical regime. We finally found that it’s currently impossible
to observe the T, difference caused by intrinsic noises and distinguish between ex-
trinsic noises and intrinsic noises, as we are still limited by the lead noise at low

thermal temperature.
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5.2 Devices and Experimental Methods

The Coulomb blockade peak width of two different quantum dot systems are
compared in this chapter, P donor-based and MOS-based Si quantum dots, to study
the measurement noise. The MOS-based Si quantum dot devices used in this work
have the same fabrication process as detailedly described in Chapter 4. Here we

briefly introduce the P donor-based Si quantum dots.

5.2.1 P Donor-Based Si Quantum Dots

One type of devices compared in this work is the scanning tunneling microscope
(STM)-patterned atom-scale P donor-based silicon quantum dot device [2, 141].
The critical part of the atomically precise fabrication is STM-based H-depassivation
lithography, which is patterning the H terminated silicon surface, Si(100) 2x1: Hin
a UHV environment and has been developed by several research groups in the past
years [142, 143, 144, 145, 146]. Using STM hydrogen (H)-depassivation lithography,
SETs with smaller dots on the scale of the atomic lattice can be fabricated with
near atomic precision, relative to atomically aligned source, drain and gates.

Here we briefly describe the fabrication process. A silicon chip is first cleaned
and then loaded into the UHV chamber. The silicon chip is first flashed to 1200 °C
for approximately 45 s to form the Si(100) 2 x 1 reconstruction. Then the sample
surface is passivated by atomic hydrogen to form a stable and chemically inert H-
terminated surface. After the passivated surface is formed, the device geometry is

defined using H-depassivation lithography in the STM to selectively remove H atoms
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from the surface and produce unpassivated, chemically active areas. When the de-
vice patterning is done by H-depassivation lithography, the sample surface is exposed
to phosphine (PH3) gas, to saturate the unpassivated surface areas. Phosphorus (P)
adatoms are incorporated and substitute with Si atoms within the first atomic layer
through a thermally activated process. The sample with patterned Si : P devices
is then encapsulated with a silicon encapsulation layer by low temperature (275 °C)
epitaxial Si overgrowth. The process is optimized by first depositing ~ 11 atomic
layers of Si locking layer at room temperature, and then continuing deposition at
275 °C to mitigate dopant movement in case the distortion of patterned devices,
and preserve Si epitaxial growth simultaneously. After the encapsulation, the Si: P
devices are enclosed underneath the Si epitaxial layer so that the sample can be
securely taken from UHV without contaminating or degrading the device area. Fi-
nally, contact pads are formed by a low temperature palladium silicide process [147],
where palladium is deposited and annealed to form palladium silicide, contacting
with the device. Shown in Fig. 5.2 is the STM image of a typical device con-
sisting of a dot in the center, and source, drain, and two in-plane gate electrodes.
Table 5.1 shows the modelled capacitance values calculated by FastCap software
packages for a typical STM-patterned P donor-based Si quantum dot device as

shown in Fig. 5.2 [2].

| Capacitance (aF) | Source | Drain | Gatel | Gate2 | Total |
| Dot [ 51 [ 51 [ 12 [ 1.1 | 125 ]

Table 5.1: FastCap modeled capacitance values (aF) between source, drain, gate
electrodes and dots, and the total capacitance for a typical STM-patterned P donor-
based Si quantum dot device as shown in Fig. 5.2 [2].
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Figure 5.2: (Taken by Dr. Xigiao Wang) STM image showing a typical atom-scale
P donor-based silicon quantum dot device consisting of a dot in the center, source,
drain, and two in-plane gates. The left panel is a larger-scale view and the right
panel is a smaller-scale view of the device fine structure with an inset showing a
close view of the atom-scale quantum dot.
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Figure 5.3: Sample box with both device chips wire bonded for simultaneous mea-
surement in DR. The left panel is an overall view of the sample box with LF and
HF wire bonding pads. The right panel is a close view of the devices with contact
pads wire bonded.

5.2.2 Sample Configuration for Simultaneous Measurement

Shown in Fig. 5.3 is the sample box with both device chips (P donor-based
and MOS-based Si quantum dots) wire bonded for simultaneous measurement in
our DR. There are 24 contact pads for 24 low-frequency (LF) signal lines and 24
contact pads for 24 high-frequency (HF) signal lines on the sample box that can be
used to connect to the contact pads on the devices through wire bonding. These
LF signal lines of the sample box can be connected to the DR circuits using uD
connectors and cables, and these HF signal lines are connected to the DR circuits

using high speed multicoax TR connectors and cables.
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5.2.3 RC filter PCB

To implement noise filtering directly after the signal transmitting from the
devices and before the signal transmitting to the devices in the mixing chamber (base
temperature stage) of the DR, resistor-capacitor (RC) low-pass filters on printed
circuit boards (PCBs) for 24 LF signal lines were designed and made with different
low-pass filter configurations. Shown in Fig. 5.4(a) is a test board for testing
the change of the roll-off characteristics of various resistor and capacitor groups
at cryogenic temperatures, relative to room temperature characteristics, since the
filter PCBs are designed for directly connecting to the sample box and using at
cryogenic temperature stages. There are uD connectors soldered on the PCB to
insert the PCB in the DR measurement circuit, and each uD connector connects 12
signal lines to the DR circuits. According to the the roll-off characteristics obtained
and presented in Section 5.3.2, we can select and apply suitable low-pass filters for
different signal lines, as shown in Fig. 5.4(b). The filter PCBs are placed between
the sample box and the DR circuits, and can be cooled down together with the

sample box.

5.3  Results and Discussion

5.3.1 Discussion of Noise Origins

In quantum science research, both cryogenic temperatures and low measure-

ment noise are required for high fidelity. For silicon quantum dot devices, an increase
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Figure 5.4: RC low-pass filter PCBs for 24 LF signal lines. (a) A test board for
testing the change of the roll-off characteristics of various resistor and capacitor
groups at cryogenic temperatures, relative to room temperature characteristics. (b)
Filter PCBs with selected low-pass filters used in the measurements.
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in either one causes broadening of Coulomb blockade peaks, which is usually referred
to as a high 7T,. The Coulomb resonance peak is not only thermally broadened by
the actual thermal temperature or bath temperature 73, but also broadened by other
T-independent sources, such as gate noise Vg"Oise, source-drain bias V4, source-drain
noise V/2**¢ triboelectric noise, etc. At low source-drain bias, Vi3 < F¢/e where
E¢ is the charging energy, the Coulomb peak width increases linearly with 7, when
T, > T,, i.e., the thermal noise exceeds the T-independent noises. The rate is de-
termined by FWHM = % - Ty, where n = 4.35 for classical regime and n = 3.5 for
quantum regime. When T, < T,, the Coulomb peak width saturates at a constant
value determined by the T-independent noises. Therefore, at low V4, the Coulomb
peak width vs Tj, shows a a hockey stick shape as shown in Fig. 4.9(b). When V4
becomes comparable to the charging energy, the contribution to the Coulomb peak
width broadening from V.4 and V2°**¢ is not negligible. As indicated by the Coulomb
diamonds in Fig. 1.3 and Eq. 6.17, the Coulomb peak width scales linearly with

noise

Vsa and saturates at some constant value determined by V.

5.3.2 Cryogenic Temperature Testing of RC Low-Pass Filters

As mentioned before, we made a test board as shown in Fig. 5.4(a) with dif-
ferent resistor-capacitor combinations to test the change of roll-off characteristics
of various low-pass filters at cryogenic temperatures, to compare with their room
temperature characteristics. Fig. 5.5(a) is the measurement circuit we implemented

to efficiently test 24 low-pass filters within a single cooldown. A typical cooldown
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without magnet takes approximately 32 hours from room temperature to base tem-
perature. Here in the measurement circuit, V,,, represents the AC voltage applied as
the input, R, is a large resistor of known resistance placed in the room temperature
circuit, Vj,eqs 18 the measurement point from room temperature circuit to measure
the circuit response to an input. In the circuit inside DR that will be at cryogenic
temperatures, Ry and Cy are the carbon film resistor and ceramic capacitor soldered
on the PCB to make a low-pass filter, and V,,; is the signal output point that will
be connected to the device but not used in this filter test measurement. With this
measurement circuit, we can apply AC voltages V,,, on all 24 ;D lines and measure
the response at V,,..s outside the DR. If we measure the response at V,,; inside the
DR, we need to occupy half of the uD lines for the measurement side and can only
test 12 low-pass filters in a single cooldown.

Eq. 5.4 is the calculated expression of Vj,..s with a given V,,, according to
Kirchhoft’s circuit laws, based on this circuit, where j is the unit imaginary number
and w = 27 f is the angular frequency. This is the formula to be used to fit the
measurement data and extract Ry and C at cryogenic temperatures. To verify
the validity of this measurement circuit and the theoretical formula, we measured
the circuit response at room temperature with known R,, Ry and C}, simulated
the circuit shown in Fig. 5.5(a) in SPICE (simulation program with integrated
circuit emphasis), and compared with the calculated results of Vj,cqs from Eq. 5.4.
Fig. 5.5(b) shows an example comparison with R, = 100 k2, R; = 10 kQ and
Cy = 0.1 pF, where the measurement, simulation and calculation from Eq. 5.4

agree very well. Therefore, we confirmed the validity of this measurement circuit
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and the theoretical formula in Eq. 5.4.

‘R, (5.4)

We then cooled down the filter test PCB to ~ 4 K and ~ 10 mK, respec-
tively. The circuit responses were measured with different room temperature resis-
tors (R,) for all 24 groups of low-pass filters, at room temperature (RT), ~ 4 K and
~ 10 mK, and fit using Eq. 5.4 to extract the values of R; and Cy. We found that
for most groups of filters, the cutoff frequency increases by ~ 20 times and mea-
sured voltage at high frequency limit doesn’t change much, from RT to cryogenic
temperatures. Since the cutoff frequency is determined by both resistance compo-

1

nent and capacitance component via f. = and the measured

27T-(Rx+Rf)'Cf’

voltage at high frequency limit is only determined by the resistance component via

V:zpp

Vmeas = Va — 5 . 5
P R, + Rf

- R, we can initially guess that from RT to cryogenic tem-
peratures, Ry doesn’t change much but Cf decreases by ~ 20 times. However, for
some groups of filters with larger capacitors (1 pF and 10 uF), the measured volt-
age at high frequency limit increases > 5 times from RT to cryogenic temperatures,
which can only be explained by a large increase of the resistance component of the
circuit. From the other lines with smaller capacitors, we can confirm that the same
type Ry doesn’t change much at cryogenic temperatures. Therefore, the possible
explanation is that, for those filter groups with larger capacitors (1 uF and 10 uF),

the capacitor introduces a large serial resistance component in the circuit at cryo-

genic temperatures. Those larger capacitors (1 uF and 10 uF) behave abnormally
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Figure 5.5: (a) The measurement circuit we implemented to efficiently test 24 low-
pass filters within a single cooldown. R; and Cy are the carbon film resistor and
ceramic capacitor soldered on the PCB to make a low-pass filter. (b) An example
comparison to verify the validity of the measurement circuit in (a) and the theoretical
formula Eq. 5.4, with R, = 100 kQ, Ry = 10 kQ and C; = 0.1 pF, indicating that
the measurement, simulation and calculation agree very well.
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at cryogenic temperatures, so here we exclude those groups of filters for the data
analyses. Fig. 5.6(a) and (b) show the ratios between the extracted 4 K values
and RT values for these resistors and capacitors, respectively, using 4 different R,
in the measurements. Fig. 5.6(c) and (d) show the ratios between the extracted
10 mK values and RT values for these resistors and capacitors, respectively, using
5 different R, in the measurements. In most cases, the resistors change within
~ 20 %, and the capacitors decrease by & 20 times at cryogenic temperatures. To
further analyze the resistor and capacitor change from RT to cryogenic tempera-
tures, the corresponding histograms of the ratio data shown in Fig. 5.6 are plot in
Fig. 5.7. It can be observed that for most resistors, the resistance change within
~ 10 % at 4 K, and change within =~ 20 % at 10 mK. And for most capacitors,
the capacitance decreases by ~ 15 to ~ 18 times at 4 K, and decreases by ~ 18 to
~ 20 times at 10 mK. Among these, we chose two groups of low-pass filters for
the device measurements (R; = 10 kQ and C; = 0.47 uF for source-drain lines,
Ry =5.11 kQ and Cy = 0.22 uF for gate lines) that consist of capacitors with rela-

tively more stable performance at cryogenic temperature, as shown in Fig. 5.4(b).

5.3.3 Noise Measurements on Quantum Dot Devices

The P donor-based quantum dot devices were first checked in our 4 K cryogenic
system, which takes < 2 hours to cool down to the base temperature and therefore
enables fast sample turnaround. Fig. 5.8 shows the AC lock-in measured Coulomb

diamonds by sweeping the voltage on the two plunger gates together (see Fig. 5.2).
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Figure 5.6: (a) and (b) show the ratios between the extracted 4 K values and RT
values for these resistors and capacitors, respectively, using 4 different R, in the
measurements. (c) and (d) show the ratios between the extracted 10 mK values and
RT values for these resistors and capacitors, respectively, using 5 different R, in the
measurements.
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at 10 mK, and (b) for capacitor change at 10 mK.
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The well defined diamonds with sharp edges imply well defined quantum dot and
tunnel barrier, as well as sufficient gate control and charging energy over the thermal
noise. Having the diamonds, the plunger gate lever arm can be determined through
a = Cy/Cy, where the gate capacitance can be calculated by C, = e/AV, (AV, is the
diamond period) and the dot’s total capacitance can be calculated by Cs, = e¢/AVj
(AV; is the diamond height). With the lever arm obtained from diamonds, we then
conducted temperature dependent measurement of zero-bias Coulomb oscillation
peaks as shown in Fig. 5.9(a), to set the real energy scale of the dot by linking to
the absolute temperature variation and extract the effective electron temperature
T,. As predicted by the theory, the linewidth of the Coulomb peaks is broadened by
the thermal energy as the bath temperature T, increases. FEach of these peaks are
fit with Eq. 4.1 and the FWHM vs T, of the four peaks centered at four different
positions in Fig. 5.9(a) are plotted in Fig. 5.9(b). The linear broadening trend can
be seen but the hockey stick shape and the saturation point is absent due to that
the base temperature is not low enough.

Table 5.2 summarizes the lever arm « extracted from the diamonds, base
temperature FWHM of Coulomb peaks, and the calculated effective electron tem-
perature T, by using the classical regime formula ea - FWHM = 4.35kgT,. At this
temperature, it’s impossible to reach the quantum regime which requires kg7, <
AE, e?/Cs. There is > 500 mK mismatch between T, and T, indicating the con-
tribution of T-independent noise sources. Due to other measurement noise and fit
uncertainties, the slope of the temperature dependence is not very clear, so that
we are not able to extract the lever arm from the temperature dependence to set
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Figure 5.8: AC lock-in measured Coulomb diamonds of P donor-based quantum dot
device in 4 K cryogenic system, by sweeping the voltage on the two plunger gates
together. The well defined diamonds with sharp edges imply well defined quantum
dot and tunnel barrier; as well as sufficient gate control.
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Figure 5.9: (a) Temperature dependent measurement of zero-bias Coulomb oscil-
lation peaks on P donor-based quantum dot device in 4 K cryogenic system. (b)
Extracted FWHM vs T, of the four peaks centered at four different positions in (a).
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the real energy scale. But the calculated temperature dependence slope based on
the lever arm obtained from the diamonds (3 mV/K £ 0.8 mV/K) agrees with the
general broadening rate observed from Fig. 5.9(b). Therefore, we confirmed the
Coulomb blockade characteristics of the P donor-based quantum dot devices and
need to lower Tj, for measuring the saturation point and a hockey stick shape to get

the noise limit.

| T,=4K | 1* peak | 2! peak | 3" peak | 4™ peak |

a 0.15 0.13 0.11 0.11
FWHM (V) | 0014 | 0013 | 0015 | 0.017
T, (K) 5.6 16 17 19

Table 5.2: Summary of the lever arm « extracted from the diamonds, base temper-
ature FWHM of Coulomb peaks, and the calculated effective electron temperature
T, by using the classical regime formula eao - FWHM = 4.35kgT..

The P donor-based quantum dot devices were then cooled down to ~ 10 mK
in our dilution refrigerator (DR) system, where we measured and improved the mea-
surement noise. In a initial temperature dependent measurement of Coulomb peak
linewidth with DR measurement circuit, we found that the measured peak width
had a linear dependence on T, and saturated below 2 K (not shown). A considerable
mismatch (> 2 K) between the lattice temperature (7}) and the carrier tempera-
ture (7,) was observed. Therefore, we first conducted a series of measurements
as discussed below to find out different noise sources. According to discussions in
Section 5.3.1, the Coulomb peak width should scales down linearly with source-drain
noise. To check if the source-drain bias polarity affects the noise and confirm the
linearity of FWHM vs source-drain noise, we conducted bias dependent measure-
ment of an individual Coulomb peak with the source-drain bias varying from -2 mV
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to 1 mV, as shown in Fig. 5.10(a) and the fitted peak width using Eq. 4.1 vs Vj
of some peaks is plotted in Fig. 5.10(b). In Fig. 5.10(b), the two dash-dotted lines
represent linear fits in positive and negative bias sides, respectively. First, both the
positive and negative sides show good linearity. Second, the two linear fits intersect
at near zero-bias point with ~ 14 mV FWHM, confirming the existence of other
noise sources which are independent of both bias values and polarities. Third, the
absolute value of the scaling factor is 30 % smaller at the positive side than that at
the negative side, may indicating some source-drain noises at the negative bias side
only.

We then conducted DC Coulomb diamond measurements to confirm the ex-
istence of various noise sources. Shown in Fig. 5.11(a) is a partially measured
Coulomb diamond near zero source-drain bias. Obviously, the diamond doesn’t close
with decreasing absolute bias values, and there is a region with constant diamond
width (Coulomb peak width) extending ~ 1 mV near zero bias along the source-drain
bias direction, as guided by the dashed lines. We think the constant peak width re-
gion that precludes the closure of Coulomb diamond is the evidence of source-drain
noise, V¢ ~ 1 mV. The existence of V?**¢ precludes the Coulomb peak width to
scale down with decreasing absolute bias values and causes the Coulomb peak width
to saturate, as discussed in Section 5.3.1. Fig. 5.11(b) shows a wider diamond scan
of one and half diamonds in the view. It can be observed that there are some shaded
regions of small diamond shape outside the main diamonds, looking like shadows of
the diamonds on both left and right sides along the V direction. We think these

shaded regions duplicating the diamond shape are more associated with the gate
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Figure 5.10: (a) Bias dependent measurement of an individual Coulomb peak on P
donor-based quantum dot device at ~ 10 mK in DR. (b) Extracted FWHM vs V;

of some peaks in (a).

1
-1000

-5I00
Vs (1V)

145

I
1000

—1mV
——900 uV
800 pV
—700 uV
600 uV
—500 uV
400 pv
——300 uV

| l—200pv

— 100 pv
—50 v

[ —20puv

f 10 pV
—0V
— 10 v

= 20V

(——-50 uv
-100 pV/|
-200 pV|

I f——-300 puV,

400 V|
500 V|
600 V|

| —-700 V|

—-800 pV|

| ——-900 V|

=1 mV

f—-1.1mV|
-1.2mVv|
f(——-1.3mV|
-1.5mV|
f——-1.6mV|
f—-1.7 mV|
f——-1.8 mV
f—-1.9mV|
—-2mV




noise, V.

After checking the existence of these noise sources, the measurement circuits
were adjusted to mitigate noise. Inside the DR, we made and installed low-pass
filter PCB as discussed in Section 5.3.2. Outside the DR, we improved the ground
configuration between the DR and other measurement instruments, and applied
room temperature low-pass filters on source, drain and gate lines. These adjust-
ments were guided by suppressing the noise amplitude, which is monitored using
a spectrum analyzer over the range of < 1 kHz. With these noise mitigation, we
substantially narrowed down the zero-bias Coulomb peak width on similarly fab-
ricated P donor-based Si quantum dots from ~ 14 mV to ~ 1.9 mV, as shown
in Fig. 5.12(a). The dotted line shows the fit for extracting the peak width.
Fig. 5.12(b) shows the measured partial Coulomb diamond near zero source-drain
bias after noise mitigation. The diamond now closes nicely at the intersection of the
positive part and the negative part, and the offset of zero source-drain bias is also
corrected, i.e., the intersection aligns with zero bias. Note that this is a different
P donor-based quantum dot device but with similar fine structures and lever arm
(av & 0.1) used for the noise mitigation here since the previously shown device was
damaged.

Another motivation of this work is to distinguish intrinsic noise sources and
extrinsic noise sources by comparing two different Si quantum dot systems using the
same measurement setup. The two different quantum dot systems — P donor-based
and MOS-based, have different electron transport mechanisms. The electron mobil-

ity (pe) is very different in the two quantum dot systems: p, ~ 40 ecm?/(V-s) for
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Figure 5.11: (a) A partially measured Coulomb diamond near zero source-drain bias,
indicating the existence of source-drain noise. (b) A wider diamond scan of one and
half diamonds, indicating the existence of gate noise.
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Figure 5.12: (a) Zero-bias Coulomb peak linewidth narrowed down to ~ 1.9 mV,
after noise mitigation. Vi ~ 180uV. Dotted line shows the fit. (b) The measured
partial Coulomb diamond near zero source-drain bias after noise mitigation.
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P donor-based dots and . =~ 4000 cm?/(V-s) for MOS-based dots. P donor-based
dots with much lower electron mobilities are expected to have the effective elec-
tron temperature much closer to the lattice temperature (bath temperature) than
MOS-based dots. Whether this characteristic relates to a measurable 7, difference
depends on the extrinsic noises. If the extrinsic noise occupies a large portion in
the total noise, then it would be difficult to distinguish a relatively small differ-
ence in the intrinsic noise. Therefore, we wire bonded one P donor-based device
and one MOS-based device in the sample box as mentioned in 5.2.2 and cooled
them down simultaneously. To set up the absolute energy scale and compare the
effective electron temperature on the two quantum dot systems, temperature de-
pendent measurements of Coulomb blockade linewidth were conducted on the two
devices with the same measurement setup in DR, as shown in Fig. 5.13(a) and (b),
respectively. Classical regime is confirmed by the observation that the change of
the Coulomb peak height with temperature follow the pattern given by the classi-
cal regime (not shown). To extract the effective electron temperature to compare
noise of the two different quantum dot systems, the FWHM vs T data are fit with
FWHM(T,) = +/(mT;)? + A%, same as used in Section 4.3, and the fitted curve, fit-
ted m and A values for both devices are shown in the figures. Therefore, we obtain
the upper bound of T, — T, ~ 694 mK for P-donor based device and T, ~ 347 mK for
MOS-based device. The reason that the P donor-based device has higher 7, may be
due to its high lead noise. Therefore, it’s impossible to tell the T, difference caused
by intrinsic noises, and distinguish between extrinsic noises and intrinsic noises,
especially that P donor-based dots are expected to exhibit lower effective electron
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temperature than MOS-based dots, as we are still limited by the lead noise at low
thermal temperature, and the intrinsic noise difference between the two quantum
dot systems could be relatively small compared to our current extrinsic noises. The
noise level was further mitigated later on MOS quantum dot separately, as shown
in Chapter 4. Also, we found no obvious difference in the noise level after removing
the low-pass filter PCB in the base temperature stage, probably due to its unstable
noise filtering performance due to the resistance and capacitance change at cryogenic

temperature.

5.4 Summary

To summarize, in this work we studied and analyzed noise sources in sili-
con quantum dot measurements. The noise level in a dilution refrigerator with
~ 10 mK base temperature was substantially lowered from ~ 4 K to ~ 0.5 K by
rearranging ground configuration and noise filtering. We made and tested low-pass
filter PCB, comparing its performance change between room temperature and cryo-
genic temperature. No obvious suppression of noise was observed with the filter
PCB, probably due to the unstable resistance and capacitance change at at cryo-
genic temperature. By comparison of the noise level on two different quantum dot
systems, P donor-based and MOS-based Si quantum dots, with the same measure-
ment setup on the same platform, we were not able to measure the T, difference
caused by intrinsic noises, and distinguish between extrinsic noises and intrinsic

noises, as we are still limited by the lead noise, and the intrinsic noise difference
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Figure 5.13: (a) Temperature dependence of Coulomb blockade linewidth of P donor-
based Si quantum dot device. (b) Temperature dependence of Coulomb blockade
linewidth of MOS-based Si quantum dot device, with the same measurement setup.
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between the two quantum dot systems could be relatively small compared to our

current extrinsic noises.
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Chapter 6: Can Plasma Oxidized Al/AlOy/Al SETs Detect Charge

Motion on Silicon MOS Quantum Dots?

In the work presented in Chapter 3, we achieved long-term charge offset sta-
bility (best AQq = 0.13 e £ 0.01 e over & 7.6 days) by using plasma oxidized AlO
as tunnel barriers in Al/AlO,/Al SETs [54], which makes using the Al/AlOy/Al
SETSs as charge sensors possible. And in Chapter 4, we achieved tuning controllable
quantum dots and performing persistent charge sensing (SNR > 5) on single metal
gate layer silicon MOS quantum dot devices [112], which is compatible to be inte-
grated with Al/AlO,/Al SETs. In Al/AlO,/Al SET, the quantum dot is formed in
the metal island. In MOS quantum dot devices, the quantum dot is formed in the Si
substrate. A natural question is, can these two types of devices be integrated to form
an integrated qubit platform for diagnostic purposes for both semiconducting and
superconducting quantum computing, and have quantum dots in different planes for
reflectometry? In this chapter, I will present the design and development of charge
stable, plasma oxidized Al/AlO,/Al SETs for use as charge sensors in single metal
layer gated silicon MOS quantum dots, extending an integrated architecture that
enables fabricating both devices simultaneously. The design of device and stream-

lined process flow will be presented, as well as the device modeling and simulation.
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An analytical method is proposed to evaluate the device design for charge sensing

and spin readout feasibility.

6.1 Introduction

Solid-state quantum computing devices are among the most promising can-
didates for the realization of quantum computation, because they can be well con-
trolled, manipulated, and integrated. In Chapter 3 and Chapter 4, we have fabri-
cated and characterized devices relating to two areas of solid-state quantum com-
puting — Al/AlO, /Al SET devices for superconducting quantum computing and Si
MOS quantum dot devices for semiconducting quantum computing. For metallic
Al/AlO4 /Al SET devices, the charge offset drift that precludes device integration
for building high-fidelity quantum computer can be largely suppressed by applying
plasma oxidation and UHV environment [54]. For Si MOS quantum dot devices,
the fabrication complexity and failure modes can be reduced by employing single
gate layer device structure, which also enables integration with other quantum ar-
chitectures [112]. With these progress, and considering that superconducting SET
charge sensors provide higher sensitivity [148, 149] and semiconducting MOS devices
provide tunable smaller dots [77, 124], developing a hybrid architecture integrating
these two types of devices and performing electron spin readout can be a promising
approach for solid-state quantum computing.

There are a few prior studies on similar integrated structure. Sun et al. in-

corporated an Al/AlO,/Al SET as the gate of a narrow MOS field-effect transistor
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(FET), observed formation of Si MOS quantum dot and measured charge sensing
signal on Al/AlO,/Al SET induced by the MOS dot and defect in the MOS channel
[109, 150]. Jenei et al. studied the coupling between the Al/AlO,/Al SET and the
2DEG induced in MOS structure, and measured charge noise of the metallic SET
detector [148, 151]. However, in these studies, the coupling and charge sensing be-
tween the two types of quantum dots were not deliberately controlled and electron
spin readout for qubit implementation was not explored. Due to the AlO, tunnel
barriers, the total capacitance of the Al/AlO,/Al SET is usually four to five times
larger than the total capacitance of the Si MOS quantum dot device, leading to an
asymmetric capacitance structure. The charge change on one device induced by the
charge change on the other device, is determined by the ratio of the coupling ca-
pacitance and the total capacitance of the other device [109]. Therefore, the charge
sensing signal on the Si dot will be four to five times smaller than that on the Al
dot and the Al/AlO,/Al SET is chosen to be the charge sensor in this integrated
structure. Because of this asymmetric capacitance structure, the integrated device
will need more careful design and analyses for optimizing qubit performance.

In this chapter, the design and development of charge stable, plasma oxi-
dized Al/AlO, /Al SETs for use as charge sensors in single metal layer gated silicon
MOS quantum dots will be presented and discussed. The reduced charge noise on
Al/AlO, /Al SETs makes it possible to use these metallic SET's as charge sensors in
qubit devices. The single gate layer structure of MOS quantum dots makes it possi-
ble to fabricate both devices simultaneously, since single gate layer doesn’t require

producing gate isolation layer and more deposition steps for multiple gate layers.
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Modeling and calculation of charge sensing stability diagram for vertically and lat-
erally aligned configurations will be presented. An analytical method for evaluating
charge sensing and spin readout feasibility will be demonstrated. This integrated
architecture is expected to be useful as a diagnostic qubit platform for simplifying
the process flow, testing gate materials and tunnel barrier materials, and detecting

oxide interface defects, etc.

6.2 Design of Device Fabrication

Here we integrate the fabrication process of double-angle deposited Al/AlO, /Al
SETs and single gate layer MOS quantum dots to fabricate the two types of devices
simultaneously. The designed process flows are described as follows. We start with

3” research grade intrinsic silicon wafers and there are 7 major steps.

e 1. Register alignment marks for alignment of multiple layers. Photolithogra-

phy and deep Si etch are used to form etch marks on the Si wafer.

e 2. Implant ions to provide carriers for ohmic contacts of the MOS quantum
dots. Photolithography and commercial ion implantation of 3!P are used for
this step. Here we designed different styles of implantation regions to con-
nect with photolithography defined layer (photo layer), or e-beam lithography

defined layer (e-beam layer), or both, which will be discussed later.

e 3. Grow oxide (SiO3) on the surface of Si wafer to provide gate isolation for
Si MOS quantum dots, which can be done with furnace oxide growth and the
oxide thickness can be controlled.
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e 4. Define metal layer of large electrode fanout for both Al/AlO,/Al SETSs
and MOS quantum dots, which is the photo layer. This step consists of pho-
tolithography, e-beam metal deposition of 5nm Ti 4+ 50 nm Au, and subse-
quent lift-off process. Here we want to keep the photo layer thin to insure

good connection with the e-beam layer deposited in the next step.

e 5. Define metal layer of device fine structure for both Al/AlO,/Al SETs
and MOS quantum dots, which is the e-beam layer. This step consists of e-
beam lithography, double-angle deposition of 2 nm Co + 20 nm Al 4 plasma
oxidation + 30 nm Al, and subsequent lift-off process. Note that using Al layer
for fine structure is safe here, because the photo layer is previously formed,
and we expose some portions of the photo layer in this step to make good
electrical contact at the photo/e-beam junctions. Therefore, no part of the
e-beam layer will be exposed to the photoresist developer. In addition, double-
angle deposition ensures good photo/e-beam contact when the wire junctions
are aligned with the deposition direction. These are why the e-beam layer

comes after the photo layer.

e 6. Make ohmic contact pads for source and drain electrodes. This requires
opening windows in SiOy by photolithography and etching over the implanted
region, followed by e-beam metal deposition of 300 nm Al and subsequent
lift-off process. Note that this step involves oxide etch, so that the metal
deposition of ohmic contact pads cannot be incorporated into other metal

deposition steps.
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e 7. Thicken gate contact bond pads to protect the gate oxide underneath during
wire bonding. This step consists of photolithography, e-beam metal deposition
of 50 nm Ti 4+ 800 nm Au, and subsequent lift-off process. The targeted total
thickness of these gate contact pads is > 900 nm, which has been tested as

sufficient to avoid oxide breakthrough [112].

In our single gate layer MOS quantum dot devices [112], the ion implanted
regions are capacitively coupled with the photo layer of the inversion gate to connect
to the source and drain electrodes, as shown in Fig. 6.1(a). The star-shaped, pink
regions located underneath the source and drain contact pads (“TS”, “TD”, “BS”,
“BD”) are the implanted regions. Other patterns represent the metal gate layout
and contact pads. After the ion implantation, the whole Si wafer is oxidized to form
the gate oxide layer before any metallization. The source and drain contact pads
are metalized after etching the oxide in the pad region to form ohmic contacts. In
this configuration, the induced inversion layer (2DEG) forms a long path across the
device fine area and the photo/e-beam junctions. Any defects in the inversion gate
in this area could induce defects in the inversion layer and may affect the device
channel in the fine region. Here we propose a possible device design to mitigate this
possible problem, which is to extend the implanted region to the device fine area
and use the e-beam layer of the inversion gate to couple with the implanted region,
as shown in the bottom half of Fig. 6.1(b). The implanted regions are extended to
the device fine area through implant wires, and the e-beam layer of the inversion

gate couples with the implant wire after the photo/e-beam junction, as shown in
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the figure inset. This approach provides direct coupling to the inversion gate in the
e-beam defined area and could improve the inversion layer induced in the device fine
area. The validity of using implantation wires to extend the implanted regions to the
device fine area by photolithography only has been verified by our group’s previous
work [152], where photolithographically defined implant wires enable successful mea-
surement of STM-patterned nanoscale devices. The minimum required separation
between implant wires after the high temperature processing specified in Ref. [152] is
< 2 um to keep electrical isolation. For the application in our Al/AlO,/Al SET and
MOS QD integrated devices, the device fine region (e-beam layer) is ~ 40 x 40 pm?
and the implant wires only reach the edges of the fine region so we are far beyond
reaching the electrical isolation limit. Here for complete comparison for the analyses
of measurement results, we add one design with the implanted regions coupled with

both photo and e-beam layers, as shown in the top half of Fig. 6.1(b).

6.3 Device Modeling Results

6.3.1 Device Design and Capacitance Modeling

For the device design, here we present two basic configurations — lateral config-
uration and vertical configuration for the Al/AlO,/Al SET and MOS QD integrated
devices. Fig. 6.2(a) shows the lateral configuration, where we design an individual
inversion gate (“Top gate”) for the MOS quantum dot, and three finger gates on
one side to be used as plunger gate or barrier gate or both for the MOS quantum

dot. The Al/AlO4/Al SET is placed on the other side of the MOS quantum dot
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Figure 6.1: (a) Device layout of single gate layer MOS quantum dot devices, where
the star-shaped, pink regions located underneath the source and drain contact pads
(“TS”, “TD”, “BS”, “BD”) are the implanted regions. Other patterns represent
the metal gate layout and contact pads. (b) Design of implantation wires in the
Al/AlO, /Al SET and MOS QD integrated devices.
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device, with a side gate to control the electrostatic potential of the Al/AlO,/Al SET
island. The Al/AlO,/Al SET island is coupled with the source and drain electrodes
through AlOy tunnel junctions. Here we use the “in-line” design for the Al/AlO, /Al
SET [54], as it makes room for placing the MOS device. Fig. 6.2(b) shows the ver-
tical configuration, where we use the Al/AlO,/Al SET to serve as the inversion
gate for the MOS quantum dot, and there is no individual inversion gate. For the
lateral configuration, the advantage is that the MOS quantum dot can be tuned
separately, not depending on the Al/AlO,/Al SET, therefore reducing the chance
to blow up the AlO, tunnel junctions during quantum dot tuning. Also the AlO,
tunnel junctions could induce some defects in the MOS channel. The disadvantage
is the smaller coupling between the two devices, as the two devices are pulled away
from each other. For the vertical configuration, the advantage is a larger coupling
between the two devices, as they are only separated by a thin layer of SiO,. The
disadvantage is the difficulty to induce 2DEG using the Al/AlO,/Al SET and the
risk to blow up the AlO, tunnel junctions.

To evaluate the charge sensing feasibility, we use FastCap software package
to model the capacitances for the two configurations. Here we start with relatively
relaxed designs, where the width of these wire electrodes is 100 nm, and the sep-
aration between gates is also 100 nm. The thickness of the metal electrodes is
50 nm, and the SiO, thickness is 25 nm. The thickness of the inversion layer used to
model is 4 nm. The AlOy tunnel junction size is 100 nm X 40 nm x 2 nm (length x
width x thickness). Shown in Tables 6.1 and 6.2 are the FastCap modeled capaci-

tance values for the lateral and vertical configurations, respectively. S(D) refers to
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(b)

Figure 6.2: (a) Lateral configuration, where the Al/AlO/Al SET and the MOS
quantum dot device are placed side by side. (b) Vertical configuration, where the
Al/AlO/Al SET is used as the inversion gate of the MOS quantum dot device.
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source (drain), and S(T/L/M/R)G refers to side (top/left/middle/right) gate. The
Al/AlO, /Al SET device is denoted by “Al”, and the Si MOS device is denoted by
“Si”. Not shown in the tables is the coupling capacitance between the Al/AlO, /Al
SET island (dot) and the Si MOS quantum dot, which is 16.8 aF for the lateral
configuration and 54.3 aF for the vertical configuration. These capacitance values
will be used later in the charge sensing calculation to predict the charge stability

diagram.

| Aldot [ 310 | 311 [283] 187 | 185 | 25 [6.2 | | 6.4 | 748 |
[Sidot | 38 | 41 [169] 165 | 163 |574[86 ] 10 [ 8.4 | 159 |

[Cap (aF) [ S (A) [D (A) [ SG [S(S) [D (Si) [ TG [LG [ MG [RG [ Cs |
6.3
1

Table 6.1: FastCap modeled capacitance values of the laterally configured
Al/AlO, /Al SET and MOS QD integrated device. Coupling capacitance between
the Al/AlO,/Al SET island (dot) and the Si MOS quantum dot is 16.8 aF.

| Cap (aF) [ S(Al) [ D (Al) | SG | S (Si) | D (Si) | LG | MG | RG | Cy |
| Aldot | 310 [ 311 |283] 488 | 464 |93 94 | 9.6 | 827 |
[Sidot | 41 | 4 [247] 165 | 163 [8.6 ] 10 | 8.4 | 147 |

Table 6.2: FastCap modeled capacitance values of the vertically configured
Al/AlO4/Al SET and MOS QD integrated device. Coupling capacitance between
the Al/AlO,/Al SET island (dot) and the Si MOS quantum dot is 54.3 aF.

6.3.2 Charge Stability Diagram Calculation

To calculate the shape of the charge stability diagram when the two types
of devices are configured for charge sensing, here we model the integrated devices
using the circuits presented in Fig. 6.3 [109]. Fig. 6.3(a) is the circuit diagram

for the lateral configuration. Nj; and Ng; represent the number of electrons on
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the Al/AlO,/Al SET island and Si MOS quantum dot, respectively. The coupling
capacitance between the dot of each device is denoted by C.. The two dots are
coupled to their own source and drain leads through two tunnel barriers. Due to the
very small source-drain bias of each device, the two tunnel barrier capacitances for
each device are simplified to a single capacitance — C; and C5 as shown in the circuit
diagram. The source and drain leads of each device are also capacitively coupled to
the dot of the other device, represented by C3 and Cy. The side gate (“SG”), top
gate (“T'G”) and all finger gates are all capacitively coupled to each dot, as shown
in the FastCap modeling result. In the modeled experimental setup, we sweep the
voltages on the side gate (Vsi) and top gate (Vrg), and measure the movement of
the conductance peaks of each device. Vg will only vary above the the threshold

)

voltage to maintain the “on” state of the inversion layer. The finger gates will be

biased at constant voltage to set up tunnel barriers. For the vertical configuration,
the inversion layer of the Si MOS device will be induced by the Al/AlO,/Al SET,
where the voltages of the source and drain leads of the Al/AlO,/Al SET will be
set above the threshold voltage of the Si MOS device but their difference will be
maintained at a small value, which is the bias of the Al/AlO/Al SET. For the
vertical configuration, we sweep the voltages on the side gate (Vsg) and middle
finger gate (Virg), and measure the movement of the conductance peaks of each
device. The left and right finger gates are set as barrier gates.

With the circuit model set up and under the assumption that the system
can minimize its electrostatic energy automatically by independently adjusting the
number of electrons on the two dots, the total electrostatic energy for the system in
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Figure 6.3: Circuit model for the Al/AlO,/Al SET and Si MOS QD integrated
device system. (a) Lateral configuration, where we sweep Vsg and Vi, as shown
on the left. (b) Vertical configuration, where we sweep Vsg and Vjg, as shown on
the left.
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the lateral configuration is given in matrix form by [109, 153]

-1

1
E(Na1, Nsi, Vs, Vra) = éQT Q (6.1)

where
Csa1=C1+ 03+ Ce+ Crgar + Cuc.al + Craal + Csaar + Cra_al (6.2)
and
Cssi=Cy+ Cy+ Ce + Crasi + Cuasi + Crasi + Csasi + Crasi (6.3)

are the total capacitance of the Al device and Si device, respectively.

Qs a1 —eNay + Csag_a1Vse + Crea1Vra
Q= _ (6.4)

Qs si —eNs; + CsasiVse + CrasiVra
represents the total charges on the two dots. Na; and Ng; represent the number
of electrons on the Al dot and Si dot, respectively. They are constant values, not

variables. By matrix operation, we get

1
E(Nay, Nsi, Vg, Vra) = (Q3% 410551 + 2Q5 M1Qx siC. + Q% ;Cs A1)
2

(CEAICE,Si)
(6.5)
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When C,. =0, Eq. 6.5 reduces to

E(N N _ Q%,Al Q%,Si
(Na1; Nsi, Vsa, Vra) = 20y 0 20

(6.6)

This is the sum of the energies of two independent dots. For both devices, under
energy degenerate conditions, Coulomb blockade is lifted, resulting in the maximal
SET conductances. If we plot the maximal SET conductances of the two devices
together to form a charge stability diagram, there are in total six such degener-
acy conditions associated with adding or subtracting one electron from one dot,
determined by E(Nay, Nsi, Vsa, Vre) = E(Na1 + 0Nay, Nsi + 0Ns;, Vs, Vrg) with
dNay = 0,41, 6Ng; = 0,1 and |dNa; + 0Ng;| < 2. The six equations determine
six boundaries of the cell with (NNaj, Ns;) charge state: (Naj + 1, Ngi)/(Nai, Nsi);
(Nar—1, Nsi)/(Nap, Nsi); (Nay, Nsi+1)/(Nai, Nsi); (Na, Nsi—1)/(Nai, Nsi); (Nar—
1, Ngi + 1)/(Na1, Nsi); and (Nay + 1, Ns; — 1)/(Na1, Nsi). Here we list the derived
functions of the six boundaries of the (Ny; = 0, Ns; = 0) cell as follows.

Boundary of (NAI = 1, NSi = O)/(NAl = 0, NSi = 0)
1
(Cs siCsc_a1 + CcCsa si)Vaa + (O siCr a1 + CeCra si) Vg — 5602& =0 (6.7)
Boundary of (NAI = —1, NSi = O)/(NAl = 0, NSi = 0)

1
(CxsiCsa a1 + CcCsa si) Vaa + (CxsiCra a1 + CeCra si) Ve + 5602,51 =0 (6.8)
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Boundary of (Nay =0, Ns; = 1)/(Na; = 0, Ng; = 0):

(CsmCsasi + CeCsaan)Vsa + (CeaiCrasi + CeCraan) Vg — %eCEAl =0 (6.9)
Boundary of (Na; = 0, Ns; = —1)/(Na; = 0, Ng; = 0):

(Cs mCsasi + CcCsaan)Vsa + (CeaiCrasi + CeCraan) Vg + %GCEAI =0 (6.10)

BOllIldaI‘y of (NAI = _LNSi = 1)/(NA1 = O,NSi = O)

[(Cx a1Csc si + CcCsi a1) — (Cs siCsa a1 + CcCsa si)] Vsa
+[(Cy.aiCrasi + CcCra.al) — (CesiCra.al + CcCrasi)| Vra (6.11)

1
—56(027,41 + CE,Si — QCC) = 0

Boundary of (Nay =1, Ng; = —1)/(Na1 = 0, Ng; = 0):

[(Cx a1Csc si + CecCsi al) — (Cx siCse a1 + CcCsc si)] Vsa
+[(Cs a1Cr¢si + CcCrg.al) — (CysiCre.al + CeCraosi)| Ve (6.12)

1
+§6(02,A1 +Cygi—2C,) =0

Using these six boundary functions to determine the center cell with the charge
state of (Naj, Nsi) = (0,0), we can construct the charge stability diagram with the
FastCap modeled capacitance values. Shown in Fig. 6.4(a) left panel is the plotted
charge stability diagram of the lateral configuration shown in Fig. 6.2(a). The right

panel shows the zoom in view of the boxed region in the left panel, which reveals
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the details of the triple points. The coupling between the two devices causes breaks
in the charge transition lines of both devices, and produces boundary between (0,0)
and (1,-1) charge states. The shifts on charge transition lines of Al dot and Si dot
are determined by C./Cys g ~ 0.11 and C./Cx_a; = 0.02, respectively. Due to the
total capacitance difference of the two dots, the charge transition line shifts are more
obvious on the Al dot than on the Si dot. The assumption of this modeling is that the
system always stays at the lowest energy of a particular charge state. Therefore, to
further validate the charge stability diagram constructed by the boundary functions,
we plot the nine energy surfaces E(Naj, Ns;, Vsa, Vrg) shown in Fig. 6.4(a) vs Vg
and Vsg, as shown in Fig. 6.4(b) left panel, and view from the bottom of the
plot box to find out the lowest energy surfaces in each region, as shown in Fig.
6.4(b) right panel. Not shown in the figures are the energy surfaces of outer cells
with [0 Na; + 0 Ngi| > 2, which define the outer boundaries of the nine plotted cells.
The consistency with the energy surface constructed stability diagram validates the
boundary constructed stability diagram in Fig. 6.4(a) left panel.

Similarly, in the vertical configuration shown in Fig. 6.2(b), the total electro-

static energy is given by

1
E(Nay, Nsi, Vsa, Vi) = 57— (Q% 4105 51 + 2Qx a1Qs siCe + Q% 5,05 1)
2(Cx a1Cs s1)
(6.13)
Here we sweep Vsg and Vjq in the modeled experimental setup.
Csa1=C1 + C3+ C. + Crg.a + Cuc.al + Craal + Csaal (6.14)
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Figure 6.4: Modeled charge stability diagram for lateral configuration shown in
Fig. 6.2(a). (a) Left panel: charge stability diagram constructed by six boundary
functions, given in Eqgs. 6.7, 6.8, 6.9, 6.10, 6.11, 6.12. Right panel: zoom in view
of the boxed region in the left panel, which reveals the details of the triple points.
(b) Left panel: nine energy surfaces E(Nai, Nsi, Vsa, Vre) shown in (a) vs Vpg and
Vsa. Right panel: view from the bottom of the plot box in left panel showing the
lowest energy surfaces in each region.
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Cysi=0Co+Cyi+C.+ Crasi + Cucsi + Crasi + Csasi (6.15)

and

Qs —eNai + Csg_a1Vse + CueaVie
Q= = (6.16)

Qs.si —eNsi + CsasiVsa + CuasiVue
Again, we can get six boundary functions of the center cell and construct the stability
diagram as shown in Fig. 6.5. We note that these charge stable regions are very
narrow and hard to be distinguished. This is because the gate capacitance ratios of
the two dots to the two swept gates in this configuration are too close to each other,
resulting in the very similar charging line slopes of the Al dot and Si dot. With this
kind of stability diagram, it could be difficult to find a suitable region to perform

charge sensing experiment. The method for evaluating charge sensing feasibility will

be discussed in Section 6.4.

6.4 Discussion and Summary

Now we discuss how to evaluate the feasibility of charge sensing and electron
spin readout of these integrated devices using the modeled stability diagram. To
perform charge sensing, we will monitor the conductance or current change on the
Al/AlO, /Al SET charge sensor induced by a charge transition on the MOS quantum
dot. One approach to measure is to follow the trace of the conductance or current
peak denoted by the red dotted line in Fig. 6.4(a) right panel. Ideally, the current
measured on the boundary between (0,0) and (-1,0) charge regions is maximum

and stable since the Al/AlO,/Al SET island is configured in the electron tunneling
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Figure 6.5: Modeled charge stability diagram for vertical configuration shown in Fig.
6.2(b). Left panel: charge stability diagram constructed by six boundary functions.
Right panel: zoom in view of the boxed region in the left panel, which reveals the
details of the triple points.
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regime and the electron number on the MOS quantum dot is constant. If we keep
the Vsg vs Vipg ratio and increase Vipg along the direction denoted by the red dotted
line, when Vg increases to =~ 3.1 mV, we will encounter a charging event on the
MOS quantum dot when the electron number on the MOS dot increases from 0 to
1, which will shift the Coulomb peak of the Al/AlO,/Al SET sensor and cause the
charge state on the Al/AlO,/Al SET island to change from the electron tunneling
regime to the Coulomb blockade regime. For the measurement, we should measure a
current drop on the Al/AlO,/Al SET sensor, which is only induced by the charging
event on the MOS quantum dot. In the ideal case, by monitoring the Al/AlOy/Al
SET current change from maximum to zero, we can sense a charge transition on the
MOS quantum dot.

In the real experiment, whether this current change on the Al/AlO,/Al SET
can be measured and resolved, and in which range to operate the measurement is
more complicated and depends on the electron temperature, measurement noise, etc.
Here we take the stability diagram of 100 nm lateral configuration in Fig. 6.4(a)
right panel as an example to provide an analytical method to evaluate the feasibility
of charge sensing and further spin readout. For the charge sensing experiment, we
need to measure the current on the Al/AlO, /Al SET sensor so here we simulate the
current map of the SET sensor in the region of this stability diagram. In the real
measurement, the electron temperature can cause noise broadening on the Coulomb
oscillation current peak of the SET sensor and the charge transition width of the
target MOS quantum dot. The source-drain bias can also broaden the Coulomb

peak of the SET sensor. It is natural to assume that the lowest bias and the
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corresponding minimum peak broadening would be optimal to obtain a sensing
signal as this condition gives the minimum overlap between the current peak before
and after the charge transition on the target dot.

The SET current model we used in previous chapters (Chapters 3, 4, 5) [35,
99, 100] only applies to small source-drain bias, V,;. However, for this simulation
the Coulomb peak broadening due to the source-drain bias of the SET sensor should
be incorporated to find out the optimal operation range for optimal sensing signal.
Here for the current simulation of the SET sensor, we use an analytical model based
on the “orthodox” theory and the steady-state master equation [154, 155] that is
valid over a wide source-drain bias for |V, < e/Cs.a;. The SET current-voltage

characteristics when the electron number on its island jumps between n and n + 1

is given by:
e (Véc — Vasinh(Via/Te)
fon — kg = VigJsinh(Vea/Te) (6.17)
2Rs mCs a1 Vggsinh(Vsg /T,) — Vigsinh(Viq/T,)
where
- 2C Vsa — Veae)  CscalVs
Vee = sa_al( iG SGe) SG—;U < _9n (6.18)
7 Cs_m1Vsd (6.19)
e
- 2kgT.C
7 — 2hTCon (6.20)

e2

Here, Ry _a) is the total resistance of the A1/AlO, /Al SET, Vs¢_. is the Coulomb peak
center along the Vsg direction. For the parameters, we estimate T, = 100 mK from
previous  evaluation [112] of our measurement system shown in
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Section 2.3.1, Ry a1 = 120 MS) from our previously measured plasma oxidized
Al/AlOy /Al SET devices [54]. FastCap modeled results for this integrated device
are used for the capacitance values. Here we start with V3 = 100 ¢V, which is
about half of the Coulomb diamond top (e/Cx_a1 = 214 V). Using this analytical
SET model, current maps of the SET sensor without and with the shift caused by a
charge transition event occurs on the MOS quantum dot are plotted in Fig. 6.6(a)
and (d), respectively. The arrows denote the difference in the peak center positions
for the two regimes. The current is the summation of the center Coulomb peak and
two adjacent Coulomb peaks.

The noise broadening on the charge transition width of the MOS quantum dot

is adapted from a conductance model [130, 156]:

1 1 aeVTG
P, = -+ —tanh 6.21

o " <2kBTe> (6.21)
were P, is the probability of finding an excess electron on the MOS quantum dot,

Crasi
CZ,Si

assumed above and capacitance values from FastCap modeling, the probabilities of

and a = is the lever arm of the sweeping gate. With the electron temperature
the SET current maps in Fig. 6.6(a) and (d) are plotted in Fig. 6.6(b) and (e), re-
spectively, incorporating the charge transition width broadening due to the electron
temperature. By multiplying the SET current and probability in the two regimes
— Ng; = 0 and Ns; = 1, we obtain the SET current map with charge transition
broadening as shown in Fig. 6.6(c) and (f). Summing up the SET current in the

two regimes before and after the charge transition on the MOS quantum dot, the
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simulated measurement of SET sensor’s current is shown in Fig. 6.7, incorporat-
ing noise broadening on both sensor dot’s Coulomb peak and target dot’s charge
transition.

With the simulated charge sensing signal shown in Fig. 6.7, the next step
is to evaluate the device’s feasibility of performing spin readout. To read out an
electron spin, a magnetic field B is required to split the energies of the spin-up state
and spin-down state by Zeeman splitting £y = gupB, as detailed in Section 1.3.
Therefore, we need to simulate the charge sensing signals for spin-up and spin-down
electrons respectively with an applied magnetic field, to see if a signal difference on
the sensor dot can be measured to distinguish the spin state of a loaded electron on
the target dot. For spin up (down) electrons, the charge state boundaries of the Si
dot are shifted by adding £ = %,uBB (E = —%MBB) to the energy surfaces where
the MOS quantum dot is getting or losing an electron. By calculation, the charge
stability diagrams with an applied field B = 2 T can be plotted for spin-up and spin-
down electrons respectively, as shown in Fig. 6.8(a) and (b). The arrows denote
the different charge transition positions for the two regimes. The corresponding
SET sensor current maps are shown in Fig. 6.8(c) and (d). To perform the spin
readout measurement, we find the optimal operating voltage trace by looking at
the signal difference between spin-up and spin-down states as shown in Fig. 6.8(e)
and finding the trace of the maximum contrast as denoted by the blue dashed line.
This optimal operating voltage trace has a shift AVsg along Vg direction from the
current peak trace that gives the maximum current drop due to charge sensing in

the absence of the magnetic field, i.e., the charge state boundary extension of the
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Figure 6.6: (a) and (d): current maps of the SET sensor without and with the
shift caused by a charge transition event occurs on the MOS quantum dot. (b) and
(e): probabilities of the SET current maps (a) and (b), respectively, incorporating
the charge transition width broadening. (c¢) and (f): SET current map with charge
transition broadening for Ng; = 0 and Ng; = 1.
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Figure 6.7: Simulated SET charge sensor current using the simulation process shown
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target dot’s charge transition. 7, = 100 mK and V4, = 100 uV.
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Al dot, as denoted by the red dotted line. The SET sensor signal along the optimal
operating trace for spin-up and spin-down states are plotted in Fig. 6.8(f). For the
measurement, Vg is first pulsed from the zero electron configuration (Vpg = 2.5 mV
can be a good choice) to one electron configuration (Vg = 4.25 mV can be a good
choice) for loading an electron in an unknown spin state onto the MOS quantum
dot. Then, within the spin lifetime (77 ~ 1 s [30, 119]) before the spin decays, Vg
is pulsed back to a position that demonstrates different signals for different spin
states. Vg = 3.4 mV can be a good choice, where spin-up results in high current
level and spin-down results in low-level current.

So far, we haven’t included the measurement noise yet. However, whether
the sensing signal can be recognized also depends on the measurement noise level.
Here we define the SET sensor current difference between a spin-up electron and
a spin-down electron (as shown in Fig. 6.8(e) and (f)) as our signal. Assuming
a measurement noise of £0.05 pA (standard deviation), the signal in Fig. 6.8(e)
and (f) mixed with measurement noise are plotted in Fig. 6.9(a) and (b), which
indicates the signal-to-noise ratio (SNR) of approximately 3 (pA/pA)? at V4 =
100 uV. Again, in Fig. 6.9(b), the red dotted line denotes the charge state boundary
extension of the Al dot, and AVsg denotes the shift of the optimal operating voltage
trace along the Vg direction. Here we define SNR = (Agignal/Anoise)?; Where Agignal
(Apoise) is the signal (noise) amplitude. Using this approach, we can then calculate
SNR for a wide source-drain bias range and find out the optimal operation range
of the SET charge sensor. From the SNR vs V; data shown in Fig. 6.9(c), 70 puV
< Vig < 240 pV is a feasible bias range with SNR > 2 [81] for resolving the signal
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Figure 6.8: Charge sensing simulation with an applied magnetic field B =2 T. (a)
and (b): charge stability diagrams for spin-up and spin-down electrons, respectively.
(c) and (d): SET sensor current maps for spin-up and spin-down electrons, respec-
tively. (e) SET sensor signal difference between spin-up and spin-down states. (f)
SET sensor signal along measurement traces denoted by dashed lines in (c), (d) and

(e).
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from the background noise. For optimal measurement signal, the SET sensor should
be operated at Vy; =~ 175 'V, which is not the lowest bias that gives the narrowest
peak width and minimum overlap between the current peaks before and after the
charge transition on the target dot. AVgg vs Vi is also plotted in Fig. 6.9(c),
indicating the change of the optimal operating position with V4.

The reason that the signal first increases and then decreases with increasing
Vsa can be explained in Fig. 6.10. Shown in Fig. 6.10(a) are the simulated Coulomb
diamonds using Eq. 6.17 for the SET charge sensor with our electron temperature
assumption 7, = 100 mK. For a single Coulomb peak, higher V,, leads to higher SET
current. But as V4 increases, the individual Coulomb peak is also broadened and
adjacent peaks merge together, as detailed in Section 1.1 and shown in Fig. 6.10(b).
The Coulomb blockade is lifted as V4 increases, raising the SET current minimum.
Therefore, the SET current amplitude not monotonically increases with increasing
Vsq but depends on the competition between the current maximum and minimum.
The peak and valley values of the SET current at different V,; values are plotted
in Fig. 6.10(c). The peak value increases linearly with V4, showing an ohmic
characteristic. The Coulomb blockade is lifted when V,; exceeds approximately
150 ©V and the valley value begins to increase faster than the peak value. The
SET signal strength is therefore the current difference between the peak and the
valley, i.e., the peak-valley amplitude. As shown in Fig. 6.10(c), the SET signal
first increases and then decreases with increasing Vi; and reaches its maximum
at approximately Viq ~ 175 uV, consistent with the result obtained from sensing
signal. Therefore, it looks like the operating range of the SET sensor is limited by
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Figure 6.9: Electron spin readout signal mixed with measurement noise of £0.05 pA
(standard deviation). (a) SET sensor signal along the measurement trace denoted
by the dashed line in (b) SET sensor signal map including measurement noise of
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the diamond size, i.e., the charging energy. To verify this guess, we reduce the total
capacitance of the SET sensor, Cys,_y4;, by a factor of 2, which results in 2 times larger
charging energy and Coulomb diamonds, and obtain the SNR vs V;; using the same
method. In Fig. 6.11, we compare the SNR vs V,; of the modified device with SET
sensor having 2 times larger charging energy (diamonds) with the original one. It
is observed that the SNR is largely increased in a wider V4 range and the optimal
operating point of the SET sensor is Vyy &~ 400 pV. This indicates one direction
to feedback the device design for better measurement signal — reduce Cf,_y, i.e.,
increase the SET sensor’s charging energy.

Overall, the whole process illustrates an analytical method to evaluate the
feasibility of performing charge sensing on these integrated devices and can be used
to find out the optimal operating range for the SET charge sensor which is not the
condition that gives the narrowest Coulomb peak. Using the simulation results, the
device design can therefore be improved to optimize the measurement signal with
a more realistically calibrated measurement noise. This analytical method is not
limited to the specific device structure presented here, but can be used in versatile
charge sensing and spin qubit scenarios.

To summarize, we propose a new device design for integrating our charge
offset drift mitigated metallic SET devices [54] with streamlined, robust single metal
gate layer MOS quantum dot devices [112] to form a hybrid quantum computing
device, using the metallic SET as the charge sensor. This device architecture can
be used to provide more choices of qubit diagnostics for both semiconducting and

superconducting quantum computing devices. By using capacitance modeling and
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Figure 6.10: SET sensor simulation using Eq. 6.17. (a) Simulated Coulomb dia-
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system energy calculation based on a circuit model, the charge stability diagram is
simulated. Finally, we present an analytical method to simulate measurement signal
and find out the device’s optimal operating conditions. The simulation process
proposed in this chapter can be used to evaluate a device design for charge sensing

and spin readout feasibility, and to improve the device design for better performance.
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Chapter 7:  Summary of Results and Future Work

7.1 Summary of Results

In this thesis, two types of of solid-state quantum computing devices — metallic
single-electron transistors with Al/AlO, /Al tunnel junctions and semiconducting Si
MOS quantum dots were developed, fabricated and studied, as well as the discussion
of integration scheme of the two types devices for developing preliminary qubit
platform.

The performance of widely used AlO, in solid-state quantum computing has
been limited by its material instabilities. In chapter 3, we have successfully reduced
the long-term time instability — charge offset drift in AlO,-based metallic SETs by
employing plasma oxidation and UHV fabrication environment. The charge offset
drift (AQp) measured from the plasma oxidized AlO, SETs in this work is remark-
ably reduced (best AQy = 0.13 e + 0.01 e over ~ 7.6 days and no observation
of AQo exceeding 1 e), compared to the results of conventionally fabricated AlOy
tunnel barriers in previous studies (best AQy = 0.43 e £ 0.007 e over ~ 9 days
and most AQy > 1 e within one day). In plasma oxidation, the Al layer can incor-
porate much more oxygen in a much shorter time and the oxide is much closer to

stoichiometric AlyO3 than in conventional thermal oxidation. Therefore, a smaller
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number of unoxidized Al defects are expected in AlO, tunnel barriers produced by
plasma oxidation relative to those formed by thermal oxidation. UHV conditions
for contamination control are well established to reduce impurity concentrations
and improve surface smoothness in the thin Al film deposition, as well as limiting
uncontrolled oxide formation in the as-deposited Al layer before deliberate oxygen
plasma treatment and reducing structural defects in the tunnel barriers. Success in
suppressing time instabilities in AlIO, may pave the way to reducing some decoher-
ence sources associated with AlO, and enabling expanded implementation within
quantum computation systems.

In typical surface-gated silicon MOS devices, the device fabrication is time
consuming and involves many lithography steps, which may not be entirely neces-
sary for diagnostic purposes. In chapter 4, we have developed streamlined single
metal gate layer, metal-oxide-semiconductor (MOS) quantum dot devices robust
against dielectric breakdown, which are considered as prototypes for future diagnos-
tic qubits. These devices are able to form quantum dots, demonstrate capacitive
charge sensing between channels, and present reasonable effective electron temper-
atures (~ 200 mK) that enable spin qubit studies. These devices were developed as
a preliminary solution to a longer term goal of a qubit platform for intercomparison
between materials or for in-line diagnostics, and to provide a testbed for establishing
classical measurements predictive of coherence performance. We discussed the costs
and benefits of the trade-off between device performance and fabrication efficiency,
as well as opportunities for future improvements.

To achieve high fidelity in quantum science research, both thermal energy and
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measurement noise need to be suppressed. In chapter 5, we studied and reduced
the noise broadening of Coulomb blockade peak width using two two different quan-
tum dot systems, P donor-based and MOS-based Si quantum dots. Measurements
are made in various cryogenic systems over temperatures varying from 10 mK to
25 K. The noise broadening origins and factors inducing high 7, were discussed and
analyzed. The noise level derived from the Coulomb peak width broadening in a
dilution refrigerator with ~ 10 mK base temperature was substantially lowered from
~4 Kto~0.5K.

In chapter 6, we discussed the design and development of charge stability im-
proved, plasma oxidized Al/AlO, /Al SETs for use as charge sensors in single metal
layer gated silicon MOS quantum dots, extending an integrated architecture that
enables fabricating both devices simultaneously. By using capacitance modeling and
calculation of predicted charge stability diagram, we propose an analytical method
to evaluate the charge sensing and electron spin readout feasibility, which will be
useful for tweaking the device design to obtain better experimental performance.
This device architecture can be used to provide more choices of qubit diagnostics
for both semiconducting and superconducting quantum computing devices, and fur-
ther implement solid-state quantum computing.

Each chapter of this thesis is a building block to implement an integrated solid-
state quantum computing qubit platform integrating semiconducting and supercon-
ducting devices, and to develop the capability of transducing quantum information
between different bases. The achievement of mitigating AlO, instability that ac-

counts for quantum decoherence, the success of making single metal gate layer MOS
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quantum dots that shows robustness against device breakdown, and the capability
of simulating and evaluating integrated device design demonstrate the potential to

develop the integrated qubit device for advancing solid-state quantum computing.

7.2 Future Work

With the design, modeling and evaluation of hybrid devices integrating sta-
bility improved Al/AlO, /Al SETs and streamlined single gate layer MOS quantum
dots, the natural next step is to fabricate the device, conduct capacitive charge sens-
ing, using the A1/AlO,/Al SET as the charge sensor and MOS quantum dot as the
target dot, and perform single-shot readout of electron spin with applied magnetic
field. By measuring the probability of observing a spin-up electron P; with different
load /wait times 7, the electron spin lifetime or relaxation time 7} can be extracted
by Py(7w) = Pr(0)exp(—7/T1) [30]. Also, the readout fidelity needs to be assessed,
i.e., the probability that an electron spin state is correctly identified. For quantum
computation, the electron spin coherence times 75 is more important than 77 be-
cause for most systems 77 > T5 [18]. To achieve long coherence times, the spin qubit
devices will be ultimately fabricated on our isotopically enriched 2*Si substrate to
eliminate decoherence mechanisms due to 2?Si nuclear spin diffusion [117, 118]. With
this implementation, we can measure and compare coherence times with different
28Si isotopic enrichment levels. Finally, to advance quantum computing, these qubit
devices can be coupled in a scalable manner to implement quantum logic gates with

multiple qubits. This requires deliberate control of the exchange coupling among
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the qubits [31, 157]. The realization of quantum logic gates will enable the necessary
operations for universal quantum computation [47].

For the two components of the hybrid qubit devices, there are interesting di-
rections to be pursued and room to be further improved. For the Al/AlO, /Al SETs,
we are still interested in separating the contributions from the plasma oxidation and
UHYV environment and a control group of thermally oxidized SET devices fabricated
in the same UHV environment is expected. Also, since we believe plasma oxidation
and UHV environment combined lead to ultra stable A1O, with reduced charge de-
fects [54], the reason why the charge offset stability of Co/AlO,/Co SETSs are not as
good as Al/AlO,/Al and seem to be more susceptible to the environmental distur-
bance can be explored. The material stacks and the fabrication process of two types
of SETs can be compared. The superconductivity of the Al/AlO,/Al SET can be
explored. It is also of interest to test plasma oxidized SETs with other metals, such
as superconducting Niobium (Nb), as this will give us more choices of materials in
the integrated devices to improve the qubit performance.

For the Si MOS quantum dots, future scaled-down devices with multiple,
overlapping gate layers are anticipated to form smaller, deliberately controlled and
cleaner dots reaching few-electron and hopefully single-electron regime for optimal
qubit performance [31, 58]. Our plasma oxidation technique can be considered to
produce the gate isolation oxide for promisingly reduce the failure mode of gate-gate
isolation [116]. The currently used 33 nm thickness of the gate dielectric SiOy can
be reduced to obtain larger direct gate capacitance for better control of the charge

inversion layer. Reliable trench isolation is expected to be developed to eliminate
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concerns of wire bonding breakthroughs so that maintaining mechanical strength

with thicker SiO, is no longer necessary.
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