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Abstract

This thesis explores surface acoustic wave (SAW)-driven single-electron transport as
a fundamental tool for quantum information processing. It thoroughly examines the sta-
bility of SAW-driven single-electron transport and demonstrates the first-ever location-
specific electron transport by SAWs. Building on this pivotal work, the study develops
an on-demand single-electron source using a newly developed single-pulse SAW tech-
nique, offering insights into the dynamics of moving electric potentials. Additionally, as
an important improvement, we make efforts to analyze and reduce the effects of crosstalk
from SAW generator circuits, an essential aspect for achieving accuracy in electron trans-
port. These advances significantly improve single electron transport methodologies using
SAWs for electron-quantum optics, contributing to the rapidly developing field of quan-
tum information transport with electron shuttling, paving the way for future innovations

in quantum information technology.
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Chapter 1

Introduction

1.1 Quantum information processing

Development of the semiconductor industry has led to miniaturization of basic device
dimensions of computers, which has resulted in remarkable progress in achieving higher
speeds, lower power consumption, and higher integration. As a result, the scale at which
quantum effects can no longer be ignored is fast approaching, and quantum information
processing devices are attracting attention. Quantum computers, which perform quantum
information processing to manipulate and transmit information based on the principles
of quantum mechanics, are a next-generation technology that will bring a major break-
through to today’s information society [DIOO]. In classical computers, the information is
described by the smallest unit that takes a value of O or 1, called a bit, and as many states
as there are bits can be represented (2 states with N bits), but only one state of informa-
tion can be represented at a given moment. On the other hand, in a quantum computer,
the information is described by a wavefunction consisting of superposition of two states

1



CHAPTER 1. INTRODUCTION

(|0 > and |1 >). When there are N quantum bits (qubits), it is possible to have infor-
mation in all of the 2N possible combinations at a given moment. Research on quantum
computing began in the 1960s [MR14], but it was not clear whether they could perform
faster calculations than classical computers, so mostly theoretical research was conducted
[Ben80, I'Y88]. However, the situation changed dramatically in 1994 when Peter W. Shor
of Bell Laboratories demonstrated a quantum algorithm that can solve prime factoriza-
tion at high speed with a very small error probability [Sho94]. The prime factorization
of integers with a large number of digits cannot be performed on a realistic time scale
even with the most powerful supercomputers, which guarantees the security of public key
cryptosystems such as RSA. However, if a quantum computer is realized, prime factoriza-
tion will be executed at high speed, and the security of cryptography will be ruined, which
will have an extremely large social impact. For this reason, experiments with quantum
computers in real physical systems have been accelerated. In 2019, Google succeeded
in solving a computational problem that would take the world’s fastest supercomputer
10,000 years to solve in 3 minutes and 20 seconds with a quantum computer that uses
superconductivity. They announced that this demonstrated quantum supremacy for the
first time in the world [AAB™19]. There are various candidates for systems to realize
quantum computers, including trapped ions [CZ95], neutral atoms [BCJ*00], photons
[KLMO1], and electrons and holes in semiconductors [LD98], as well as superconduct-
ing circuits [NPT99]. Other major information technology companies such as IBM and
Intel, and start-ups, are developing quantum computers using their own methods. Re-
cently, IBM announced the "IBM Quantum Condor,” a processor with 1121 qubits. Atom

Computing has also announced a processor with 1180 qubits. So quantum computers



CHAPTER 1. INTRODUCTION

with more than 1000 qubits are now available. In addition, some quantum computers are
already available as computing resources via the cloud. In this way, some of these sys-
tems are beginning to see utilization at the level of Noisy Intermediate-Scale Quantum
devices (NISQ): quantum computers that perform quantum computations without error
corrections, where cumulative errors mainly limit the scale of the quantum calculations.
Nevertheless, it is considered to be meaningful for some practical calculations, such as
quantum simulations [FMMC12]. However, in order to perform massively parallel com-
putations, such as Shor’s algorithm, it is essential to realize a large-scale fault-tolerant
quantum computer. To accomplish this, there are still many milestones to be reached in
each method, such as the realization of high-fidelity qubits and their large-scale integra-
tion, and the optimization of the operation and readout electronics. Among the studies
aiming to achieve such milestones, in realizing large-scale integration of qubits, the con-
nection of more and distant qubits and the generation and manipulation of entanglement
between distant qubits are the key elements [FMT17, MBP"18, SSX 122, LKF"23].
In other words, how to transmit quantum information coherently over long distances is
required. In this vein, surface acoustic waves (SAWs), which have been shown to be
able to transport electrons and their spins coherently and efficiently over long distances of
more than um [TEL™19, BHT ™16, JMC™21], have attracted particular attention as one

approach in electron flying qubits and long-range connections between spin qubits.

1.2 Electron flying qubit

SAW-driven single-electron transport technology focuses on electrons in semicon-
ductors and is attracting attention as one approach to electron flying qubits. Flying

3
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qubits were initially intended to serve as communication links within a quantum com-
puter [DIOO], but recent research has shown that they can also function as stand-alone
quantum processing units by manipulating photon number states in flight [PMS™14].
With advances in photonic quantum computation [KLMO01, KMN*07], flying qubits are
typically associated with photons [Lod17] and can in principle be scaled to millions of
qubits, especially through the use of “time multiplexed” architectures. However, photons
do not interact with each other, which poses difficulties for two-qubit gates that require
interaction. On the contrary, flying qubit architectures can be built using other quan-
tum systems such as electrons, which can be directly entangled via Coulomb interaction
[BGM ™18, EWO™'21]. An electron flying qubit is defined by the presence of a single
electron in two transport pathways. This quantum state is depicted on the Bloch sphere,
with the classical states where the electron is in one of the two transport paths represented
by the north and south poles of the sphere, and the probabilities of these states represented

by the angular coordinates of the sphere 6 and ¢ that make up the quantum state :

) xcos(5 ) 10) +sin 5 ) -explig) 1) (L

The quantum states of flying electrons are fully controllable through an electron Mach-
Zehnder interferometer setup, where the states of flying qubits undergo periodic oscilla-
tions due to coherent tunneling within the tunnel coupling region and the quantum phase
is tuned by the potential and magnetic flux [YTB*12]. A major challenge for the future
is to perform such quantum state control at the level of single electrons and to generate

non-local entangled quantum states by combining multiple electron flying qubits.
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Figure 1.1: Electron flying qubit. (a) Bloch sphere showing the qubit state ¢ defined by 0 and ¢.
6 and ¢ can be controlled by the tunnel coupling and the phase shift, respectively. (b) Schematic
of an electron two-path interferometer allowing precise adjustment of the qubit state via tunnel-
coupling (60) and the quantum phase (6¢) picked up along transport across the central island. (C)
Transverse potential landscape across the tunnel-coupling region with schematic indications of the
qubit basis 0 and 1. This figure is adopted from [EWO™21]

1.3 Long-range connections between semiconductor spin
qubits

As another approach, it has been shown that electron spins can be transported co-
herently by SAWs [BHT ™16, IMC™'21], making it a promising long-range connections
between semiconductor spin qubits. Electron spins in semiconductor quantum dots (QDs)
have attracted a great deal of attention because of their high coherence and affinity with
long-cultivated semiconductor integration technologies, making them an advantageous
system for large-scale and highly integrated applications. Spin qubits, where the spin-up
(-down) state corresponds to 0 (1) state of a qubit, are expected to have high bit perfor-
mance and integration, making them attractive as a physical system for quantum com-
puting, and they are being actively studied. In the realization of a quantum computer,

it is necessary to consider not only the integration of qubits but also the integration of
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NxM qubit array
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Figure 1.2: Sparse qubit array with local electronics. Long-distance qubit coupling opens up

space for local electronics that can control a small dense qubit array. This figure is adopted from
[VBC17]

ie'dls

systems for manipulating and reading out spin states. Therefore, a proposal has been
made to integrate such subsystems with multiple qubits in a qubit cluster as the smallest
unit [VBC™ 17]. High scalability can be achieved by combining multiple clusters that are
independent as a system. The challenge here is to develop a technology to connect the
qubits separated by tens to hundreds of micrometers, which is necessary for the coupling
between clusters, and the development of this technology is the key to the realization of a

spin quantum computer.

1.4 Surface acoustic waves for quantum information pro-

cessing devices

SAWs are a versatile phononic technology widely used in both industrial applications
and basic research [DCS™19]. The technology for generating SAWs in electronic devices

is mature, and SAW-generating devices are static, reliable, and can be fabricated stably
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with lithographic techniques. Furthermore, since the speed of sound is much slower than
the speed of light, the wavelength at the same frequency is 5 orders of magnitude shorter,
making the devices smaller and thus easier to integrate into electronic devices. For these
reasons, in industry, for example, nearly 100 frequency filters using SAWs are used in a
wireless communication device such as a smartphone [IEE], SAW gas sensors have been
introduced by gas manufacturers and semiconductor equipment manufacturers| YAN10],
and SAWSs are used for the sensing and mixing of trace amounts of liquids [GARC17].
Alongside these industrial applications, the use of SAWs in basic research in the quan-
tum field has recently been attracting attention. Elastic effects such as the piezoelectric
effect can be used to couple with various degrees of freedom in solid-state devices, and
studies have been reported in various fields. For example, applications to spin currents
[KYM™17] and skyrmion generation [YSR'20] in the field of spintronics, coupling to
superconducting qubits [GAK™ 14, MKP"17, NYTN17, MSVL18, BZK*" 18] and beam
splitter development [QDA 23] in the field of quantum acoustics have been explored.
Furthermore, in the field of electron-quantum optics, various studies have been conducted
based on SAW-based single-electron transport techniques [HTY 11, MKF' 11, SHSPO5,
BHT" 16, TEL*19, IMC*21, ITL*21, EWO"21, WOE"22, WER"23]. One of the
main goals of these studies is the development of next-generation quantum information

processing devices.

1.5 Motivation of our work

In this thesis, we report our advancements in solving the essential problems of the
SAW-driven single electron transport technique and to advance this technique. This tech-

7
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nology enables precise manipulation of single electrons confined in nanoscale QDs us-
ing SAWs, and is attracting attention as an important component of quantum computers.
However, several technical challenges exist at this stage. First, the fact that the shape of
the SAW is generally sinusoidal and has a fixed time width limits the degree of freedom
of transport operation. This constraint compromises the flexibility of electron transport.
In addition, components of the SAW that are not directly involved in electron transport
may have unwanted effects on the system, and techniques must be developed to eliminate
them. Second, the physical mechanism of the electron transport process by SAWs has
not been fully elucidated. In particular, the precise positional information of the electrons
in the transport process is unclear, which causes uncertainty regarding the synchronous
transport of electrons. This synchronization uncertainty is an important issue from the
viewpoint of accurate manipulation of qubits. In this study, we provide a detailed analy-
sis and propose solutions to these issues. In particular, we demonstrate position-specific
transport of electrons to realize synchronous transport of electrons (Chapter 3), as well as
the generation of SAW pulses optimized for single-electron transport (Chapter 2) and the
application of this to a single-electron source based on a new operating principle (Chap-
ter 4). In addition, a series of studies have provided insight into the significant adverse
effects of electromagnetic crosstalk on the system. To address this issue, we proposed
and demonstrated a new generation principle of SAWs that suppresses electromagnetic
waves (Chapter 5). Through these improvements, we have enabled the simultaneous ma-
nipulation of multiple single electrons, further enhanced the scalability of the system, and
advanced the SAW-driven single electron transport technique. These advances will be

an important step toward the realization of SAW-based quantum information processing
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devices.

1.6 This thesis

This thesis consists of six chapters. Next to this chapter (Chapter 1 “Introduction”), in
Chapter 2 ”Optimization of surface acoustic wave generation”, we summarize two exper-
imental optimizations performed on SAW generation: material selection of interdigital
transducers (IDTs) and development of single-cycle SAW pulse generation techniques.
These optimizations are crucial to the success of the experiments in the chapters be-
hind. It also describes the basic information and technique about the SAW generation
and detection which form the basis for the experiments in the other chapters. In Chap-
ter 3 “In-flight distribution of an electron within a surface acoustic wave”, we demon-
strate position-specific transport of electrons by performing time-of-flight measurements
of single electrons transported via SAW trains between distant QDs by employing a SAW,
obtained in Chapter 2, with a stronger confinement effect than the conventional one. In
Chapter 4 ”On-demand single-electron source via single-cycle acoustic pulses”, we em-
ploy a single-cycle SAW pulse developted in Chapter 2 in a much simpler way — without
any QD at the entrance or exit of a transport channel - to perform single-electron transport
between distant electron reservoirs. The single-electron source we developed can emit
single electrons on-demand with arbitrary delays on a ns time scale, due to the simplicity
of our approach. In Chapter 5 ”Suppression of electromagnetic crosstalk by differential
excitation for surface acoustic wave generation”, we addressed the persistent problem of
electromagnetic crosstalk, as identified in Chapter 4. We studied a differential excitation
method for IDTs to generate SAWs while reducing electromagnetic waves, and proposed

9
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and demonstrated an essential solution: suppressing the generation of electromagnetic
waves themselves. Finally, we summarize the results in this thesis and discuss the per-
spectives for applications in quantum information processing devices in the last chapter

(Chapter 6, ”Conclusion and perspectives”)

10



Chapter 2

Optimization of surface acoustic wave gen-

eration method

In this chapter, we summarize two experimental optimizations performed on SAWs
generation: material selection of IDTs and development of pulsed SAW generation tech-
niques. It also describes an introduction to SAWs, and the design and fabrication of IDTs
for SAW generation and detection and their measurement methods, as well as SAW gen-
eration and detection experiments, which form the basis for the experiments in the other

chapters.

2.1 Introduction

We introduce a brief history, the basic properties of SAWs, and the SAW-driven single
electron transport technique. SAWs were first reported mathematically by Lord Rayleigh
in 1855 [Ray85]. The SAWs, often called Rayleigh waves, propagate across the free sur-
face of an elastic solid at the sound speed specific to each material. SAWSs have been

11
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playing a major role in the development of seismology as waves propagating through the
Earth’s surface. However, in 1965, White and Voltmer proposed the IDT as a generator
and receiver of SAWs [WV65], which led to a dramatic advancement in the application
of SAWs to electronic devices. Basically, IDT has a very simple structure and fabrication
method, so it was easy and inexpensive to create devices using the lithography technology
of semiconductor manufacturing. Thereafter, various shapes of devices such as bandpass
filters, resonators, oscillators, and matched filters have been developed and commercial-
ized. These devices have been used in many practical systems such as smart phones and

wireless devices. SAW devices have become indispensable in our daily lives.

Acoustic waves in solid materials induce a position change of atoms, which is identi-
fied as a displacement from the equilibrium state. This change is described quantitatively
in term of strains. In the presence of such strain, an internal force is generated in order
to return the material to its equilibrium state. This force is expressed in terms of stress.
Acoustic waves are a propagation phenomenon consisting of stress and strain. These
atoms move in elliptical orbits perpendicular to the surface (see Fig.2.1), and the direc-
tion of this rotation determines the direction of SAW propagation. In counterclockwise
rotation, the SAW propagates from left to right. The amplitude of the SAW is maximum
at the surface and decays exponentially in the depth direction of the material; most of
the power of the SAW is within a wavelength depth from the surface. The generation of
SAW using an electrical input signal requires two requirements: a piezoelectric substrate
and an interdigital transducer. Piezoelectricity allows electrical signals to be converted
into mechanical deformation. When an electric field is applied to a piezoelectric mate-
rial, a mechanical stress or strain is induced on the surface. This can generate SAWs on

12
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the piezoelectric material. This mechanical deformation also induces an electric field, or
voltage. Therefore, SAW propagating on a piezoelectric substrate is accompanied by an
electric field. This coupling between the electrical and mechanical parts is important for

the single electron transport.

° -\ ° Propagation direction [
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Figure 2.1: Representation of a surface acoustic wave during propagation. The dots represent the
positions of the atoms. The dashed arrows represent the elliptical orbits of the atoms, and the
straight arrows indicate the direction of SAW propagation.

SAWs excited on piezoelectric materials such as GaAs are accompanied by electric
potential waves due to the piezoelectric effect. When SAWs are coupled with electric
charges, an interesting property known as the acoustoelectric effect appears [WWS57].
This results in an induced current due to the SAW. To be more specific, this is acoustic
electron transport across quantum point contact (QPC) with gates as shown in Fig.2.2.
First, a negative voltage is applied to the gate to deplete the two-dimensional electron gas
(2DEG) and prohibit the flow of bias drive current. In this state, a current is induced by
using a SAW with sufficient power. Furthermore, the acoustoelectric current is found to
be quantized in units of ef, where e is the charge of the electron and f is the frequency
of the SAW. This is due to the trapping of a fixed number of electrons in the moving
minimum of the SAW potential. In this experiment, it is shown that SAWs can induce
QD-like confinement potentials along the propagation direction. These moving electric

13
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potentials or QDs can confine and transport electrons at the sound speed. The idea of
moving QDs has been applied to many applications. For example, to realize the current
standard based on the revised SI [ZK03, Gib17]. The definition of ampere was given by
the force generated between two infinitely parallel conductors, which was redefined in
2018 using elementary charges. Now, it is defined by the number of electrons flowing
within a second. Quantum current sources using SAWs had been studied for many years
[SMT*96, TSPT97, CTS"99, CTS*00, EPA02, PULO03, Forl7]. SAW-driven single-
electron transport is also based on the dynamic QD mechanism. In this case, isolated
single electrons in the QD are picked up by the SAW and remain at the potential mini-
mum during transport. An interesting property that makes this system promising is that
these electrons are located much higher than the Fermi level, so the interaction with other

electrons is prevented during the transport.

(a) (b)
V<o '
= Z y

QPC

::> \electron
Ep: Fermi level - ©

Figure 2.2: (@) Schematic diagram of the depletion of the 2DEG (in red) by the metal gate
deposited on top of the substrate. (b) Top view of the formation of a quantum point contact
(QPQO). (€) Schematic diagram of single electron transport by surface acoustic wave (SAW).

Recently, single-electron transport between QDs over several tens of micrometers has
been demonstrated [HTY 11, MKF" 11, TEL"19], and coherent transport of electron
spin has also been demonstrated [BHT ' 16, IMC™21].

14
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2.2 Interdigital transducer (IDT)

An IDT consists of comb-shaped electrodes connected to different contacts, either top
or bottom (see Fig.2.3). When a voltage is applied, an electric field is generated in the
gap between the metal fingers, causing mechanical strain due to piezoelectricity. When
an oscillating voltage with a frequency fsaw = vsaw /Apr according to the periodicity
of the metal fingers of the IDT AjpT and velocity of SAW vgaw is applied, a SAW with
the same frequency fsaw is effciently generated. Fig. 2.3 shows a basic SAW device with
two IDTs. When a voltage is applied, a periodic electric field is generated in the input
IDT on the left side of the figure, and SAW is generated due to the piezoelectric effect.
At the output side, the receiver’s output IDT acts in reverse to convert the SAW into an
output voltage. In this way, the SAW device operates with only electrical signal input and

output. Next, we introduce the IDTs used in this experiment.

Input IDT Output IDT

1

Source

Piezoelectric substrate

Figure 2.3: A basic surface acoustic wave device.

2.2.1 Single / double finger IDT

The most common IDT is known as a single finger IDT, which has a constant finger
periodicity A and a single resonant frequency f (see Fig. 2.4a). It is a two direction IDT;
SAWs are generated and propagated on both sides of the device. Generated SAWs are

15
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(a)

e ® 1
/2 /4

Figure 2.4: Structure of a single finger IDT (a) and a double finger IDT(b). A is the period of the
finger structure.

reflected by electrodes in the IDT. Each electrode only reflects weakly, but if the reflected
waves are in phase, the reflection will be larger. In the case of a single finger IDT, the
distance between the fingers is half of the wavelength A of the IDT, so each reflection
is added in phase, as shown in Fig.2.4a. Cavity is created and the SAW is trapped as a
standing wave for a certain time until it leaves the structure. This can be problematic if
one is aiming for high transmission devices. A solution to this problem is a double finger
IDT [BJSS72, VMW?72], which has four fingers per period (see Fig. 2.4b). The distance
between fingers is A /4, and reflections from neighboring electrodes cancel out because
their phases are different by 180°. Therefore, trapping acoustic waves can be avoided and
it allows for more efficient SAW emission. On the other hand, the disadvantage is that
the structure becomes smaller for the same frequency, which reduces the manufacturing
resolution.

16
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2.2.2 Chirp IDT

Chirp IDT can excite SAWs with a wide frequency band by varying the period A of

the IDT. In general, it varies linearly from large wavelength to small wavelength. In a

Figure 2.5: Structure of a chirp IDT with a double-finger structure.

recent report, SAWs with a frequency band of 0.2~1.2 GHz have been generated, albeit
intermittently, by chirping Split-52 IDT [WHZ ' 18]. In this study, we developed a new
chirpe IDT with a double-finger structure and used it for pulsed SAW generation. In the

following text, chirp IDT refers to this double-finger ChirpIDT.

2.2.3 Other type of IDT

The specially shaped IDT, called Split52 IDT (see Fig.2.6a) [SZA™15], consists of
two fingers connected to each of the upper and lower contacts, and one floating finger. The
distance between fingers is A /5, where A is the period of the IDT. The important feature
of this IDT is that it can efficiently excite the frequency f; corresponding to the IDT period
A and its harmonics f, = nfi(n =2,3,4,6,...). Another special IDT is the Distributed
Acoustic Reflection Transducers (DART) IDT (see Fig. 2.6b) [DSP19, EAR " 17], whose
structure includes wider electrodes in width. This asymmetric structure results in stronger

17
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Figure 2.6: Structure of Split52 finger IDT (a) and Distributed Acoustic Reflection Transducers
(DART) IDT(b). A is the period of the finger structure, and a is the width of the finger.

scattering of waves propagating in one direction. Interference with the non-reflecting
waves then produces SAW emission in one direction. This increases the transmission

efficiency compared to IDTs that emit SAWs in both directions.

2.3 Design of IDT

2.3.1 Periodic structure IDT

In our experiments, the most important parameter for IDT is a wave length A, which
is the finger repetition period of the IDT (see Fig.2.7). It determines the frequency of
the surface acoustic wave fsaw excited by the IDT from the equation vsaw = fsawA,
where vgaw is a velocity of the SAW. The value of vgay is almost 3 um/ns on GaAs.
This value varies with the weight of the metal used in the IDT, for example, USAXW =~
2.77 um /ns for gold transducers, which is well known from former SAW-driven charge
transport experiment [TEL ™' 19]. The next most important parameter is the length of the
IDT T. We express the length in units of time. This means that the actual length of the IDT

18
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o

Figure 2.7: IDT design parameters of double finger IDT. The black regions are where metal is
deposited.

is vgaw T'. The reason for using units of time is that it corresponds to the rise time of the
SAW generated by the IDT. Another parameter that is particularly relevant to fabrication
is the design value of the width of each finger 4. In a commonly used IDT, the width of the
fingers and the gap are equal. In other words, for a double finger IDT the width of each
finger is A /8, for a split52 IDT the width of each finger is A /10. Our IDTs are fabricated
by electron beam lithography, and the drawing is typically more stable for higher dose.
This results in the actual width of the fingers (on the order of several hundred nanometers)
wider than that in the CAD design. To correct for this, we use the design value, which
is the ideal finger width multiplied by a factor. As a result of the adjustment, the best
value was obtained for each design. Values of 0.7 - 0.8 were used for most of the IDTs.
Also, the width of the dense finger area, called the aperture w, was set to 30 um for all
IDTs. This value is selected to be sufficiently larger than the nanostructure used in our
experiment and to give the real part of the IDT impedance closest to 50 (). (Optimization
performed on an IDT with Ti/Au=3/14nm.)
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2.32 Chirp IDT

IO

0 ; T

Figure 2.8: IDT design parameters of chirp finger IDT. The black regions are where metal is
deposited.

SAW-driven single-electron transport has an intrinsic limitation related to the large
spatial extent of the SAW train. The quantum state of the flying electron can be disturbed
by SAW modulation during the dwell time in the stationary QDs [BHT"16]. Because
of the presence of many potential minima accompanying the SAW (typically hundreds),
it is furthermore difficult to transport the flying electron with accurate timing. To over-
come the latter problem, a triggered SAW-driven sending process has been developed
[TEL*19]. Requiring one radio-frequency line and one picosecond-voltage-pulse chan-
nel per QD, this method is fine for a few electron sources, but is difficult for further
scalability. In addition, the triggering technique introduces unwanted electromagnetic
crosstalk and potential charge excitation. Alternatively, replacing the periodic SAW train
with a single-cycle acoustic pulse would deliver an elegant sending approach that brings
less perturbation and naturally enables synchronized transport from a basically unlim-
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ited number of sources. We employ Chirp IDT to generate a single strongly compressed

acoustic pulse on demand.

In Chirp IDT, there are an additional parameter regarding the change in A. In this
study, the parameters are the minimum and maximum frequencies, fmin and fmax, and a
function f(t) that represents the frequency at each position ¢(0 ~ T). In the design, the
wavelength of the finger at each position is the corresponding A(t) obtained by A(t) =
vsaw/ f (). Also, our chirp IDT has a finger pair for one period for each frequency. (see
Fig. 2.8) We used two types of f(t). The first is expressed by the following equation

ﬂﬂzmm+éﬂ%ﬁﬂt 2.1)

It varies linearly from the minimum frequency to the maximum frequency. We call
this type “linear chirp IDT”. The second is a bit more complicated, with an exponential

frequency change. The equation is as follows.

F(t) = Bet +C (2.2)

where B,T and C are constants that are fitted from f,, obtained by dividing the area
between fmin and fmax into n equal parts and t,, obtained by adding up the reciprocals of
each element of f, in turn satistying the condition that the sum of ¢, is almost equal to T
We call this type “exponential chirp IDT”. Fig.2.9 shows the proportion of finger pairs
that excite each frequency component in these chirp IDTs.
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Figure 2.9: The proportion of finger pairs that excite each frequency component in linear and
exponential chirp IDT.

2.4 Nanofabrication

The GaAs semi-insulating substrate is used. As will be discussed later, doped sub-
strates are not suitable for SAW generation. We used GaAs semi-insulating substrates
from DOWA and WaferTech. (see Table 2.1) The WaferTech substrate is the same as the
one used for the substrate of the High Electron Mobility Transistor (HEMT) device. Al-
though there is a difference in etch pit density (EPD) between these substrates due to the
difference in crystal growth methods, it does not significantly affect the SAW properties.

Table 2.1: Information of GaAs wafers used in this study.

Maker DOWA WaferTech
Type Semi-insulating Semi-insulating
Resistivity > 10 x 107Qcm > 10 x 10’Qcm
Crystal growth method LEC VGF

EPD <2000cm 2 <10 x 10° cm™?

In GaAs, the [110] crystal directions are piezoelectric. All IDTs are fabricated to gen-
erate SAWs in the crystal direction of the piezoelectric material. As already mentioned,
SAWSs are generated by applying an AC voltage to an IDT, and their frequency is deter-
mined by the periodicity A of the finger structure of the IDT and the velocity of the SAWs.
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Considering the velocity of SAWs in GaAs, A needs to be less than a micrometer in order
to generate SAWs of several GHz. Furthermore, the width of each finger is ~ A /8 in the
case of double finger IDTs, which can be less than a hundred nanometers. To fabricate
such a structure, we used electron beam lithography systems (Elionix ELS-7500a, Elionix
ELS-BODEN, NanoBeam nB5). The IDTs were fabricated with Elionix ELS-7500a in
Chapter 3, NanoBeam nB5 in Chapters 3, 4 and 5, and Elionix ELS-BODEN in Chapter

6.

600 um 600 um
> < > o

3|2 8 U1} 00 i T |:|
]

Figure 2.10: The design of a typical device with three IDTs used in this study for characterization
of IDT. The shaded area is the metal, and the red dense structure is the IDT (Chirp IDT in this
figure). The big metal pattern acts as a common ground pad, while the floating islands of metal
are the pads for applying RF and measuring signals.

Table 2.2: Fabrication procedure of IDT in this study.

Step Method Description
1 Ultrasound cleaning 10 min in acetone (37 kHz, power50 %) + 10 min in IPA
2 Spin coat PMMA 950 2 %, 4000 rpm, 60 s + 5min @ 180 °C
3 Spin coat (2nd) PMMA 950 2 %, 4000 rpm, 60s + 5min @ 180 °C
4  Lithography Electron beam exposition
5 Development 30s MIBK: IPA = 1: 3 + 30s IPA
6  Sulfuric acid treatment 40s H,SO4: DIH,0O = 1: 10 + 3 min DIH,0O
7  Metal deposition Ti 3nm @0.01nm/s + Al or Au 27 nm @0.03nm/s
8  Lift-off Atleast 2h in NMP @70 °C
9  Ultrasound 20s in NMP (80 kHz, power 30 %)
10 Spin coat AZ5214E, 3000 rpm, 30s + 5min @115°C
11 Lithography Maskless UV exposition
12 Development 3 min NMD3 (Shake sample with hands) + 1 min DI H,O
13 Metal deposition Ti20nm @0.1nm/s + Aul00nm @0.3nm/s
14 Lift-off At least 1 h in acetone
15  Ultrasound 1 min in acetone (80 kHz, power 30 %)

We use PMMA 950 as the EB resist, and coat it on the GaAs substrate with a thickness
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of about 120 nm using a spin coater. If PMMA 950 2 % is used, adjust thickness by
applying two spin coats. Also, by using PMMA 950 diluted with anisole and adjusting the
concentration to 3 %, a thickness of 120 nm can be achieved by spin coating at 4000 rpm.
After drawing, the exposed area is removed with the developer solution MIBK: IPA = 1:
3 and the surface is further treated with sulfuric acid (diluted 10 times with DI H>O). The
sulfuric acid treatment is used to remove the remaining resist and oxide film on the GaAs
surface. After pattern formation, metal deposition is performed using an electron beam at
ultra-high vacuum (~1 x 1077 Pa). We use the metal deposition equipment handmaded
by National Institute of Advanced Industrial Science and Technology (AIST). It is capable
of depositing Ti, Au, and Al with a resolution of subnanometer. Ti/Au 3/27 nm or Ti/Al =
3/27 nm is deposited. After that, the lift-off process is carried out to remove the metal by
dissolving the resist with NMP (70 °C) to create a metal pattern, IDT. Previously, IDTs
used in single electron transport devices were made of gold. This is because IDTs were
fabricated at the same time as gate electrodes for forming QDs, etc., which are made of
gold for the purpose to avoid complicated fabrication processes. However, in terms of
generating SAWs using elastic effects, it is recommended to use lighter metals such as Al
for IDTs. In this study, we fabricated IDTs made of aluminum. We also fabricated them
in Au and compared the transfer characteristics of IDTs. The metal pads as shown in
Fig. 2.10 for the measurements are fabricated by maskless UV exposure patterning (using
equipment from Nano system solutions, Inc.) and vacuum deposition (using equipment
from Eiko engineering, Inc.). AZ5214E is used as the photoresist, and it is coated on the
GaAs substrate on which IDTs are fabricated by spin coating to a thickness of 1.62 um.

After developing, Ti/Au =20/100 nm is deposited. One point to note here is that when Al
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is used as a material for IDT, it is recommended to use a developer solution adjusted to
minimize the attack on Al (e.g. AZ developer for Merck Electronics, Inc.). Fig.2.11 and
2.12 show optical microscopy (OM) and scanning electron microscopy (SEM) images
of the fabricated double-finger and chirp IDTs, respectively. the uniformity of the metal

electrodes over 100 um reflects a well controlled nanofabrication process.

SEM

Figure 2.11: Optical microscope (OM) image and scanning electron microscope (SEM) image of
the fabricated double finger IDT.

oM

MMM

SEM

Lum’: i e ; : 0.5 pm

2 pm

Figure 2.12: Optical microscope (OM) image and scanning electron microscope (SEM) image of
the fabricated exponential chirp IDT.
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2.5 Transmission characteristic of IDT

We discuss the evaluation of the transmission characteristics of IDT at room temper-
ature. After describing the measurement setup and the method for observing SAW, the
results and discussions are described. In particular, the influence of the material of the

IDT on its properties will be investigated.

2.5.1 Measurement setup

We measured the transmission characteristics between two IDTs with a vector network
analyzer. From the results, the frequency response and attenuation of the IDT can be
obtained. Note that the transmission characteristics shown here are through two IDTs,
and the actual characteristics of the IDT alone will be half of that. (In the case of the left
and right IDTs having the same structure.) A VNA Keysight ES080A 9 kHz~9 GHz was
used for this measurement. The contact to the device is performed by Cascade Microtech
Elite300, which is a semi-automatic probe system with Picoprobe with GSG (Ground-
Signal-Ground) configuration. This probe system is capable of contacting the sample at
constant pressure. Ports 1 and 2 of the VNA are connected to two IDTs 1200 um apart

via the probes.

2.5.2 Fast Fourier transform filter

Since the results obtained directly by the VNA have a component of electromagnetic
waves other than the SAW component, it is necessary to separate these components. Since
the velocity of SAW (= 3 um/ns) is much slower than that of electromagnetic waves
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Figure 2.13: Measurement setup for transmission characteristic of IDT.

(3 x 108 m/ s), when the measurement results obtained on the frequency axis are con-
verted to data on the time axis by Fourier transform, each component can be clearly
identified. Fig.2.14 shows the case of the chirp IDT with a frequency band of 0.5 to
3.0GHz as an example. Fig.2.14a shows the raw data obtained by VNA, where the
SAW signal is buried in the electromagnetic component. Fig.2.14b shows the Fourier
transform of this data. The electromagnetic wave component is strong around 0s, and
the SAW component appears after 360 ns. This value is appropriate because the distance
between the IDTs is 1200 um and the SAW velocity is ~ 3 um/ns. By extracting only
the SAW component surrounded by the yellow square in Fig.2.14b and performing the
inverse Fourier transform, the transmission characteristics of SAW can be obtained as
shown in Fig.2.14c. This filtering is applied to all VNA results in this paper using fast

Fourier transform (FFT).
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Figure 2.14: The method of extracting the components of surface acoustic wave using Fourier
transform with the example of measuring the transmission characteristics of chirp IDT with the
frequency band of 0.5 ~ 3.0 GHz. (@) Raw data of frequency response of IDT by VNA. (b)
Fourier transform data of (a) expressed in time axis. There is a component of electromagnetic
wave (red square) at almost O's and a signal of surface acoustic wave (orange square) at the time
corresponding to the distance between IDTs and the velocity of surface acoustic wave. (€) Fre-
quency response of the surface acoustic wave generated by the IDT, obtained by extracting only
the component of the surface acoustic wave in (b) and performing the inverse Fourier transform.
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2.5.3 Double finger IDT

Conventional IDTs used for electron transport devices in GaAs are made of gold.
This has the advantage of reducing the difficulty of the fabrication process because IDTs
can be fabricated at the same time as fine structures such as gate electrodes for forming
QDs. However, to maximize the use of elastic effects to generate SAWs, it is desirable

to use a lighter metal such as aluminum for the IDTs. Fig.2.15 shows the transmission

. ’\%W
il
- W’V\ )

2.‘5 2.|6 2.I? 2.IB 2.|9 3
Frequency (GHz)

Figure 2.15: Transmission characteristics of double finger IDTs made of gold and aluminum.

characteristics of a double finger IDT (A = 1.0 um) made of gold and the same IDT made
of aluminum. Both have the same A, but the frequency of the excited SAW is different.
There is a peak SAW signal at 2.81 GHz for aluminum and 2.77 GHz for gold. The SAW
power also differs by about 20 dB depending on the metal of the IDT. This is caused by
the difference in weight of the metal dumping on the GaAs surface. Aluminum has a
density of 2.7 g/ cm3, while gold has a density of 19.3 g/ cm?. Gold is about seven times
heavier than aluminum. Since SAW is a sound wave that travels along the surface of a
material, if there is a heavy metal on the surface, the waves will be damped. As a result,
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its velocity also decreases under metals. From vgayw = fA, the average SAW velocity is

obtained to be about 2.81 um /ns for aluminum IDT and about 2.77 um/ns for gold IDT.

2.5.4 Split52 IDT
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Figure 2.16: Transmission characteristics of split52 IDT with A = 5.5um. The blue dotted
lines represent each f; and its integer multiple frequency. (a), (c)made of gold. (b), (d) made of
aluminum.

As mentioned in Chapter 2, the split52 IDT outputs a SAW with a fundamental fre-
quency f1 determined by the period A of the IDT, and also a SAW with harmonics
fn = nfi(n = 2,3,4,6). In a previous study, split52 IDT with fj = 144 MHz was
fabricated to generate SAW up to the 6th harmonic (864 MHz) [SZA ™ 15]. we fabricated
split52 IDTs of A = 5.5 ym made of gold and aluminum. Then we measured transmis-
sion characteristics. Fig. 2.16a shows the frequency response of split52 IDT made of gold,
showing the frequency shift that is also seen in the double finger IDT. In particular, the
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higher the harmonics, the larger the frequency shift, and the frequency of the 4th harmonic
shifts from 4 f; to about 60 MHz to the lower frequency side. On the other hand, split52
IDT made of aluminum, as shown in Fig.2.16b, has all harmonics matching n f1. The
frequency changes to f; = 5.2 GHz due to the change in SAW velocity. Also, if you look
at the values on the vertical axis of (a) and (b) (or (c) and (d)) in Fig.2.16, you can see
that by changing the IDT metal from gold to aluminum, the transmission characteristics
improved by about 30dB at each frequency (especially the 4th harmonic improved by

60 dB).

2.5.5 Chirp IDT
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Figure 2.17: Transmission characteristics of exponential chirp IDT with fmin = 0.77 GHz, fmax =
3.77 GHz,and T = 40 ns made of gold and aluminum.

Transmission characteristics of exponential chirp IDT made of gold and aluminum
with fmin = 0.77GHz, fmax = 3.77GHz and T = 40ns are shown in Fig.2.17. In
the frequency range above 2 GHz, the strength of the SAW generated by the IDT made
of gold tends to attenuate, while the strength of the SAW generated by the IDT made of
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aluminum remains constant up to fmax.
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Figure 2.18: Transmission characteristics of linear chirp IDT with fmax fixed at 3 GHz and fmin =
0.5,1.0,1.5,and 2.0 GHz, and T = 20, 40, 80,and 120 ns. Material of IDT is aluminum.
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Figure 2.19: Transmission characteristics of exponential chirp IDT with fmax fixed at 3 GHz and
fmin = 0.5,1.0,1.5,and 2.0 GHz, and T = 20, 40, 80,and 120 ns. Material of IDT is aluminum.
Next, linear and exponential chirp IDTs with fmax fixed at 3GHz and frin and T
varied were prepared and measured. The fuin is 0.5,1.0,1.5,and 2.0GHz, and T is
20,40, 80,and 120 ns. All IDT is made of aluminum. The results of each measurement are
shown in Fig. 2.18 and 2.19. Comparison of linear and exponential chirp IDT in each con-
dition shown in Fig. 2.20 shows that exponential chirp IDT has less difference in strength

in each frequency band compared to linear chirp IDT.
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Figure 2.20: Comparison of transmission characteristics between linear and exponential chirp IDT
with fmax fixed at 3GHz and fmin = 0.5,1.0,1.5,and 2.0 GHz, T = 120ns. Material of IDT is
aluminum.

2.6 Time-resolved measurement of IDT

We investigated the shape of SAWs generated by double finger IDTs, split52 IDTs
and chirp IDTs by time-resolved measurements. In particular, we focus on the effect of
the input voltage parameter. Our purpose is to generate SAWs with shapes other than
sine waves and especially single minimum SAWs. We show experimentally that this is
possible by superposing waves of different frequencies using chirp IDT. Single minimum
SAWs can only be achieved with pulses that excite all frequencies at the right timing and
strength.
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Figure 2.21: Measurement setup for time-resolved measurement of IDT.

2.6.1 Measurement setup

A shape of the SAW is measured by time-resolved measurement. Fig.2.21a shows a
measurement setup using a same IDT design on left and right. Split52 IDT was measured
with this setup. Fig.2.21b shows a setup using a broadband IDT as a detector, and double
finger IDT and chirp IDT was measured with this setup. A nanosecond voltage pulse is
used to excite one IDT. The generated SAW propagates to the other IDT at a distance
of several hundred micrometers, and the voltage generated between the fingers of the
IDT when the SAW arrives is measured by a sampling oscilloscope. A voltage input to
an IDT is generated by an arbitrary waveform generator (AWG). Keysight M8195A is
employed. Its sampling rate is set to be 64 GS/s, so the shortest pulse is about 15 ps (full
width at half maximum). The peak-to-peak maximum value of the AWG output voltage is
limited to 1 V. We used an amplifier with a gain of 29 dB (SHF S126S) to input a voltage
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amplitude of 2.2V to an IDT. Oscilloscopes used are Keysight 86100C for setup (a) and

Keysight N1094A for setup (b). Pattern-lock mode is used and average is 1000 times.

2.6.2 Broadband detection

Due to the reverse piezoelectric phenomenon, an electrical signal is generated and can
be captured by a high-speed oscilloscope when a SAW crosses an other IDT. For the IDT
that functions as a detector to exhibit optimal performance, it must be engineered to align
with the anticipated bandwidth of the incoming signal. Typically, the frequency behavior
of a conventional IDT comprising N elements with a resonance frequency of f is closely

represented by a sinc function [Mor07]:

sin TN (f — fo)/ fo
A NG =R/ f 2
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Figure 2.22: Detection bandwidth. Pass band of a regular IDT with N = 1.5. The shaded area
indicates the FWHM of the transmission peak. The vertical double-headed arrow indicates the
employed resonance frequency of the detector IDT, fy ~ 2.81 GHz.

Subsequently, one can calculate the full width at half maximum (FWHM) to be fo/N.
Considering the broad bandwidth of the chirped pulse, we reduce the count of detector
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electrodes to a singular one, resulting in N = 1.5 when considering a set of adjacent

grounded fingers. Displayed in Fig. 2.22 is the frequency passband corresponding to this
arrangement as a function of fy. To ensure accurate detection of the SAW, especially

at frequencies up to 3 GHz, we have selected an IDT periodicity of Ag = 1pm(fy ~

2.81GHz).

2.6.3 Double finger IDT
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Figure 2.23: (a) Time scale and position of each signal. (b) The blue line is the surface acoustic
wave signal part of (a), and the orange line is the No signal part of (a), measured by the oscillo-
scope. (€) The Fourier transform of the respective result in (b).

In time-resolved measurements, signals from an IDT can be observed on the nanosec-
ond scale, so it is easy to distinguish between the electromagnetic wave component and

the SAW component. Fig.2.23a shows the signal observed at a detector IDT when a
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Figure 2.24: (a) Raw data of the time-resolved measurement including the component of surface
acoustic waves generated by the double-finger IDT with A = 1.0 um. (b) The result after filtering
out the signal other than the surface acoustic wave from the data in (a). (¢) Fourier transform of the
data in (a). There is a signal at surface acoustic wave frequency (2.81 GHz) and high frequency
noise (red squares). (d) Same type of data as (c) but measured with an attenuator instead of an
IDT. The attenuator is chosen to have same attenuation as the IDT at 2.81 GHz (—70dB), and
there is similar high frequency noise (red circles) as with the IDT.

2.81 GHz sine wave is input to the double finger IDT with A = 1.0um and T = 40ns.
Since the distance between the IDT that excites SAW and the detector IDT is 600 um,
there is a delay of 600(um) /2.81(um/ns) ~~ 210(ns) between the time SAW is excited
and the time it is detected. Therefore, the input was set to a 700 ns repetitive signal with a
duty ratio of 1/7 (Sine wave is 100 ns) in order to clearly distinguish between an electro-
magnetic wave component and a SAW component. Fig.2.24a shows the observed SAW
signal. A signal with a period of about 350 ps corresponding to the SAW frequency of
2.81 GHz is observed, but the noise is large. As shown in Fig. 2.24c, the Fourier transform

of the measurement result shows that there are several components with high frequencies.

37



CHAPTER 2. OPTIMIZATION OF SURFACE ACOUSTIC WAVE GENERATION
METHOD

To confirm that these components are not components of SAW, we performed two mea-
surements. First, the IDT part was replaced with an attenuator and the same measurement
was performed. The level of attenuation was set to —70dB, which is equivalent to the
attenuation of the IDT at 2.81 GHz. The results are shown in Fig. 2.24d, the components
at higher frequencies such as 8 GHz and 16 GHz were visible, although they were atten-
uated compared to the case with the IDT. Next, we compared the signal of SAW with the
signal of the area where neither EM nor SAW components exist as shown in Fig. 2.23b,
c. Comparing the results of the Fourier transform, it was confirmed that all the high fre-
quency components except for the SAW exist also for the no signal part. By subtracting
the noise data obtained here from the noisy SAW results, we can observe a clear SAW
signal as shown in Fig. 2.24b. From these two measurements, it is clear that the high fre-
quency noise exists even without IDT and without SAW. In other words, this noise is not
caused by the IDT or SAW. Also, since these noises are attenuated when the attenuator is
used instead of the IDT in the measurement, it was confirmed that these high frequency
components are not through the IDT. The results of time-resolved measurements after this

section are filtered to suppress components other than SAW.

2.6.4 Split52 IDT

split52 IDT is able to generate SAWs of multiple frequencies. This allows us to
achieve additive Fourier synthesis as defined in equation 2.4, 2.5. In order to generate
the desired waveform, it is necessary to superimpose the components of each frequency
with ideal strength and phase. In this context, “ideal” means that the characteristics of
each frequency component of the surface acoustic are actually generated matches the tar-
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get waveform.
Asawtooth (t) = n~1sin 27mf1t 2.4)
n=1,273,...
Aspulse(t) = cos 2mtn fit (2.5)
n=1,23,...

To achieve this, it is necessary to take into account SAWs generation characteristics
of the IDT. As can be seen from the transmission characteristics obtained from the VNA
measurements, the strength of the SAW output from the IDT differs depending on the fre-
quency. In the case of our IDT, Fig. 2.16b shows that there is a difference in SAW voltage
amplitude of about 6 dB, twice on a voltage basis, between the fundamental frequency of

0.52 GHz and the 4th harmonic of 2.08 GHz.
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Figure 2.25: (@) Sawtooth waves generated by additive Fourier synthesis of frequency compo-
nents at f = 0.52,1.04,1.56, and 2.08 GHz using AWG. (b) Surface acoustic wave generated by
inputting the waveform of (a) into the split52 IDT. (€) Sawtooth SAW generated by the split52
IDT with the adjusted input signal. (d), (e), and (f) Fourier transforms of (a), (b), and (c), respec-
tively.

In this experiment, we measured split52 IDT with A = 5.5pum, T = 40ns, and used
four frequencies of SAWs, f; = 0.52GHz, f, = 1.04 GHz, f3 = 1.56 GHz, and f4 =

2.08 GHz. The additive Fourier synthesis of these frequencies generates a sawtooth wave
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and a delta pulse. A sawtooth wave signal consisting of the four frequency components,

as shown in Fig. 2.25a, was generated by the AWG, input to the split52 IDT, and detected
by the IDT of the same type about 900 pm away. As shown in Fig.2.25b, the detected
signal is not shaped like a sawtooth wave due to the difference in strength and phase of
the SAW at each frequency generated from the IDT. The comparison between the Fourier
transform of the detected signal (Fig.2.25¢) and the Fourier transform of the sawtooth
wave of the input signal (Fig. 2.25d) shows that the strength of each frequency component
is scattered. By extracting the relative relationship of strength and phase shift of SAWs
at each frequency from the Fourier transform of the detected signal, and applying the
correction to the signal input from the AWG to the IDT, a sawtooth SAW could be detected
as shown in Fig.2.25¢c. From its Fourier transform shown in Fig. 2.25f, we can see that

the strength of SAW at each frequency is corrected.
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Figure 2.26: (a) ¢ pulse generated by additive Fourier synthesis of frequency components at
f =0.52,1.04,1.56, and 2.08 GHz using AWG. (b) Surface acoustic wave generated by inputting
the waveform of (a) into the split52 IDT. (€) J pulse generated by the split52 IDT with the adjusted
input signal. (d), (e), and (f) Fourier transforms of (a), (b), and (c), respectively.

A same technique was used to generate a J pulse. The period of the signal generated
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by such an additive Fourier synthesis depends on the lowest frequency of the superposition
frequency. Since the fundamental frequency, or lowest frequency, of the split52 IDT is
0.52 GHz, the period of the generated sawtooth wave and ¢ pulse is 1/0.52 GHz =
1.9ns in this experiment. By synthesizing SAWs of multiple frequencies by additive
Fourier synthesis in this way, SAWs with arbitrary shapes can be generated. Once such
a shape is formed, the SAW propagates while maintaining its shape because it has linear

dispersion.

2.6.5 Chirp IDT: pulsed SAW generation

We investigated linear chirp IDT and exponential chirp IDT. To avoid confusion in this
section, values related to the design value of the IDT are indicated with the superscript
IDT, while values related to the input signal generated by the AWG are indicated with the
superscript s as necessary. In order to perfectly superimpose all frequencies to produce a
single minimum SAW, it is necessary that all SAWs at each frequency are in phase. This
means that we need to excite SAWSs of each frequency at a proper timing. The physical
parameters of the IDT are fixed after fabrication. Therefore, only the parameters related to
the input signal to the chirp IDT can be adjusted. We need to excite each frequency SAWs
continuously, so we use a chirp signal as the input signal, which changes its frequency as

a function of time. In general, a chirp signal is defined as follows

y(t) = Asing(t) (2.6)
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, where A corresponds to the amplitude and ¢(t) is the time-dependent phase. This phase

can be obtained from the frequency f(t), as the area underneath

o(t) = g + 270 /O ()i @7

, Where ¢ is the initial phase. f(f) is given by equations 2.1 and 2.2 for linear chirp and

exponential chirp, respectively. Thus, the phases are obtained as

IDT _ (IDT
Pb) = o + TSRS 4 om (2.8)

and
¢(t) = ¢po + 2nBt(expt/T — 1) 4+ 27tCt (2.9)

, respectively. These chirp pulse sweeps continuously while the frequency of each finger
pair in the designed IDT is discrete. This is not a problem for the IDT, because the
frequency response is also continuous, as shown in Fig.2.17. Since it is necessary to
include more frequencies to get close to the ideal single minimum, or J pulse, we used a
chirp IDT with fin = 0.5GHz and fmax = 3.0 GHz, which is the widest bandwidth

among the IDTs we fabricated.

One of the most important parameters related to the input signal for the superposition
of SAWs of all frequencies is T°. The fabricated chirp IDT has a structure where the
frequency increases from left to right. By inputting a signal that changes from low to
high frequency, a compressed SAW of each frequency element is generated on the right
side of the IDT. Therefore, it is ideal to excite the SAW at the right end of the IDT
when the SAW generated at the left end of the IDT reaches the right end of the IDT.

42



CHAPTER 2. OPTIMIZATION OF SURFACE ACOUSTIC WAVE GENERATION
METHOD

Amplitude (a.u.)

0 10 20 30 a0 50
Time (ns)

Figure 2.27: Example of a chirp pulse whose parameters are f, . = 3.0GHz, f;. = 0.77GHz
and T° = 40ns.

There is a parameter of IDT, T, which is the length of the IDT in time, and the IDT
was designed with UIS%%V = 2.77um/ns in this experiment. However, this value is a
commonly used velocity for GaAs under an IDT made of gold. We should note that
TIPT —£ TS for optimal compression in an IDT made of aluminum. When the SAW
velocity changes, the frequency of the excited SAW, which corresponds to the period of
the finger pair of the IDT, also changes. The velocity of SAW in GaAs with aluminum
on top is about 2.81 um/ns. In other words, the IDT was designed to excite SAWs with
frequencies between 0.5 and 3.0 GHz, but strictly it should be shifted by ~ 100 MHz.

In this experiment, the input signal frequency was fixed at f>. = 0.5GHz and f3,, =

min
3.0 GHz because the deviation is small compared to the whole bandwidth of 2.5 GHz and
the exact SAW velocity at each IDT needs to be derived, which is not a stable parameter.
Fig. 2.28 shows compressed SAWs observed at a detector IDT when a chirp signal with
different T* is input to a linear chirp IDT with T'™®T = 120ns. At around T° = 116ns,
the SAW is at its most compressed state, which means that SAWs of all frequencies are

superposed. At T® = 120 ns, the low frequency component reaches the detector IDT first.
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This means that when high frequency SAWs are generated, the low frequency ones have
already left the IDT. Conversely, at T®* = 112 ns, the high frequency components reach

the detector IDT first.

— T®=120ns
——— 1l6ns
- 112ns

Voltage (mV)

0 5 10 15 20 25 30 35
Time (ns)

Figure 2.28: Compressed surface acoustic wave output from linear chirp IDT when varying the
input signal length T%.

Since a linear chirp IDT has a structure in which the frequency changes linearly, ideal
excitation can be achieved by adjusting T® even when the actual SAW velocity is different
from the SAW velocity assumed in the design. However, since exponential chirp IDT has
a structure in which the frequency changes exponentially, if the SAW velocity changes,
the designed frequency and the ideal finger position do not match perfectly. To solve

this problem, we corrected the fitting parameters used in generating the input signal. For

chirp signal correction, we use the ,EDT of frequencies and the corresponding tLDT of

finger positions in time units which were used for fitting the function 2.2 during chirp

AIDT

IDT design, and the corrected SAW velocity 02 and finger position is

SAW (corrected)*

consistent. First, f}lDT and t}PT are corrected by the following equations, respectively.

IDT IDT
f; =Jn X (UEAW(corrected)/USAW) (2.10)
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IDT IDT
ti =t X (USAW/U;AW(corrected)) (2.1D)

Using the obtained f;; and £}, we can now fit the function 2.2 to get the corrected fitting
parameters B®,7°,and C®. The time-dependent phase obtained by replacing the fitting pa-
rameters in equation 2.9 with these corrected parameters is used to generate the corrected

chirp signal.
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Figure 2.29: The change in the compressed surface acoustic waves generated by the exponential
chirp by adjusting the length of the input signal T° = 110, 116 and 120 ns and correcting for the

frequency chirp by the corrected velocity of the surface acoustic wave v3 (corrected) — 2.77,2.81
and 2.86 um /ns. There is an offset of —8, —16 mV in the y-axis direction.

Fig. 2.29 shows the change in the compressed SAW generated by the exponential chirp
by adjusting the length of the input signal T* and correcting for the frequency chirp by the
corrected velocity of the o3, (corrected)" Comparing each row (constant vg AW (correcte d))’
we can see that the change in T does not significantly affect the SAW superposition.
In contrast, the comparison of each column (constant T°) shows that the correction of
frequency chirp is important for single minimum generation in exponential chirp. The
middle row (v = 2.81 um/ns) has the highest compression ratio among

SAW(corrected)
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the three cases. We adjusted the parameters for linear chirp IDT and exponential chirp
IDT at T'PT = 20,40, 80,and 120 ns to find the condition with the highest maximum
amplitude, that is, the optimum superposition of all SAWs. The single-minimum SAWs
obtained under each optimum condition are shown in Fig. 2.30. Comparing linear chirp
and exponential chirp, the maximum amplitude of exponential is about 1.5 times smaller
than that of linear for the same T'°T. However, the amplitude of the side with the strongest
amplitude is smaller in the exponential chirp. As a result, the single minimum SAW
generated by the exponential chirp is closer to the delta pulse than the one generated by
the linear. This is an consistent result because the transmission characteristics obtained
by the VNA show little difference in strength between each frequency. For single electron
transport, we think that exponential chirp is better than linear one because it is less likely

to cause unexpected transport at amplitudes other than the strongest.
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Figure 2.30: The optimal single-minimum surface acoustic waves obtained with linear chirp IDT
and exponential chirp IDT as a result of parameter adjustment by T° and v TIOT

SAW (corrected)”
indicates the length of the IDT, which is 20, 40, 80,and 120 ns.
Next, we evaluated the strength of the single-minimum SAW in electron transport de-
vices. In Fig.2.31, we compare the SAW generated by a double-fingered IDT made of
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Au with T'™PT = 40 ns, which has been conventionally used for single electron transport
in GaAs, with a single-minimum SAW generated by an exponential chirp IDT made of
aluminum with T'°T = 120 ns. The measurements were performed in the same measure-
ment system and the power of the signal input to the IDT was also the same. Both have
a peak-to-peak voltage amplitude of about 5mV. This means that the exponential chirp
IDT made of aluminum with T'PT = 120 ns can produce SAWs that are capable of single

electron transport.

(a) (b)

of e bwww

0 10 20 30 40 50 0 2.5 5 7.5 10 12.5 15 17.5
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o
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Figure 2.31: Surface acoustic waves generated by different types of IDTs measured in the same
measurement system with the same power signal input. The blue line indicates the result of an
IDT made of aluminum and the orange line indicates the result of an IDT made of gold. (a) SAWs
generated consistently by a double finger IDT with T'™"T = 40ns. (b) Single minimal SAW
generated by the exponential chirp IDT with T'PT = 120 ns.

2.7 Conclusion

In this section, we describe the design and fabrication of IDTs and two measure-
ment techniques related to SAW generation and detection, and optimization of SAW
generation. Our optimization consists of two different improvements. The first is the
improvement of the SAW generation efficiency due to the material of the IDT and the
development of a pulsed SAW generation technique; we have shown that changing the
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material of the IDT from gold to aluminum significantly improves the transfer character-
istics of the IDT. This improves the generation intensity of SAWs and makes it possible to
realize position-specific transport of electrons, as described below (Chapter 4). Further-
more, the frequency shift of the generated SAW caused by the weight of the IDT is also
greatly improved, enabling SAW generation at the desired frequency even when multi-
ple frequencies are involved. These improvements are a key factor in the success of the
second optimization, the generation of pulsed SAWs with a single minimum. Because
it is necessary to superimpose SAWs of multiple frequencies with the same intensity and
in-phase. The development of pulsed SAWs greatly expands the degree of freedom of sin-
gle electron control by SAWs and sets the standard for highly efficient electron transport
techniques between QDs [WOE122]. Furthermore, it will open up new possibilities in
experiments that have been conducted with ordinary SAWs, leading to the development

of scalable on-demand single electron sources as described below (Chapter 5).
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Chapter 3

In-flight distribution of an electron within

a surface acoustic wave

3.1 Introduction

SAWSs have large potential to realize quantum-optics-like experiments with single fly-
ing electrons employing their spin or charge degree of freedom. For such quantum ap-
plications, highly efficient trapping of the electron in a specific moving QD of a SAW
train plays a key role. Probabilistic transport over multiple moving minima would cause
uncertainty in synchronisation that is detrimental for coherence of entangled flying elec-
trons and in-flight quantum operations. It is thus of central importance to identify the
device parameters enabling electron transport within a single SAW minimum. A detailed
experimental investigation of this aspect is so far missing. Here we fill this gap by demon-
strating time-of-flight measurements for a single electron that is transported via a SAW
train between distant stationary QDs. Our measurements reveal the in-flight distribution
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of the electron within the moving acousto-electric quantum dots of the SAW train. In-
creasing the acousto-electric amplitude, we observe the threshold necessary to confine
the flying electron at a specific, deliberately chosen SAW minimum. Investigating the
effect of a barrier along the transport channel, we also benchmark the robustness of SAW-
driven electron transport against stationary potential variations. Our results pave the way
for highly controlled transport of electron qubits in a SAW-driven platform for quantum

experiments.

The use of sound enables nanoelectronic implementations that often resemble quantum-
optics experiments within an original acousto-electric solid-state framework. A prominent
example of this development is SAW technology, which is well-established in consumer-
electronics industry and currently celebrates its revival in quantum science[For17, BGM ' 18,
DCS™19]. The acousto-electric medium can serve for instance as resonator [GAK ™ 14,
MKP™'17, ASG™19] or messenger[SZC 18, BSZ™19] of quantum information from su-
perconducting qubits. However, a SAW can also be employed to transport a charged quan-
tum system as a whole what is particularly interesting for semiconductor-qubit architectures[VBC*17]
and experimental investigations of quantum nonlocality with Fermions[BBB00]. The
acousto-electric potential modulation of the SAW drags a single electron with its quan-
tum properties from one surface-gate defined QD through a transport channel to an-
other QD [HTY 11, MKF*11, BHT'16]. The SAW-driven transport technique allows
high transfer efficiency P > 99% even in single-electron circuits of coupled transport
channels[TEL*19]. Owing to this robustness, the acousto-electric method is capable to
shuttle spin-entangled electron pairs between distant QDs without significant additional
decoherence[JMC™21]. The exact transport process remains however an aspect that is yet
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not fully understood: Is the electron loosely surfing on a shallow potential wave or is it

well-confined within a specific location of the wave train?

To study the physics of electron-transfer techniques, time-resolved measurements
have emerged as a useful and reliable tool[SHHO4]. In the quantum-Hall regime, fast
voltage-pulse probing has been employed to study the interaction of edge states[ KKH ™ 14]
and it was applied to demonstrate the dynamics of single electrons emitted from a QD
pump[KJE™ 16a]. Recently, time-of-flight measurements have been performed in a sim-
ilar manner in non-chiral mesoscopic conductorsflRAG™18]. For SAW-driven single-
electron transport, pulsing techniques have been proposed[HTY " 11] and were applied
to trigger single-electron transport at a specific location of the acousto-electric wave train
[TEL*19, IMC*21]. However, detailed time-of-flight measurements have not yet been

performed.

Here we present a pulse-probe technique that allows the measurement of the electrons
in-flight distribution as it passes with the SAW at a specific point of a transport chan-
nel. To perform the time-of-flight measurement, we first apply a ps-voltage pulse to the
reservoir gate (R) of the source QD, which allows us to load the electron into a specific
SAW minimum. Subsequently, we apply another ps-pulse on a barrier gate (#1 or #2) that
is placed along the transport channel as the SAW train passes with the flying electron.
Sweeping the delay of this probe event, we scan the presence of the electron and map its
in-flight distribution for each SAW minimum. By changing the acousto-electric amplitude
we estimate the threshold necessary to confine the electron in the initially loaded SAW
minimum. Introducing a local surface-gate controlled barrier along the transport chan-
nel, we investigate in addition the effect of a stationary potential variation on the in-flight
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distribution and compare the experimental results to potential simulations. The present
time-resolved investigation provides an important benchmark for the acousto-electric am-
plitude and the potential homogeneity that is required to perform robust SAW-driven qubit

transport and in-flight quantum operations.

3.2 Experimenatl setup

The experiment is performed at a temperature of about 20 mK within a >He/*He dilu-
tion refrigerator. A Si-modulation-doped GaAs/AlGaAs heterostructure serves as basis of
the investigated sample that is schematically shown in Fig. 3.1a. The 2DEG that is located
110 nm below the surface has an electron density of 7 ~ 2.7 x 10~!! cm~2 and a mobil-
ity of u ~ 106 cm?V~1s~1. The main component of the sample is a surface-gate-defined
transport channel whose ends are equipped with a quantum dot (QD) serving respectively
as single-electron source and receiver. A SEM image of the transport channel is shown
in Figure 3.1b with schematics indicating the experimental setup. The Schottky gates of
the nanostructure are made out of a metal stack of 3nm titanium and 14 nm gold. Dur-
ing the cool down a voltage of 0.3V is applied to all electrodes. At low temperature, we
completely deplete the 2DEG lying below the 20 um-long transport channel and control
the source and receiver QD via a set of negative voltages. The occupation of each QD is
sensed via the current flowing through an adjacent QPC.
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Figure 3.1: Experimental setup. (@) Schematic the AlGaAs/GaAs sample showing an interdigital
transducer (IDT) that launches a SAW train towards the surface-gate defined transport channel. (b)
SEM image of transport channel showing source and receiver quantum dots (QD) with schematic
indication of quantum-point-contact (QPC) charge detectors and the voltage-pulse to perform the
time-of-flight measurement. (€) Schematics showing principles of the controlled sending process
at the source and principle of the time-of-flight measurement. (d) Transfer probability, P, as
function of the sending pulse ts. The probability values P are obtained from N = 13 000 single-
shot transmissions with error AP = 1/+/N. The dotted line serves as guide to the eye. The arrow
indicates the delay of the sending pulse that is kept fixed for the time-of-flight measurements.

3.3 Flight-time measurement

An IDT is placed far to the left of the nanostructure which allows single-shot emis-
sion of a SAW train — with 1 um wavelength — that propagates with a speed of vgaw ~
2.86 um/ns towards the transport channel. The SAW wavelength Agaw is determined
by the period of the metallic fingers of the IDT. For the presently investigated device
the SAW wavelength is 1 pm. From the measured resonance frequency of the IDT, fy =
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2.86 GHz, the SAW velocity is deduced from vsaw = Agaw - fo. The input signal for the
IDT stems from an output channel of an AWG. In order to shuttle a single electron from
one QD to the other, we employ the potential modulation that accompanies the SAW in
the piezoelectric substrate. At the depleted transport channel, this acousto-electric modu-
lation forms a train of potential minima that is capable to move the electron. We trigger
the SAW-driven sending event via the reservoir gate (R) of the source QD that is con-
nected to an AWG output. To carry out the time-of-flight measurement, additionally, two

barriers (#1 and #2) are placed along the channel that are also linked to AWG outputs.

Before the emission of the SAW train, an electron is loaded at the source QD and
prepared in a protected configuration where the acousto-electric wave cannot pick up the
electron. In this sending configuration a slight potential variation is however sufficient
to move the electron from the stationary source QD into one of the moving QDs that
accompanies the SAW train along the transport channel — see red schematic in Figure
3.1c. At the same time, we prepare the receiver quantum dot in a configuration where we
can catch the moving electron. Figure 3.1d shows the transfer probability as function of
the source-pulse delay, ts. As in previous investigations[ TEL™19], we find that tg must
coincide with a specific acousto-electric pressure phase of the SAW in order to enable the

electron’s transfer from the stationary source QD into a specific location within the SAW.

To perform the time-of-flight measurement, we fix the timing of the sending trigger
(ts = 0ns) and sweep the delay of a probe pulse ¢ at the according barrier over the arrival
window of the SAW. We have chosen the probe-pulse width as two fifths of the SAW
period Tgaw in order to optimize pulsing efficiency and time resolution. The delay of the
probe pulse is stepped in multiples of the period Tsaw with a time offset enabling coinci-
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dence with the pressure phase of the SAW. If the probe pulse overlaps with a certain SAW
minimum, it enables thus a potentially present electron to pass. Otherwise, the passage
of the electron is blocked leaving the electron behind the barrier in the subsequent SAW
period. Let us first consider the hypothetical case where the electron is well-confined in
a specific SAW minimum. In this case, the transfer probability is zero for a barrier-pulse
delay before the electron arrival. For any delay in the pressure phase after the arrival, the
electron is on the other hand certainly transmitted, since it is blocked before the barrier
until the probe pulse is present. Following this measurement approach, the instantaneous
distribution of the electron within the passing SAW train, D(t), is directly reflected via
the derivative of the transfer probability, P, with respect to the time-delay, ¢, of the probe
pulse if the effect of the barrier pulse is fully deterministic (block or transmit). We esti-
mate the uncertainty in D(t) via error propagation as approximately three times the error
of P=1/ \/N where N indicates the number of single-shot transfers. For a determinis-
tic probe pulse and single-minimum transport, D() should follow a delta function at the

SAW location expected from the triggered sending event (fg).

Let us first perform the time-of-flight measurement at the maximum achievable IDT
input power of about 288 mW (24.6 dBm). Based on SAW-modulated Coulomb-peak
data[TELT 19, SKFT06] , we estimate that this input power introduces a SAW with am-
plitude Agaw ~ (24 + 3) meV. We estimate the expected arrival time (¢1) at barrier #1
from its distance to the source QD (x1) as f; = x1/vsaw ~ (2.23 + 0.05) ns. Sweeping
the delay of the probe pulse on barrier #1 over the time window around ¢, we measure
the transfer probability P(t) as shown in Fig. 3.2a. The data follows a step function that
is centered at t; what verifies the deterministic effect of the barrier pulse and transport
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in a specific SAW position. It is important to note, that the binary probing process is
achieved via the sample design allowing a spatial separation of the probing barrier to the
catching event at the receiver QD. Evaluating the electron distribution D(t), we find that
the electron is confined during transport with a certainty of (97 + 2)% at the position of
the SAW train (t — t; = 0), where the electron was initially loaded with the ps-voltage
pulse. We suspect that even more confinement is achievable if the SAW amplitude would
be further increased.

In order to investigate this aspect in more detail, let us focus on the threshold of SAW
amplitude below which confinement breaks down. For this purpose, we repeat the time-
of-flight measurement at the first barrier with gradually decreasing SAW amplitude as
shown in Fig. 3.2b. At a SAW amplitude of about 19 meV, we observe partial electron
arrival one SAW minimum earlier than expected (t — t{ = —Tsaw). For a SAW am-
plitude below 15 meV, we find the arrival distribution also spreading over SAW minima
subsequent to the expected location. We quantify the magnitude of electron displacement
by plotting Dy = D(t#;) as function of the SAW amplitude as shown in Fig. 3.2c. The
data shows significant (Dy > 95%) in-flight confinement of the transported electron for a
SAW amplitude exceeding a threshold of (24 4 3) meV. The course of the data indicates

that increased SAW amplitude indeed allows maximization of in-flight confinement.
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Figure 3.2: Time-of-flight measurement at barrier #1. (@) Normalized transfer efficiency P as
function of delay on the probe pulse f. Each data point is derived from N = 25 000 single-
shot transmissions with error AP = 1/ \/N . The dotted line shows a step function centered
at the expected arrival time #1. (b) In-flight distribution D(t) of the electron within the SAW
train for different values of the peak-to-peak SAW amplitude Agaw. The data is obtained via the
normalized derivative of P(t) with uncertainty AD & 3 - AP. The arrows indicate the confinement
fidelity Do = D(t1). (€) Dy as function of SAW amplitude Agaw. The dotted curves show a guide
to the eye (sigmoid function) and the 95% threshold. The two vertical lines indicate the SAW
amplitude employed in a previous work[TEL " 19] and the amplitude for significant confinement.
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3.4 The effect of a potential barrier

The presence of two controllable barriers along the transport channel allows to study
the effect of an intermediate potential variation on the time-of-flight distribution. For
this purpose, we probe the electron’s arrival at the second barrier. There, we expect the
electrons passage at a time of t, = xp/vsaw =~ (4.86 £+ 0.05) ns where x, indicates
the distance of barrier #2 to the source QD. On the first barrier, we apply no voltage
pulse, but only change the static voltage V7. Figure 3.3a shows data of such a time-
of-flight measurement with intermediate barrier. Here, we keep the SAW amplitude at
the maximum achievable value. Despite the presence of the intermediate barrier, the
data shows a confinement fidelity Dy > 80% in the voltage range between —217 mV to
—25mV. Beyond this range, we observe a rapid drop of Dy due to in-flight transitions of
the electron in neighboring SAW minima. The presence of the intermediate barrier causes
areduction of the confinement fidelity compared to a smooth potential along the transport

channel.

3.5 Discussion via potential simulations

To understand the experimental result better, let us compare the time-of-flight data
to potential simulations along the transport channel. The potential calculation is per-
formed via the commercial Poisson solver nextnano[BZA*07] assuming a frozen charge
layer and deep boundary conditionsfHCR " 18]. As input parameters, we consider the gate
geometry and the voltages applied as well as the intrinsic properties of the heterostruc-
ture. Figure 3.3c shows the course of the resulting potential minimum Ui, across the
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first barrier for three values of the voltage V; beyond the 80%-confinement threshold.
It can be seen that even the optimal barrier gate setting produces a change in potential
of nearly 20 meV. This would inhibit electron transport by SAWs, which have a maxi-
mum amplitude of 24 meV in this experiment, and would have a particularly large effect
for weak SAWs. The blockade of the electron for a very high (V; < —217 mV) and
very low (V7 > —25 mV) potential barrier is caused by different effects. For increas-
ingly negative barrier voltage, a potential barrier is formed. Interestingly, the formation
of the barrier comes along with the event, where the electron arrives one SAW mini-
mum earlier as apparent in Fig. 3.3a for V; = =275 mV att —t, = —1 - Tspw. We
speculate that the advancement is caused via non-adiabatic transitions of the electron in
excited states when ramping against the barrier. For increasingly positive voltage such as
V1 = 0 mV, we observe on the other hand mainly transitions in subsequent SAW minima
(t — tp > 0) due to trapping in a quantum-dot like potential structure. The time-of-
flight measurement at the second barrier shows that single-minimum transport is feasible
even if significant potential gaps are present along the transport channel. We suspect that
maximized acousto-electric confinement (via increased SAW-amplitude and -frequency)

enables single-electron transfer that is fully protected against local potential variations.
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within the SAW-train for selected voltages V; applied on the first barrier gate. The measurement
is performed with maximum SAW amplitude of about 24 meV. Each data point is derived from
N = 3 000 single-shot transmissions with undertainty AD =~ 3/+/N. (b) Confinement fidelity
Dy = D(t;) for different values of V4. The dotted curves show a guide to the eye (polynomial
fit) and the 80% threshold. (¢) Minimum U, of the electron potential across the first barrier
three selected voltages: —217mV, —121 mV and —25mV. The dotted curve shows the potential
modulation of the applied SAW for comparison with indication of its peak-to-peak amplitude

Asaw.

60

75 —-0.50 -0.25 0.00
X — X1 (um)

T T
0.25 0.50 0.75



CHAPTER 3. IN-FLIGHT DISTRIBUTION OF AN ELECTRON WITHIN A
SURFACE ACOUSTIC WAVE

3.6 Conclusion

The ability to detect the exact location of a SAW-transported electron is essential to
identify the critical device parameters enabling single-electron transport within a spe-
cific, deliberately chosen SAW minimum and thus flying-qubit implementations. Em-
ploying a pulse-probe technique, we have demonstrated time-of-flight measurements re-
vealing the arrival distribution of such a flying electron for each moving potential min-
ima that accompanies the SAW along a transport channel. As we send a SAW ftrain
with sufficiently large peak-to-peak amplitude — that is (24 + 3) meV for the presently
investigated device —, the time-of-flight data indicates an electron-confinement fidelity
exceeding 95% within a specific moving QD. Investigating the effect of an intermedi-
ate surface-gate-defined barrier within the transport channel, we demonstrate a confine-
ment fidelity larger than 80% over a voltage range of about 200 mV despite the pres-
ence of the local potential variation. Our measurements show that acousto-electric in-
flight confinement plays the key role to make a SAW-driven single-electron circuit ro-
bust. We anticipate that our experimental findings foster the development and appli-
cation of SAW-generation approaches [SZA'15, EAR"17, DSP*19, NRK20] paving
the way for SAW-driven electron-quantum-optics implementations [BSR00, ASLO"17,
SKG™17, LLASB20] and quantum-metrology applications|SMT 96, TSP*97, CTS ™99,
CTS™00, EPA02, PULO3]. In fact, this achievement has enabled the previously im-
possible synchronous transport of multiple single electrons, and has led to experiments
in which single electrons are transported synchronously from two quantum dots, col-
lide in a coupled quantum wire, and observe antibunching due to Coulomb interactions
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[WERT23].
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Chapter 4

On-demand single-electron source using

surface acoustic wave pulses

4.1 Introduction

A typical setup for a single-electron source using SAWs combines a QD, a transport
channel, and an IDT. A single electron is prepared in the QDs and transported along the
depleted transport channel by the SAWs. By using sufficiently strong SAWs, the trans-
port of electrons becomes highly robust, and an electron is transferred while confined to
a specific potential minimum of the SAWs as described in Chapter 3. This allows us to
control the transfer timing of an electron and hence synchronized transfer of single elec-
trons from multiple single-electron sources is possible. Another important development is
a technique to generate a single-cycle SAW pulse using a chirp IDT as described in Chap-
ter 2. Employing the SAW pulse for single-electron transfer allows us to synchronize the
timing of electron transport from multiple single-electron sources without ps-triggering
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each QD [TEL ™ 19]. This is advantageous for scaling up the system since we do not need
to implement an RF line for each QD used as a single-electron source. On the other hand,
in these previous studies, the single electron ejected had to be prepared in the quantum
dot first. Thus, each single-electron source required a QD and a complex fast voltage
sequence. This indicates that there is still room for improvement in the scalability of the
system. Furthermore, the time-consuming electron preparation process is a speed limit-
ing factor for the entire electron flying qubit system that utilizes single electron charges

in flight.

For metrology applications, regular SAWs are used with a depleted quantum rail
consisting of two metal gates to realize a quantized current source [SMT*96, TSPT97,
CTS"99, CTST00, EPA02, KFB106]. Electric potential modulations accompanied by
the SAWs pick up an integer number of electrons directly from the Fermi sea and transfer
them over the quantum rail. As a result, the current, I = nef, where n is an integer,
e is the elementary charge, and f is the frequency of the SAWs. Here when a single-
cycle SAW pulse rather than regular SAWs is used with a depleted quantum rail, an
on-demand single-electron source rather than a continuous quantized current source can
be realized. In contrast to the single-electron source with a QD, the electron capturing
process before applying SAWs is not required. Hence, its operation could be faster. Fur-
thermore, a chirp IDT can generate multiple SAW pulses with arbitrary delays, making
it possible to generate single electrons with flexible arbitrary delays. So far, for metrol-
ogy high accuracy electron pumping (an error rate < 107°) is reported in other methods
[KMZS96, SDF15, YGK 16, BKL™07]. SAW pumps have not been actively studied
for standard application due to its limited accuracy (an error rate > 10~%), nevertheless

64



CHAPTER 4. ON-DEMAND SINGLE-ELECTRON SOURCE USING SURFACE
ACOUSTIC WAVE PULSES

their application to quantum information processing may not require the same level of
high accuracy as the current standard, and as mentioned above, active research is under-
way.

Based on this idea, in this chapter, we actualize an on-demand single-electron source
consisting of a chirp IDT and a quantum rail for enabling the implementation of electron
flying qubits with beam-splitters [ITL*21, WER"23]. We evaluate the performance of
this single-electron source by repeatedly operating the single-electron source and by mea-
suring the accuracy of the generated quantized current. In addition, we demonstrate that
the delay between the successively transferred single electrons can be arbitrarily adjusted.
Finally, we investigate the effect of electromagnetic crosstalk generated by driving the

IDT on the accuracy of the single-electron source.

4.2 Experimental setup

The experiment is performed within a 4 K pulse tube refrigerator. A Si-modulation-
doped GaAs/AlGaAs heterostructure is used to fabricate the sample. The 2DEG that is

located at 100nm below the surface has an electron density of n ~ 2.8 x 10 cm—2

and a mobility of y ~ 9 x 10°cm?V~1s~!

. Fig.4.1a shows a schematic diagram of
the device and the experimental setup. The device contains a quantum rail with a litho-
graphic width of 0.8 ym and a length of 2 um, defined by surface Schottky gates. The
gates are made of a thin metal film consisting of 3nm titanium and 14 nm gold. Dur-
ing the cooldown of the device, a voltage of 0.35V is applied to all the gates. The 2DEG
around the gates is depleted by applying negative voltages. Fig. 4.1b shows a conductance

across the quantum rail as a function of the voltage V; and V4,. For this measurement, we
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inject a current by applying a DC bias voltage (336 uV) to the contact O, and measure
the current recovered from the contact O;. In the following measurements, we set the
voltages Vi, V;, to be more negative than —2.1V, where the current driven by the bias
voltage does not flow. A chirp-IDT is placed on the sample surface 1.4 mm to the left of
the quantum rail. The surface electrodes of the IDTs are made of a thin metal film consist-
ing of 3nm titanium and 27 nm aluminum. To reduce internal reflections at resonance,
we employ a double-electrode pattern for the IDT. The IDT aperture is 30 um, and the
SAW propagation direction is along [110]. The IDTs are designed and simulated with the
homemade open-source Python library “idtpy” [NOT]. A signal for generating SAW is
produced by an AWG (Keysight M8190A). This signal subsequently passes through two
high-frequency amplifiers (SHF S126A and ZHL-4W-422+) at room temperature before
being inputted into the chirp IDT. The generated SAW can be observed by a high-speed
sampling oscilloscope (Keysight N1094B DCA-M) via the broadband detector IDT after

being amplified by a broadband amplifier (SHF S126A) at room temperature.

4.3 SAW pulse for single-electron generation

Here a chirp IDT is designed to generate SAWs with frequencies ranging from 0.5 GHz
to 3.0 GHz. By applying an appropriately time-dependent high-frequency voltage to this
IDT, it is possible to generate strongly compressed SAW pulses. The gray solid line in
Fig.4.1c is a strongly compressed SAW pulse observed by the detector IDT. This wave-
form is distorted from the actual shape of the SAW that passes through the quantum rail,
due to the frequency bandwidth of the detector. To find the waveform of the SAW trans-
porting electrons, we performed a simulation using the impulse-response model. First, we
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Figure 4.1: (@) Experimental setup. Schematic of a chirp IDT emitting a compressed SAW
towards a quantum rail and a broadband SAW detector, showing a perspective view of the sample
that is realized via a metal surface gate in a GaAs/AlGaAs heterostructure. (b) Conductance
across the quantum rail as a function of the voltages V; and V},. The current is measured from
the ohmic contact O; while applying a DC bias voltage (336 uV) to the ohmic contact O;. Gy =
2¢%/h, where e is the electron charge and / is the Planck constant. (¢) Trace of the broadband
detector’s response to the compressed SAW generated by the chirp IDT (gray solid line) with
impulse-response simulation (light gray dotted line) and the corresponding SAW shape (red dashed
line) which is derived by deconvolving the detector response to remove the contribution of the
detector IDT in the simulation. The measurement is performed at 4 K.

simulated the waveform of the SAW including the detector-IDT component (light gray
dotted line in Fig. 4.1c). Then, by subtracting the detector-IDT component, the waveform
of the SAW in the device was simulated (red dashed line in Fig. 4.1¢). The result indicates
that a SAW pulse with one dominant minimum can be generated. What we would like to
focus on here is the shape of the SAW pulse. This shape is optimized to smoothly pick
up single electrons from the Fermi sea and transport them across the depleted quantum
rail, which differs from the symmetrical shape as generated in Chapter 2. As a result of
optimization, an asymmetric SAW pulse with a sharp edge after the minimum value was

obtained.
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4.4 On-demand single electron generation

It has been demonstrated that acousto-electric currents can be generated by applying
SAWs to a depleted quantum rail [SMT196]. Here the superposition of the longitudinal
dynamic potential of the SAW and the transversal confinement potential of the quantum
rail forms a train of moving QDs that picks up electrons from the Fermi sea and carries
them across. The average number of electrons carried in each dynamic QD is determined
at the entrance of the quantum rail by the balance between the potential gradient towards
the entrance of the quantum rail and the confinement potential of the moving potential
minima. When the potential gradient of the dynamic QD becomes steeper due to changes
in the voltage of the quantum rail or the waveform profile of the SAW, the spacing be-
tween the energy levels of the electrons in the QD widens and the charging energy of the
QD increases. For a sufficiently large charging energy, the number of electrons within
each dynamic QD is stably quantized. When each dynamic QD contains 7 electrons,
where 7 is an integer number, the device works as a continuous quantized-electron source
and generates a quantized current, I = nef, where f is the frequency of the sinusoidal
SAW. Here we investigate such a quantized current source with the single-cycle acoustic
pulse shown above. By repeatedly sending the SAW pulse to the depleted quantum rail we
generate an observable quantized current and evaluate the accuracy of the single-electron
transport by each SAW pulse from the stability of the current quantization. In this ex-
periment, we set the repetition period of the SAW pulse to Teycle = 1280ns. When the
number of electrons transported by each SAW pulse is quantized to an integer number 71,
the quantized current, [ = ne/ Teycle, 18 expected to be observed. Since we can arbitrarily
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control the timing of the SAW-pulse generation with a chirp IDT, this electron source can

be considered as an on-demand quantized electron source.

Fig. 4.2 displays the acousto-electric current as a function of the gate voltage of the
quantum rail for different SAW amplitudes. When the gate voltage is swept to a more
negative value, the potential gradient at the entrance of the quantum rail increases. As a
result, a smaller number of electrons is transported across the depleted quantum rail by
the SAW-dynamical potential. For the smaller SAW amplitude, the potential gradient of
the SAW-dynamical potential is smaller and the charging energy of the dynamic QD at
the entrance of the quantum rail is not large enough to have a stable number of electrons
in each dynamic QD. This results in the acousto-electric current smoothly decreasing as
a function of the gate voltage. In contrast, for the larger SAW amplitude, the charging
energy increases, and a kink is developed at e/ Teycle- To evaluate the quantization of
the acoustic-electric current, we focus on the region where the gradient of the kink is the

flattest as indicated in red dots in Fig. 4.2. We calculated the normalized difference,

In = |(Iave - e/Tcycle)/(e/Tcycle)|/

between the average of measured acousto-electric current [,y and ideal estimated value
e/ Teycle With a combined standard uncertainty. The acoustic-electric current took into
account the current without SAW as offset and the gain of the current amplifier calibrated
by a standard resistance. As a result of the calculation, in the flattest region (the gate
voltage width of 24 mV), the difference between the acousto-electric current and the the-
oretical quantized current is 3.7% or less . This indicates that the kink caused by the SAW
well matched the ideal quantized current. This result implies that in the kink, the average
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number of electrons in each SAW pulse is close to one. Around there, the device can be
operated as an on-demand single electron source.

In this method, single electrons can be generated without preparing electrons, offer-
ing faster operation than conventional on-demand single-electron sources using SAWs.
Additionally, the interval of SAW pulses can be flexibly controlled, making it possible to

generate single electrons with any desired delay as discussed in the following section.
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Figure 4.2: Acousto-electric current, Isaw, induced by the compressed SAW pulse as a function
of the voltage V}, with V;; = —2.2V. The SAW amplitude varies from 30 meV to 36 meV (from
right to left) . The range indicated in red is a flat region where the gradient is less than a certain
value of the most left curve .

4.5 Single-electron generation with an arbitrary delay

In the previous section, the interval between successive SAW pulses was set to 1280 ns,
which is longer than the length of the SAW generation signal of 130ns. By setting the
interval longer, the SAW generation signals did not overlap each other. However, it is
also possible to generate SAW pulses with shorter intervals by purposely overlapping the
SAW generation signals. In this section, we use this technique to verify the operation of
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a single electron pump with arbitrarily controlled delay and explore its potential for high-
speed operation. One limitation to keep in mind is the maximum output power of the
high-frequency amplifier used: when two SAW generation signals overlap, the maximum
amplitude of the individual SAW pulses only reaches half the normal amplitude. This
limitation reduces the flatness of the quantized current kink. Nevertheless, despite this
reduced flatness, our data still exhibit distinguishable characteristics of a single-electron
pump as the kinks seen in Fig. 4.3. Fig. 4.3 presents the acousto-electric current as a func-
tion of the gate voltages when we control the delay between two successive SAW pulses
within Teyce between 2ns and 30ns. The kinks will appear at 2e / Teycle since we send
two SAW pulses within Tcycle. For the delays shorter than 9 ns the kinks appear at unsta-
ble positions. Whereas, for the delays larger than 9 ns the 2¢/ Teycle quantization current
is stably observed. We attribute this result to the presence of small acoustic fluctuation
before and after the main acoustic minimum. These extra fluctuations of the SAW pulse
overlap with the main minimum of the other SAW pulse, preventing stable electron gen-
eration. When a chirp IDT with a wider frequency bandwidth is developed, such extra
fluctuation can be suppressed, and a shorter delay time than 9 ns would be possible. In
principle, the delay time can be shortened down to the width of the primary minimum,
which is approximately 1ns in this study. In our current chirp IDT, the delay can be

arbitrarily controlled above 9 ns.

4.6 Effect of electromagnetic crosstalk

For the stable electron-pump operation, the influence of electromagnetic crosstalk has
to be taken into account. In the process of exciting an IDT to generate a SAW, an elec-
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Figure 4.3: Acousto-electric current, Isaw, as a function of the voltage V},. Two SAW pulses
within Teyce With changing delay between the pulses. Delay (ns) is indicated above each curve.
The red line indicates the expected quantized current 2e/ Tcyde. Each measurement was performed
under optimal conditions (i.e. different gate voltages and cool downs) for the SAW-pulse shape at
each delay. Thus, the range of V}, varied for each measurement. For clarity, each set of curves is
displayed in separate panels.

tromagnetic wave is concurrently emitted from the IDT. This emanation disrupts the sur-
rounding potential of the nanostructures such as the quantum rail, thereby impeding the
stability of electron-pump operations. In previous single-electron transfer experiments
with SAWs, the difference in velocity between SAWs (vgaw = 2.81 um/ns) and electro-
magnetic waves was used to avoid the simultaneous arrival of SAWs and electromagnetic
waves to the nanostructures and to suppress the influence of such crosstalk. The influence
of electromagnetic crosstalk on a single-electron pump using a standard IDT has been
discussed and pointed out as an important problem previously [KFBT06]. There, the
crosstalk was suppressed by the pulsed operation of the IDT and by avoiding the simul-
taneous arrival of SAWs and electromagnetic waves. When a standard IDT with a single
resonant frequency is excited by pulsed sinusoidal waves, a narrow frequency bandwidth
of the standard IDT results in a finite rise (fall) time of SAWSs, where a gradual change
of the SAW amplitude makes single-electron pump operation unstable. As a result, it

72



CHAPTER 4. ON-DEMAND SINGLE-ELECTRON SOURCE USING SURFACE
ACOUSTIC WAVE PULSES

is not possible to avoid the influence of electromagnetic crosstalk with a standard IDT
while keeping a highly accurate single-electron pump operation. On the other hand, the
SAW pulses generated by our chirp IDT do not have a rise (fall) time but only a single-
potential minimum transporting electrons. Therefore, we can arbitrarily switch on and
off the driving of the chirp IDT without degrading the stability of electron-pump opera-
tions. In the present device, from the distance between the IDT and the quantum rail, the
SAW reaches the quantum rail approximately 505 ns after its generation at the IDT. The
electromagnetic crosstalk propagates with a velocity of light and reaches the quantum rail
immediately after its generation at the IDT. The influence of the crosstalk can be sup-
pressed by shifting the timing of the SAW pulse arrival at the quantum rail and the timing
of the SAW generation signal input to the IDT as shown in Fig. 4.4a. Fig. 4.4b shows the
influence of the electromagnetic crosstalk on acousto-electric transport. Here, the num-
ber of SAW pulses within one cycle Tyl is fixed at 2, changing only the timing of the
SAW pulses. As a result, for one condition (red curve in Fig. 4.4b) the SAW pulses and
electromagnetic waves reach the quantum rail at the same time and hence the crosstalk
effect exists. For the other case (blue curve in Fig. 4.4b), by avoiding the simultaneous
arrival the crosstalk effect is suppressed. When the crosstalk effect exists, stable electron
pumping is disturbed and acousto-electric current smoothly changes as a function of the
gate voltages. On the other hand, when the crosstalk effect is properly suppressed, a kink

appears at the expected value 2e/ Teycle-
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Figure 4.4: (@) Schematic of the arrival time of electromagnetic waves and SAW pulses at the
quantum rail. The SAW arrives at the quantum rail approximately 505 ns after generation at the
IDT. (b) Acousto-electric current, Isaw, as a function of the voltage Vj, with V;; = —2.06 V with
and without crosstalk.

74



CHAPTER 4. ON-DEMAND SINGLE-ELECTRON SOURCE USING SURFACE
ACOUSTIC WAVE PULSES

4.7 Conclusion

In essence, we have demonstrated a simple on-demand single-electron source amal-
gamating chirp SAW pulses with a quantum rail. We evaluated its performance from the
observation of the quantized acousto-electric current generated by repeatedly operating
the source. Under the optimal operation condition, the mismatch of 3.7% or less com-
pared to the ideal operation. This single-electron source negates the need for dynamic
gate operations to prepare a single electron into the QD, which stands in stark contrast
to the formerly demonstrated single-electron source with chirp SAW pulses [WOE™22].
Furthermore, we demonstrated the flexible control of a delay between successive single-
electron transfers. Meanwhile, the shortest delay time is limited to 9 ns and the operation
accuracy is limited by the maximum available SAW amplitude. The former limitation
could potentially be overcome by expanding the bandwidth of a chirp IDT. The latter can
be ameliorated by enhancing the conversion efficiency between IDT input signals and
SAWSs, achievable through the utilization of a thin film of stronger piezoelectric materi-
als than GaAs such as ZnO, LiNbO3 or AIN, or by fine-tuning the impedance mismatch
in the IDT. With the improvements the accuracy of the single-electron pump operation
will also be enhanced. As the width of the quantum rail (0.8 um in this work) is much
narrower than the wavefront of the SAW (~ 30 um in this work and can be even wider),
synchronized operations of multiple single-electron sources can be implemented by sim-
ply putting multiple quantum rails within the wavefront of a SAW. Notably, each quantum
rail can be implemented with at least two or fewer static voltage inputs and does not re-
quire complex voltage manipulation. These characteristics facilitate the integration of
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many parallel single-electron sources and encourage scale-up of electron flying qubit ar-

chitectures.

Another important insight gained from this work is the impact of the SAW potential
shape on electron transport. A SAW pulse, generated by a chirp IDT, is a superposition of
broadband SAWs, thus permitting the deformation of the SAW pulse shape through ap-
propriate adjustment of the input signal to the IDT. This study required significant defor-
mation of the SAW pulse into an optimized asymmetric shape, in order to directly extract
an electron from the Fermi sea instead of the QD. It indicates that the previously used
symmetric SAW waveform was not the most suitable for electron transport and suggests
the direction for further optimization. This insight is not only beneficial for research using
SAW but also has important implications for studies on the electron transport process in

nanostructures [LKF123, SSX22].

Additionally, we explored the effect of the electromagnetic field emitted directly from
the IDT on the accuracy of the single-electron source. It has been presented as a factor
to degrade the accuracy of electron transfer and pulse modulation of SAWs has been pro-
posed as a solution for that [KFB"06]. However, the narrow bandwidth of the IDT pre-
vented the fast enough pulse modulation to eliminate the influence of the electromagnetic
crosstalk. In contrast, the large bandwidth of our chirp IDT and a single-cycle SAW pulse
originating from it allow us to completely separate the timing of single-electron trans-
fer across the quantum rail and the arrival of the electromagnetic crosstalk. We clearly
demonstrate that the elimination of the crosstalk indeed improves the accuracy of electron

transport.

For further improvement of this technique, single-shot measurements using a QD to
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detect the generated single electrons are expected to provide additional information on
accuracy. In addition, to clarify the distribution of single electrons within a SAW pulse,
barrier gates can be used, just like in flight-time measurements [EWO™"21]. Furthermore,
by making the barrier gate an overlapping gate that lays on top of the transport chan-
nel gates instead of cutting the transport channel gates, delicate adjustments that were
previously necessary to prevent gap in the potential of the transport channel become un-
necessary, allowing verification with a smoother potential of the transport channel.

The results obtained in this study gives important insights into the single-electron
transport with moving electric potentials and contribute to the field of single-electron
quantum optics using SAWs, such as building up a flying qubit system or quantum com-
munication with single electron (or hole) to single photon conversion [HRC20]. This
study represents steady progress towards the realization of quantum systems using single
electrons, providing new techniques and insights that enrich the fundamental understand-

ing of the field.
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Chapter 5

Suppression of electromagnetic wave by
differential excitation for surface acous-

tic wave generation

5.1 Introduction

Developments of SAWs often face the persistent problem of electromagnetic wave
crosstalk as revealed in Chapter 4. High frequency components in experimental circuits
to generate SAWs emit electromagnetic waves while generating SAWs. This electro-
magnetic wave is picked up by the metal gates of the target structure, which are used to
conduct the intended experiments (e.g., the metal gates that define the quantum dots), and
generates fluctuation of the electric potential in the target. This undesired fluctuation not
only hides the desired effect by the SAW, but also interferes with the SAW to produce
a negative effect [KFBT06, OWE124]. Indeed, this crosstalk is pronounced and should

78



CHAPTER 5. SUPPRESSION OF ELECTROMAGNETIC WAVE BY
DIFFERENTIAL EXCITATION FOR SURFACE ACOUSTIC WAVE GENERATION

be one of the reasons why quantum current sources using SAWs were eventually largely
abandoned, despite great efforts over the years [SMT 96, TSPT97, CTS™99, CTS™00,
EPA02, PULO3, Forl7].

In the field of electron-quantum optics, the crosstalk problem has been avoided by
shifting the arrival timing of the electromagnetic wave and the SAW at the target structure
where electrons are transported. This could be done by making the length of the SAW
generation signal sufficiently shorter than the propagation time of the SAW from the gen-
erated position to the target structure. Since the electromagnetic wave propagates with
the speed of light (3 x 108 m/s), which is 5 orders of magnitude faster than the speed of
SAWs (~3 x 10°m/s), it disappears immediately after we stop applying the SAW gen-
eration signal and before the SAW arrives at the target structure. Although this method
allows for avoiding critical influence of the crosstalk, it severely limits the timing of SAW
generation and continuous generation of SAW is prohibited. This inflexibility is a clear
disadvantage for various applications. For example, in electron-quantum optics, it makes
it difficult to scale up the system, where many single electrons are transferred by SAWs
at different timings. In this study, we investigate the way not to avoid the crosstalk but to
suppress it by devising the SAW generation method. With the developed method we have

succeeded in radically reducing the electromagnetic crosstalk.

5.2 Concept of differential excite

SAWSs are generated by using comb-shaped electrodes called an IDT on a piezoelec-
tric substrate. Top part of Fig. 5.1a shows a typical scheme to generate SAWs, where one
pad of the IDT is grounded while the other is excited by an ac voltage. In this study,
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this scheme is called a single excitation. Here, IDTs with a double-finger pattern are em-
ployed. This type of IDT is often employed because it suppresses reflections of SAWs
inside the IDT and improves conduction efficiency. When we apply an ac voltage whose
frequency corresponds to the resonance frequency, fsaw, determined by the period of
the IDT fingers, A, and the SAW velocity of the substrate, vgaw, as fsaw = Usaw /A
on the IDT, SAWs generated from each finger constructively interfere and strong SAWs
propagate along the substrate towards the both directions. In this process, electromag-
netic waves with the same frequency, fsaw, are emitted from the metal pad where the
excitation voltage is applied. In this study, we perform a differential excitation of the IDT
as shown in the bottom part of Fig.5.1a to suppress the radiation of the electromagnetic
waves. In the differential excitation, the resonant ac voltage is applied to the both metal
pads with a same amplitude but a phase shift of 77 between one to the other. Since the
shape of the applied ac field is same for the differential excitation and the single excitation
as depicted in Fig.5.1a, SAWs are generated as in the case of the single excitation. Dif-
ferent from the single excitation, electromagnetic waves are emitted from the both pads.
These electromagnetic waves have a phase difference of 7t and the amplitude is expected
to be equal if the shapes of the metal pads are symmetrical. Since the wavelength of the
electromagnetic waves, which is about 100 mm for fgayw = 3 GHz, are about 100 times
longer than the scale of the IDT, which is typically less than 1 mm for the IDT with a
resonant frequency in the GHz range, the two electromagnetic waves are expected to de-
structively interfere. As a result, the electromagnetic wave radiated from the IDT should

be strongly suppressed.
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Figure 5.1: (@) Schematic diagram of the excitation method. Top: single excitation, bottom:
differential excitation. The SAW generation signal V' (¢) is input into the pads connecting to the
comb-like electrodes of the IDT, and the SAWs and electromagnetic waves (EM) are generated. In
the case of the single excitation, the electromagnetic wave originated from V' (¢) is emitted from
the high-frequency circuit such as metal pads. In the case of the differential excitation, the two
types of electromagnetic waves originated from V(¢) and V(¢ + 77) destructively interfere with
each other and cancel out. (b) Schematic diagram of the experimental setup and the device for the
differential excitation.

81



CHAPTER 5. SUPPRESSION OF ELECTROMAGNETIC WAVE BY
DIFFERENTIAL EXCITATION FOR SURFACE ACOUSTIC WAVE GENERATION

5.3 Simulation of destructive interference

A simple simulation is performed to estimate the expected cancellation effect of elec-
tromagnetic waves due to the differential excitation. In this simulation, waves of the same
frequency emitted from two different center points are modeled as electromagnetic waves
and their interference with each other is calculated. Each center point is assumed to be the
center of the metal pads to which the resonant ac voltage is applied. In our sample design,
spacing of the two metal pads are 110 um. The waves emitted from both center points
have a frequency of 1 GHz, an equal amplitude of 1, and a velocity of 3 x 108 m/s.
The phase of the wave from center point A is set to 0 and the one from center point B is
set to 7t. This produces waves in perfectly opposite phases. These waves are calculated
on a 1m square two-dimensional plane so that the interference pattern could be easily
checked. The circular waves are calculated taking into account the phase difference that
depends on the distance from the center, and the amplitude is set to a constant value in-
dependent of distance. Fig. 5.2 shows the respective electromagnetic waves (Wave A and
Wave B) in the top panels and the interference pattern resulting from the synthesis of
both waves (Combined Wave) in the lower panels. In the lower left panel, the amplitude
range of Combined Wave is set from -1 to 1, and the cancellation effect of the combined
electromagnetic wave can be clearly observed. In the lower right panel, the amplitude
range is set from -0.01 to 0.01 in order to confirm the detailed interference pattern. From
this result, the cancellation effect of the electromagnetic waves is estimated to be over
99 %. The reason why a considerable suppression is estimated after taking into account
the phase shift due to the difference in emission position of the two electromagnetic waves
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is that the difference in emission position (110 um) is small enough for the wavelength
of the 1 GHz electromagnetic wave (300 mm). Similar results are also obtained at other

frequencies commonly used for SAW generation signals (3 GHz - 4 GHz).
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Figure 5.2: Two-dimensional simulation results of the cancellation effect due to the interference
between two circular waves with opposite phases: Wave A and Wave B. The wave centers corre-
spond to metal pads 110 um apart on our device, where a resonant ac voltage is applied to excite
SAWSs. Top left: Wave A - a frequency 1 GHz, a phase 0, a velocity 3 x 103 m/s, from point
A (Opm,55um). Top right: Wave B - a frequency 1 GHz, a phase 77, a velocity 3 x 103 m/s,
from point B (0 pm,—55um). Lower left: Combined Wave - interference pattern resulting from
the combination of Wave A and Wave B, showing the cancelation effect. Lower right: Combined
Wave (Detailed View) - Detailed interference pattern with a narrowed amplitude range.

5.4 Expelimental setup

Next, we perform measurement of the device with a semi-automatic probe station at
room temperature. The device is fabricated on a GaAs substrate and consists of IDTs
and metal pads connected to the IDTs. The electrodes of the IDTs are fabricated using
a standard electron-beam lithography with successive thin-film evaporation (metalization

Ti 3nm, Al 27nm). The metal pads are fabricated using a standard photolithography
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with successive thin-film evaporation (metalization Ti 20nm, Au 100nm). Two IDTs
of the same design are placed facing each other in the direction of SAW propagation, at
a distance of 1 mm, as shown in Fig.5.1b. One IDT acts as a SAW generator and the
other as a SAW detector. The both IDTs are designed to generate and detect SAWs at a
resonant frequency of 1 GHz (A =2.86 um) and have 40 pairs of electrodes , an aperture
of 30 um. The SAW propagation direction is set to [110] direction. Contact metal pads
(330 um length and 60 um width) are connected to the upper- and the lower-electrode
sets of each IDT. High-frequency probes make contact with these pads, thus establishing
a connection to the IDTs. These pads also act as a detector of electromagnetic waves. The
resonant ac voltage to excite SAWs is provided by an AWG (Keysight M8195A) and fed
through different coaxial cables to the upper and lower electrodes of the IDT, respectively,
in the case of differential excitation. A phase shifter (WAKA 02X0442-00) is connected to
one of the input lines for fine phase difference adjustment before the signal is input to the
IDT. The phase shifter is adjusted and fixed so that there is minimal phase displacement at
the probe when the same ac voltage is output from two channels of AWG. On the detector
side, the set of lower electrodes is grounded (embedded in the surrounding ground pad).
The set of upper electrodes is connected to a high-speed sampling oscilloscope (Keysight
N1094B DCA-M) to observe the generated SAW and the electromagnetic wave. The
detected signal is amplified by a series of broadband amplifiers (SHF S126A, ZHL-4W-

422+).
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5.5 Suppression of the electromagnetic waves

SAWs and electromagnetic waves are generated and observed with the single and dif-
ferential excitation. To generate SAWs, we apply a sinusoidal signal at the resonance
frequency, 1 GHz, with a time span of 60 ns and a peak-to-peak amplitude of 350 mV in
a repetition period of 1520ns. Here the time span of the signal, 60ns, is chosen to be
longer than 40 ns which is the minimum length to fully excite the IDT and to be shorter
than the propagation time of SAWs between the IDTs, ~ 350 ns which is calculated from
the distance between the IDTs (1 mm) and the SAW speed in GaAs (~ 2.81 um/ns).
Since the electromagnetic waves emitted from the IDT propagate with the speed of light
(~ 3 x 108m/s), they reach the other detector IDT almost instantaneously in less than
10 ps. Therefore, when we perform a real-time detection of the signal at the detector IDT,
we first observe the electromagnetic waves and later observe the SAW signal with a well-
defined separation in the repetition period of 1520 ns. Here we apply the signal with the
same amplitude for both the single and the differential excitation and hence the detected
SAW signal is expected to be double for the differential excitation compared to the single.
To compare the ratio between the amplitude of the SAW signal and the electromagnetic
waves for both excitation methods we double the detected signal for the single excita-
tion . Fig. 5.3 shows the signal measured with the sampling oscilloscope. The blue line
is the data obtained when we perform the single excitation. The signal observed in the
earlier time comes from electromagnetic waves and the one observed in approximately
350ns later comes from SAWs. For the single excitation, the signal coming from elec-
tromagnetic waves is as large as the one coming from SAWs. The red line shows the data
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obtained when we perform the differential excitation. The signal coming from SAWs
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Figure 5.3: Time-resolved measurements on the IDT with the single excitation and the differential
excitation. Trace of the detector response for the resonant ac voltage(1 GHz, a time span 60 ns, a
peak-to-peak amplitude 350 mV). The blue line represents the SAW and the electromagnetic wave
signals obtained from the single excitation, with the SAW on the right and the previously detected
electromagnetic wave on the left. The red line represents the obtained signal from the differential
excitation, where the SAW amplitude is similar to the single excitation while the electromagnetic
component is significantly suppressed

is as large as the one from the single excitation. On the other hand, the signal coming
from electromagnetic waves is strongly suppressed as expected from our simple simula-
tion. Comparing the average values of the signal amplitude coming from electromagnetic
waves from the single and the differential excitation, it is calculated that 92.4 % of the
signal is suppressed for the case of the differential excitation. In our simple simulation,
the electromagnetic-wave suppression of about 99 % is expected. The residual amount
of the electromagnetic waves can be attributed to minute discrepancies between the two
emitted electromagnetic waves due to the difference of response functions of the metal
pads. These discrepancies manifested as time-dependence components that exhibited dif-
ferent phases and intensities and could not be addressed by simple adjustments of the
phase or the amplitude of the SAW generation signal. Such fluctuations are considered
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to be intricately related to high-frequency circuit components like a shape or a thickness
of the metal pads. It suggests that optimization of these components is essential for even

better suppression of the electromagnetic waves.

5.6 Spatial dependence of electromagnetic-wave suppres-
sion

Finally, we experimentally confirm the spatial dependence of the electromagnetic-
wave suppression. For that purpose, we prepared the other device illustrated in the
schematic in the middle of Fig.5.4. On the left side, an IDT and metal pads having
the same design as the device measured in Fig. 5.3 are placed. On the right side, multiple
metal pads (220 um in length and 60 ym in width) are arranged to pick up and detect
electromagnetic waves. They are symmetrically arranged about the horizontal line pass-
ing through the middle of the IDT. The signal used to generate SAWs is the same as in
Fig.5.3. Each plot in Fig. 5.4 shows the signal coming from electromagnetic waves de-
tected by the individual metal pads for the case of the single and the differential excitation.
The change of the amplitude of the electromagnetic waves from the results in Fig. 3 can
be attributed to the different sizes of the metal pads for detection. From these results, it is
confirmed that the electromagnetic-wave suppression occurs similarly at all positions of

the metal pads.
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Figure 5.4: Spatial dependence of electromagnetic-wave suppression. A schematic of the sample
is shown in the middle. Surrounding plots are electromagnetic waves detected on each metal pad
with the single and the differential excitation. The numbers of the metal pads in the schematic
correspond to the numbers of the plots. The suppression effect is almost same for all positions.
The change in the amplitude of the electromagnetic waves from the results in Fig.5.3 can be
attributed to the different design of the metal pads for detection.
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5.7 Conclusion

In conclusion, our study demonstrates the effectiveness of the differential excitation
in mitigating electromagnetic crosstalk in SAW-based devices. The experimental re-
sults have shown that this approach is capable of nullifying over 90 % of the undesir-
able electromagnetic components, achieving a substantial reduction. This suppression of
the electromagnetic crosstalk will certainly contribute to the improvement of the accu-
racy to control single flying electrons using SAW potentials [KFB'06]. Furthermore, the
spatial dependence of the electromagnetic wave cancellation effect has also been inves-
tigated. Consistent reduction in electromagnetic waves has been evident at all measured
positions. This consistency is important for the scalability of SAW-based devices. In
addition, although our experiments have been conducted at room temperature, we an-
ticipate that the principles of the electromagnetic-wave suppression with the differential
excitation are equally applicable in low-temperature environments. The electromagnetic-
wave suppression has been investigated with a double-finger IDT in this study. How-
ever, it will be equally applicable to various types of IDTs [Mor07, LASS03, SZA™ 15,
EAR™'17, DSP'19]. Our research focuses on fundamentally suppressing the electro-
magnetic crosstalk that has long hindered advancements of SAW-based single-electron
control devices. The methodologies and insights obtained in this study are expected to
significantly improve the scalability of SAW-based single-electron manipulation devices
and make important contributions to the evolution of sophisticated SAW quantum infor-

mation processing devices.
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Chapter 6

Conclusion and perspectives

In conclusion, this work has made a contribution to the advancement of SAW-driven
single electron transport technology, which is one of the approaches to the fundamental
components of the rapidly growing field of quantum information processing. First, we
investigated the material selection of IDTs and optimized the SAW generation technique.
We enhanced the SAW generation intensity and generated SAWs with stronger confine-
ment effect. This allows us to achieve position-specific single-electron transport, which
is an important development in the stability and precision of SAW-driven electron trans-
port [EWO™21]. Thus, for the first time, the timing of single-electron transport in SAWSs
can be precisely controlled. This is an extremely important result that will serve as the
basis for future experiments on single-electron transport in SAWs. As a result, electron
collision experiments with two synchronized single-electron sources have recently been
demonstrated in a SAW system [WER"23]. Another optimization of the SAW gener-
ation technique was the development of a single-pulse SAW generation technique that
minimizes unwanted effects on the system. Due in part to the optimization of SAW gen-
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eration intensity, highly efficient transport of single electrons between distant quantum
dots using this pulsed SAW has also been demonstrated [WOE™22], and this technology
could become a standard for future SAW electron transport. This pulsed SAW technique
greatly expands the degree of freedom of single-electron transport and control, and opens
up new possibilities for experiments that have been performed with conventional SAWs.
One example is the combination of a pulsed SAW and a quantum wire, which leads to
the development of on-demand single-electron sources [OWE24]. The system which
can be implemented with a simple structure and operation brings advantages in scaling up
SAW-based experimental systems and opens new avenues for synchronization of multi-
ple single-electron sources. Furthermore, we have essentially solved the electromagnetic
wave crosstalk problem, which was once again revealed to have a significant impact on
electron transport. Our proposed differential excitation of IDTs is demonstrated to be ef-
fective in suppressing electromagnetic wave generation [OON24]. This suppression is
essential for the realization of multiple single electron transport by SAWs and underscores
the practicality of our efforts to enhance the scalability of the system for application to

quantum information processing devices.

These our work are important advances toward the development of quantum infor-
mation processing devices that utilize the charge or spin of electrons. In particular,
they are directly important in the direction of realizing quantum computers based on
SAW-based flying qubit architectures that utilize charge of electron, as we have already
mentioned. Other systems that realize electron flying qubit architectures are Leviton
[DJPT13, EWC'22] and hot electron [KJET16b], but these systems do not yet have
detectors or are still in the process of being tested for their suitability for quantum in-
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formation processing applications. SAWs already have the basic tools, such as a single
electron source and a single electron detector, and the results of this thesis enabled the
research toward the realization of two-qubit gates. On the other hand, in the direction of
realizing a quantum computer based on a qubit architecture using spin of electron, the
expected application of the SAW driven electron transport technology is the long-range
spin qubit connection required for coupling between qubit clusters, which is essential for
realizing large-scale qubit integration. Other systems for long-range connection of spin
qubits are circuit-quantum electrodynamics (QED) and quantum dot array. Circuit-QED
has a fast transport velocity, but coherent transport of spins of electrons has not yet been
demonstrated. In addition, the advantage of transport velocity is not effective for sub-
mm transport because it requires several hundred ns for information conversion before
and after the transport [MBP*18]. Coherent transport has been reported using tunneling
between quantum dots [FMT™ 17, FBR " 17], but this method requires a large number of
quantum dots to be connected in proportion to the transport distance, and is currently
limited to transport between adjacent quantum dots (0.5 um). Nevertheless, quantum dot
arrays are consistent with integration of quantum dots, and methods to generate dynamic
potentials by driving quantum dot arrays with multiple voltage inputs have been devel-
oped in recent years [LKF™23]. On the other hand, a method using SAWs has been
shown to transport electrons and their spins coherently and efficiently over 6 um in GaAs
[BHT ™16, JIMC™21], and it is thought that the method can be extended to several hundred
um [SHSPOS]. Furthermore, the transport is 30-40 times faster than that using quantum
dot array, making SAWs a promising technology for transporting spins of electrons within

the same substrate. However, the current research on quantum bits using electron spins is
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absorbing
materials

integrated qubits

Figure 6.1: Proposed example implementation of spin qubit integration including SAW-based
long-range coupling.

dominated by materials such as Si and Ge, not GaAs. Si and Ge do not have the piezo-
electric properties required for SAW generation, so the SAW technique cannot be applied
without modification. Piezoelectric properties can be introduced to non-piezoelectric sub-
strates by layering thin films of piezoelectric materials such as ZnO and LiN, which have
high piezoelectric effect, on the substrate surface. By such means, we believe that SAW-
driven single electron transport technology can be introduced to these promising systems
as spin qubits. From this perspective, the findings and techniques developed in this study
for GaAs can be fully utilized in other systems. Possible obstacles include the complex-
ity of the fabrication process for piezoelectric thin film layering and the need to leave a
surface for the generation and propagation of SAWs. However, since these obstacles need
to be considered only on the transport path by SAWs, the constraints are expected to be
minimal. With this in mind, a proposed example implementation of spin qubit integration
that includes SAW-based long-range coupling is shown in Fig. 6.1. Here, a cluster of N x
M qubits and local electronics for controlling these bits as well as SAW waveguides are
set up. The local electronics include ADC and DAC converters and vector modulation,
minimizing the number of control lines needed to control the entire integrated qubit; the
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SAW waveguide serves as a quantum information transfer path between each cluster, and
the transport of electrons from the cluster to the transfer state by the SAW is done by the
quantum bit array is envisioned. The IDTs for generating SAWs can be located outside
of the integrated qubits, preventing the complexity of the integrated structure. The fast
quantum information transport rate of the SAWs allows such an architecture to achieve
maximum scalability compared to other methods in the range of qubit coherence times.
Finally, we highlight that some method, as those demonstrated, is not restricted only
to single-electron transport. We anticipate applications of the chirp technique in hybrid-
nanomechanical [MSF18], superconducting [ YFK20] and spintronics [KYM ™17, YSR20]
devices. For the latter in particular, short SAW pulses will enable time-resolved measure-
ments of magnetization and domain wall displacement and will thus allow to replace
optical techniques by sound [CGL"21]. Moreover, the differential excitation of IDTs
provides a new perspective for addressing the problem of electromagnetic crosstalk in
SAW-based systems and opens up the possibility of application of SAWs in various fields

of research such as spintronics and quantum acoustics.
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Appendix

In the main text, the differences between the surface acoustic wave (SAW) pulses
developed in Chapter 2 and conventional SAWs are described, but minor differences at
the laboratory level were also observed. The following experiment is particularly inter-
esting in terms of the relationship between the shape of the SAW and the transported
single electron, as well as the behavior of the single electron during the transport process.
This is an experiment in which we checked and conditioned the performance of receiver
quantum dots (QDs) that capture electrons transported by SAWs. These experiments are
performed as a preliminary preparation for single electron transport experiments between
QDs by SAWSs. To check the ability of the receiver QD to hold electrons, we prepared
a single electron in the receiver QD and used charge sensors fabricated nearby to check
whether the electron remained held even after the SAW passed through at various poten-
tials. Fig. 1 shows one of the results, using our developed SAW pulse. The deep green
indicates regions where electrons remained retained, and the bright green indicates re-
gions where electrons were not retained. This kind of experiment has been performed in
previous experiments using conventional SAWs, but in the case of this SAW pulse, the
following phenomena, which had not been seen before, were observed even though the
SAW intensity was the same and the device design was the same. When the negative
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voltage applied to rqr is high, i.e., when the potential between the QD and reservoir is
high, electrons are not retained. Also, when the negative voltage applied to cer is low,
1.e., when the potential between the QD and the quantum wire is low, electrons are not re-
tained. Although the high and low here are only relative expressions, more stable electron
retention capability than this has been confirmed with ordinary SAWs.

As a result of trial and error, though, we were able to stabilize electron retention
by making the potential of the quantum wire even higher relative to the potential of the
quantum wire. From here, it is possible that the SAW pulse caused electrons to flow out
of the receiver QDs into the quantum wires. It is also possible that the falling edge of the
normal SAW had the effect of allowing electrons to settle in the receiver QD. Based on
these considerations, the optimization of the design around the receiver QDs and source
QDs to match the shape of the surface acoustic wave, This may be one of the keys to

further improve the accuracy of electron transport in the future.
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Figure 1: Electron holding performance of QDs.
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