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Abstract

The Ampere is the base unit of electric current in the international system of units
(SI). The international committee for weights and measures (CIPM) has recently
redefined the Ampere in terms of the elementary chargee = 1.602176634 x 10712 C
of the electron. National metrology institutes worldwide are working towards the
realisation of this definition by using the single-electron pump technology. In this
report, we studied the effects of the arbitrary waveform generator (AWG) on the
single-gate modulated pump in gallium arsenide (GaAs)/aluminium gallium ar-
senide (AlGaAs) heterostructure. We fabricated a split-finger gate electron pump.
We designed five trapezoidal waveforms and a sinusoidal waveform in MATLAB.
The frequency of the sinusoid was 180 MHz, while the frequency of the five trape-
zoids was 181.81 MHz due to the different number of samples used to create the
waveforms. The amplitude of these waveforms was 1 volt peak to peak (Vp-p).
We conducted three experiments, labelled A to C, in a dilution refrigerator at a

temperature of around 150 mK and in zero external magnetic fields.

In experiment A, we compared the pump maps of a sinusoid outputted by a
signal generator (SG) to the sinusoid outputted by an arbitrary waveform gener-
ator. We observed three main differences: firstly, the AWG pump map was more
robust in entrance voltage compared to the SG pump map. The first plateau of
the AWG spanned 760 mV as opposed to the 600 mV spanned by the SG. Sec-
ondly, the AWG produced a pump map that contains a very high degree of ripples
on the onset lines compared to the smoother onset lines of the signal generator.
Lastly, both the AWG and SG allowed us to pump in the ‘long plateau regime!’.
In experiment B, we observed the pump behaviour in response to AWG pulses of

different rising edge slopes. We found that plateaus 1, 2 and 3 were elongated

'The phrases ‘long plateau regime’ or ‘long pumping regime’ was coined by Howe and Blu-
menthal, et al. [1]. It means that we can elongate the pump map or the plateaus along the exit

voltage with parameters such as the source-drain bias, magnetic fields, pulse waveforms, etc.
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(robust) over the entire exit voltage range for the entrance voltage interval from
-600 mV to -400 mV. In this entrance voltage interval, we found that the pumped
current restores with a steeper sinusoidal slope on the rising edge of the pulse. In
experiment C, we selected a robust third plateau at an entrance voltage of -530
mV and successfully tuned it with the source-drain bias voltage. The third plateau
migrated from the first to the eighth plateau as we swept the source-drain bias
from — 100 mV to 200 mV in increments of 1 mV. The plateaus were very robust
in exit voltage for the source-drain bias voltages above -70 mV. Below -70 mV, we

began to lose robustness.

The main implication of these results is that whether we are pumping with
an AWG or SG makes a difference. We can make the quantised current robust
in exit voltage by using an arbitrary waveform. Furthermore, we can fine-tune a
plateau with source-drain bias, even if the plateau is not an integer multiple of
ef. In this report, we tuned the 3rd plateau to the 8th plateau. These effects
are yet to be properly understood and will, when properly understood, have a
significant implication on the way we understand single-electron pumps. It might
give us a new perspective on single-electron pumps concerning the source-drain
bias, split-finger gate pumps, and different modulation waveforms. Moreover, it

might bring us closer to the realisation of the new definition of the Ampere.
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Chapter 1

Introduction

1.1 Statement of the Problem

Humanity has engaged in measurement for millennia. It is an essential part of
every human existence. In the past, measurement standards differed universally,
making it difficult and confusing to convert from one to another. Today’s mea-
surement practice is very different from its early days. The international bureau
of weights and measure (BIPM) has joined measurement standards into an inter-
national system of units (SI) [3]. The joint committee for guides in metrology
(JCGM) defines measurement as a: “process of experimentally obtaining
one or more quantity values that can reasonably be attributed to a

quantity” [1].

National metrology institutes are responsible for realising the base SI units.
Generally, realising a unit means establishing the value and the associated uncer-
tainty of the quantity that is consistent with the definition of the unit [5]. The SI
consist of seven base units, one of which is the subject of this thesis, the Ampere.
In October 1948, the 9th general conference on weights and measures (CGPM) ac-
cepted the Ampere for the unit of electric current, following a definition proposed
by the international committee for weights and measures (CIPM) in 1946, which
states that: “the Ampere is that constant current which, if maintained
in two straight parallel conductors of infinite length, of negligible circu-
lar cross-section, and placed 1 meter apart in vacuum, would produce
between these conductors a force equal to 2 x 10~7 newton per meter
of length” [(].



1.1. Statement of the Problem

It is difficult, if not impossible, to realise the Ampere as defined above for
several reasons: firstly, practical conductors have finite length and cross-section;
secondly, space is the closest to a perfect vacuum we can get; Lastly, the Ampere
is an electrical unit defined in terms of force, with the unit of Newton (Kgm/s?).
Thus it has the prototype of Kilogram (platinum-iridium artefact) which is drift-
ing with time [7]. National metrology institutes do not have the resources needed
to implement the definition above with the accuracy and precision required today
[7] [8] [9]. The lowest demonstrated uncertainty achieved is no better than about

0.3 ppm [7].

To circumvent these limitations, metrology institutes worked outside the SI
unit and used Ohm’s law to define the Ampere in terms of its relation to the
Ohm (2) and Volt (V). These units are in turn based on the quantum Hall and
Josephson effects, respectively. These effects link both the Ohm and Volt to
combinations of the Planck constant h and elementary charge e, which results
in precise and reproducible standards of resistance and voltage based on quan-
tum effects in semiconductor and superconductor at low-temperature [5] [7] [8].
The quantum Hall effect relates voltage to current via the von Klitzing constant,
Ry = h/e?. The Josephson effect relates voltage to frequency via the Josephson
constant, K ; = 2e/h. Consequently, the current can be determined from these re-
lationships. These standards are often referred to as ‘quantum standard’ because
their accuracy is grounded on fundamental physics and are not dependent on the

material properties and physical structure [3].

Figure (1.1a) illustrates the present realisation of the Ampere. The product
Rk K32, in the SI unit, is determined with a Watt balance and a calculable capaci-
tor. It is then used to determine the Volt and Ohm, and hence, the Ampere. This
method presents a situation in which the Volt and Ohm have a higher precision
compared to their SI derived units because they are based on constants derived
from fundamental effects in quantum physics. Consequently, the Volt can be re-
alised with an uncertainty of about 6 ppb, and the Ohm with an uncertainty of
about 0.2 ppb. The lowest demonstrated uncertainty for the Ampere is 0.3 ppm,
from the conventional definition based on Ampere’s law. This inconsistency be-
tween the SI and Ohm’s law was resolved by fixing the numerical value of h and e
to redefine the Kilogram and the Ampere. So that, the classical SI standard now
became the quantum SI standard [7] [8] [10].
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Figure 1.1: Present (a) and future (b) realisation of the Ampere (adapted
from [8] [11])

The decision to base the SI unit on fixed fundamental constants of nature and
to avoid using physical objects came into effect on May 20, 2019 [10]. Thus, the
future definition of the Ampere based on a fixed numerical value of the elemen-
tary charge e, was adopted in resolution 1 of the 26th CGPM (2018), and it reads:
“the Ampere, symbol A, is the SI unit of electric current. It is defined
by taking the fixed numerical value of the elementary charge ¢ to be
1.602176634 x 107! when expressed in unit C, which is equal to A.s,

where the second is defined in terms of Avcgs'” [10].

This definition implies the exact relation:

e = 1.602176634 x 107" A.s; (1.1)

the exact expression for the unit Ampere is then obtained by inverting we get,

e
1A = ( ) 1 1.2
1602176634 x 1019/ ° (1.2)

substituting reciprocal of the second we have,

1A ~ 6.789687 x 10% e.Avgs. (1.3)

"Where Avgs is the unperturbed ground-state hyperfine transition frequency of the caesium

133 atom, with a value of 9 192 631 770 Hz [10].

Page 3



1.1. Statement of the Problem

Equation (1.3) implies that the flow of 6.241509074 x 10'® elementary charges
per second will produce an electric current of one Ampere. Thus, the future reali-
sation of the Ampere is based on manipulating and transporting a known number
of electrons at a known frequency. For precision metrology, this operation has to
be performed at a relative error level no larger than 1e=®, while at the same time

the electric current needs to be hundreds of pico-Amperes (pA) [7].

The definition of the Ampere does not state or imply any particular experimen-
tal technique for its practical realisation. We may, in principle, use any method
capable of deriving an electric current value traceable to the set of seven fundamen-
tal constants. However, the consultative committee for electricity and magnetism
(CCEM) [5] does provide a few primary techniques that are easiest to implement
or that results in the smallest uncertainties. The single-electron transistor (SET)
is one such technique. This device can be modified to a single-electron current
source called ‘single-electron pump’. The pump has various applications outside
metrology. Such as in radiation dosimetry, environmental monitoring, calibration
of detectors for airborne particles and semiconductor wafer characterization [8].
However, here we focus on using the electron pump to realise the new definition

of the Ampere as presented in Figure (1.1b).

The better we can control single-electrons, the better we can realise our mod-
ern definition of the Ampere. Over the past two and a half-decades, researchers
have made great strides towards better control of individual electrons [7]. Sev-
eral milestones have been achieved in progressing towards a single-electron current
source since the initial proposal of the single charge oscillations, and the metro-
logical triangle in Figure (1.2) in the mid-1980s [7] [12] [13] [14]. A few years
after this proposal, the first metallic and semiconductor single-electron turnstiles
and pumps demonstrated quantised currents with reasonable errors, but it was
still magnitudes away from what was required for electrical metrology [7] [15] [10]
[17]. Five years later, the accuracy of the pump was improved by a factor of five
to six orders of magnitude by significantly suppressing cotunneling events [15].

However, the trade-off to increase accuracy was a reduction in the magnitude of

the output current, and an increase in device complexity [7]. In parallel to the
study done by Keller et al. [18], was the work done on the surface-acoustic wave
(SAW) pumps by Shilton et al. [19]. This study resulted in a significant increase

in the current amplitude, yet likely due to overheating effects in the channel, it was
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difficult to suppress thermal errors using this method [7]. After a decade, several
new ideas were implemented. The most promising devices were single-parameter
controlled semiconductor quantum dot (QD) pumps, realised by Blumenthal et
al. [20] and Kaestner et al. [21], and the superconductor-insulator-normal metal-
insulator-superconductor (SINIS) turnstile by Pekola et al. [22]. These simple
devices promise high accuracy and scalability [23]. Kashcheyevs et al. made a
major theoretical contribution by deriving an explicit fitting formula to extract
the sequence of decay rate ratios from the measurements of averaged current in a
periodically driven device. Previously, evaluation and benchmarking of the pumps
were only possible by empirically evaluating the plateau length. However, plateaus
can be systematically shifted far away from the quantised value. Thus, only the
accurate model developed mainly by Kashcheyevs et al. and its subsequent high

precision verification allowed substantial progress in the field [24].

Quantum Hall
Effect x €%/h
= Rk‘1

Figure 1.2: The quantum metrology triangle linking the Ampere, Volt
and frequency via the quantum Hall effect, Josephson effect and elec-

tron tunneling

Giblin et al. [25] used an AWG to design a waveform that took into account
the time-dependent electron tunnelling dynamics. He based the design on two
assumptions: firstly, single-gate modulated pumps typically operate with a sinu-
soidal waveform. By inspecting the sinusoid, he realised that once one captures
the electrons reliably in the QD, then most of the pump cycle time goes into

raising and lowering the modulated gate. One can use this large ‘dwell time?’ to

2Time duration for the pump to eject a captured electron to the drain reservoir and to pick
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1.2. Purpose Statement

operate the pump at a faster rate. Therefore, one can use an arbitrary shaped
waveform for this portion of the pump cycle. The second assumption deals with
capturing the electron reliably during the capture phase of the pump cycle. The
high-frequency error rate is related to the rate at which one raises the modulated
gate during the capture phase. Thus, if one can raise the gate slow enough during
the capture phase, back tunnelling will occur, allowing one to capture the electrons
reliably. From these assumptions, Giblin designed a waveform that had a sinu-
soidal segment during the capture phase, combined with a trapezoidal segment
during the ejection and loading phase. This waveform can minimise the capture
errors and allows one to increase the pump frequency. Giblin et al. [25] used this
technique to study the effects an AWG has on a finger-finger gate single-electron
pump. We used Giblin’s scheme to study the effects an AWG has on a finger-split

gate single-electron pump.

1.2 Purpose Statement

The purpose of this report is to investigate the impact that various arbitrary

waveforms have on a finger-split gate pump, that is:

e we must use an arbitrary waveform generator to design and test different

waveforms

e we must use these waveforms to study the behaviour of a finger-split gate

pump at cryogenic temperatures.

1.3 Thesis Layout

The layout of this report is as follows: In Chapter (2), we review the theory of
GaAs/AlGaAs devices. We begin with a basic introduction to the dimensional-
ity of low-dimensional systems. We then discuss heterostructure devices and the
realisation of the two, one and zero-dimensional electron gases. In Chapter (3),
we discuss the principles of operation of non-adiabatic single-electron pumps and
their realisation. We present the methodology used to design and carry out the

experiments in Chapter (4). In this chapter, we address the fabrication of the

up an electron from the source reservoir
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Chapter 1. Introduction

pumps, the validity of the instruments used, and the procedures followed to per-
form the measurements. We report the results of the experiments in Chapter (5).
Lastly, in Chapter (6) we present and discuss the major results and their relation-
ship to existing ones, and the limitations, implication and overall significance of

our study.
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Chapter 2

Review Of GaAs/AlGaAs Devices

2.1 Dimensionality of Low Dimensional Systems

Today’s scientists and engineers can manufacture new kinds of materials at an
atomic scale. At such a scale, we have to take quantum effects into account to
understand the behaviour of these nanostructures [20] [27]. Thus, the size of the
system, denoted by L, is very important and leads to other lengths, energy and
time scales. For a three dimensional system, its size may differ in three directions
in space, L,, L, and L,. The study of a phenomenon at this scale requires one
to scale all the other length scales relative to the size of the system. That is, the

dimensionality of a system depends on the phenomenon under consideration [28]

[29].

Quantum effects arise in systems that confine electrons to regions compara-
ble to their de Broglie wavelength. This section discusses how to establish a
d-dimensional system for electrons, i.e. a 0D for full confinement, 1D for trans-
port in one direction, 2D for freedom in a plane and 3D for an unconfined system.
Assuming an ideal® system, if electrons are confined in a certain 3D space, L,, L,

L., then for each direction (i = z,y, z) a standing wave equation can be setup:

2L, .

!By ideal it is meant that there is no motion in the confining direction and no electron-electron

or electron atom interaction.
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with associated k-vectors

_ JiT

igi = 2= (2.2)

The total kinetic energy of each level characterized by the set of quantum

numbers j, jy, 7 is then the sum of the three components:

h? S R R
E=) Bi=502 Ki=g (G5 + 1t (23
Ji Ji r Y ?
and the density of state is
1 2m 3/2\/—
9(E) = 55 (o5 )" VE. (2.4)

Furthermore, restricting the motion of electrons in the appropriate direction(s)
result in the energy and density of state equations in Table (2.1) for the 2D, 1D
and 0D systems. Figure (2.1) shows the relationship between the energy and den-
sity of state for each dimension. Thus, we see that the density of state is a strong
function of the spatial dimension. It influences the transition of electrons from one
energy state to another, an extremely important effect in the transport properties

of quantum heterostructures [20].

Table 2.1: The total kinetic energy and density of state for 2, 1 and 0

dimensional electron gases for an ideal quantum system

Dimensions 2D 1D 0D
R 2h2 g i2 252 g
Quantized Energy %(t + 2—%) o (i—%) Ey
Density of state o, %(%—T)I/zﬁ §(E — Ey)

By contrast, practical? systems do not have perfect confinement. For instance,
the restriction of the motion of electrons along the z-direction happens within a
small z-range comparable to the de Broglie wavelength. As a result, the energy
will be strongly quantized along this small z-range, and in general, more than one
energy level will be allowed [26]. This effect is termed ‘degeneracy’. It is respon-

sible for sub-bands observed in the dispersion relation and the density of state,

2The interaction between electrons and electron-atom is still neglected, the later interaction

will result in energy bandgaps in the dispersion relation of Figure (2.2)
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3-DEG, 3-dimentional
electron gas

2-DEG, 2-dimentional 0-DEG,
electron gas 1-DEG, 1-dimentional 0-dimentional
electron gas electron gas

EEERLEER)

2-DOS 1-DOS 0-DOS
—e

Figure 2.1: Shows the 3, 2, 1, and 0-dimensional electrons gases, and

their corresponding density of state for an Ideal system

as shown in Figure (2.2), which is the plot of Equation (2.5) for the case of the
2DEG. The plot in Figure (2.2a) is a generalization of the ideal case, which would
just be the blue parabola. For energies F < Fy (region A), there are no available
states. For energies between Fy < E < 4F, (region B), we get the density of
states per unit area of the perfect 2DEG. For energies in regions C and D we get
twice and thrice the density of states of the perfect 2DEG respectively and so
forth. This is demonstrated by the increasing step height in Figure (2.2b), where
the density of states of the 2DEG is compared to the 3DEG. Thus, the system is
ideal if there are no sub-bands. Some example of practical systems are quantum
well (2D), quantum wire (1D), and quantum dot (0D) [26].

7T'27;L2 j2 j2
E=TT(k dy g 2.
om (12 T 12) T (25)
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Figure 2.2: 2DEG energy versus wavenumber and density of state for an

infinite square well (adapted from [26])

2.2 Heterostructure Devices

A homojunction is an interface between layers of semiconductor that have the
same band gaps. By contrast, a heterojunction is an interface between layers of
semiconductor with dissimilar band gaps [30]. A heterostructure is a composition
of heterojunctions. We can control the motion of charge carriers in a heterostruc-
ture by varying the composition of the semiconductors. This practice is called
‘band engineering’. Many of the group I1I-V materials have been studied for their
semiconducting properties. However, only a few of these materials are commonly
used in heterostructures, limiting their properties. Therefore, by alloying various
compounds, the properties of the heterostructure can be increased. The minimum
bandgap and the lattice constant are two very important material properties to
consider when alloying materials. Figure (2.3) shows a plot of these two factors

for different materials [31].
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Figure 2.3: The low temperature energy band gap of semiconductors

versus their lattice constants (adapted from [32])

The active region of the heterostructures is typically at or very close to the
interface between two materials. For example, the electrons in a metal-oxide-
semiconductor field-effect transistor (MOSFET) move along an interface between
silicon (Si) and silicon dioxide (SiOg). In this case, the SiOy is amorphous but
the Si in crystalline. These two materials cannot be joined continuously. Thus,
electrons are scattered due to the imperfections as they move along the interface.
This scattering due to surface roughness, as well as from charged defects in the
oxide, keeps the mobility of electrons in a MOSFET below 4 m?V~'s~! at low tem-
peratures. By contrast, modulation-doped field-effect transistor (MODFET) has
a mobility of over 1000 m 2V ~'s™! at low temperatures. Such high mobility is the
result of the almost perfect crystalline quality of the group III-V heterostructure
and the ability to separate carriers from the impurities. Well-developed processes,
such as, molecular-beam epitaxy (MBE) and metal-organic chemical vapour de-
position (MOCVD) are used to grow the group III-V heterostructures [26] [29] [31].
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2.3 2DEG in GaAs/AlGaAs Heterostructure

Two-dimensional material systems are not a natural phenomenon. However, J.R.
Schrieffer demonstrated that it was theoretically possible, that under special cir-
cumstances, some systems can behave as if they were two-dimensional within very
limited energy and temperature intervals. He showed that at the surface interface
between a metal and a semiconductor some electrons can move along the surface
but not perpendicular to it. Some years later, a research team at IBM realised
this idea experimentally [33]. A 2DEG is present at the interface between GaAs
and AlGaAs layers. Typically, the Al mole fraction x = 0.3. The band bend-
ing diagram of Figure (2.6) shows that the electrons are confined to the interface
between the GaAs and AlGaAs by a potential well. The well is formed by the
repulsive barrier due to the conduction band offset of about 0.3 V between the
two semiconductors and the attractive electrostatic potential due to the positive
charged ionised donor in the silicon-doped AlGaAs layer [29]. Furthermore, scat-
tering from the donors is reduced by separating the doped AlGaAs layer from the
interface with an undoped AlGaAs spacer layer. This idea was first introduced by
Horst L. Stérmer [31]. Sub-bands are formed at the interface, due to the imper-
fect confinement as discussed in Section (2.1). Thus, the energy of the electrons
is quantised along the confinement direction, and their motion is restricted to dis-

crete energy levels [29].

2.4 1DEG in GaAs/AlGaAs Heterostructure

The presence of the 2DEG at the interface of a modulation-doped GaAs/AlGaAs
heterostructure enables one to restrict the motion of the electrons to a narrow
constriction or channel, by selective depletion of the electron gas in some spatial
regions. The simplest lateral confinement technique is realised by defining a deep
mesa using wet or dry etching, as shown in Figure (2.4a). This technique is still
of use for some experimental studies, but it seems to be generally unreliable for
channels less than 1 um wide, particularly due to the sidewalls of the structure
[29]. The split-gate lateral confinement technique was first introduced by Thorn-
ton [35] and Zheng [30] as an alternative to etching, see Figure (2.4b). When a
negative voltage is applied to the split-Schottky-gate, the 2DEG region under the

gates is depleted of electrons, leaving only a narrow channel un-depleted. Con-
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2.5. 0DEG in GaAs/AlGaAs Heterostructure

sequently, the motion of the electrons is restricted to this narrow channel. This
confinement scheme has the advantage that the channel width and electron density

can be varied continuously but not independently by varying the gate voltage [29].

The shallow-mesa depletion (shallow etching) technique in Figure (2.4c) was
introduced by Van Houten [37]. This is the second widely used approach to defin-
ing a 1D constriction. This method relies on the fact that a 2DEG can be depleted
by removing only a thin layer of the doped AlGaAs. The required thickness is
a sensitive function of the parameters of the heterostructure material and the
details of the lithographic process. This process usually involves electron beam
lithography followed by dry etching [29]. Ford [38] introduced a variant to the
split-gate technique. This scheme uses a patterned layer of electron beam resist
as a gate dielectric to ensure that the separation between the gate and the 2DEG
is largest in those regions where the narrow conducting channel must remain after
application of a negative gate voltage. The cross-sectional view of this technique

is illustrated in Figure (2.4d) [29].

2.5 ODEG in GaAs/AlGaAs Heterostructure

With modern semiconductor technology, we are now able to fabricate particles
of metal and semiconductors that are only a few hundred angstroms in size. We
can use external leads to control the electrons in these small structures via tunnel
junctions [39]. These clusters of atoms are often called ‘quantum dot’ because elec-
trons are tightly confined in all three spatial dimensions [7]. Like natural atoms,
an important property of the QD is that it contains a discrete number of elec-
trons (quantized charge) and has a discrete spectrum of energy levels (quantized
energy). Unlike natural atoms, the current through the QD or the capacitance be-
tween its leads can vary by many orders of magnitude when its charge is changed
by a single electron [39]. Such a device finds application in many areas of quantum
technology: quantum metrology, quantum cryptography, and quantum computer

to give a few examples.

Conceptually, the difference between a small metal island and the quantum
dot is that the Fermi level and hence conduction electron density is much higher

in a metallic island. As a result, the energy level spacing between the spatially
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Figure 2.4: Schematic cross-sectional views of four different ways to de-
fine 1IDEG channels from a 2DEG GaAs/AlGaAs heterostructure. (a)
Deep mesa defined with wet or dry etching, (b) mesa defined using a
split-Schottky-gate, (c) mesa defined with shallow etching, (d) mesa de-
fined using the variant of the split-gate having gate dielectric (or resist

has shown by the hatched region) (adapted from [29])

excited electron states is extremely small in metallic islands compared to the quan-
tum dot. The metallic island is typically described by a constant density of state
as opposed to the strongly peaked density of state describing the quantum dot.
Furthermore, metallic systems contain a larger order of magnitude of electrons,
whereas the corresponding number of conduction electrons in a QD ranges from

zero to more than a few hundred, similar to natural atoms [7] [39].

A quantum dot can be fabricated by confining electrons in a small region, by
employing material boundaries to surround a metal particle with insulators; or one
can use electric fields to confine electrons to a small region within a semiconductor
[7] [39]. Either technique requires fabricating very small structures accomplished
by the techniques discussed in Chapter (4). Figure (2.5) shows typical quantum
dot architectures. The most conventional quantum dots are those based on de-

generate 2DEG that either form naturally, for example at the interface between
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2.6. GaAs/AlGaAs Modulation Doped Field-effect Transistor
Heterstructure Device

the GaAs and AlGaAs (MODFET) or is induced by an external gate between the
interface of silicon and silicon oxide (MOSFET) [7]. Alternatively, quantum dots

can be fabricated from either epitaxially grown nanowires or lithographically [7].

) T g A1

(c)
(d) SOURCE
-.-
‘aare ¥/ ante

DRAIN

Figure 2.5: Lateral quantum dot arrangements. The electrons tunnel
between the dot and the source and drain. The tunnel barriers isolates
the dot from the reservoirs, and it is created either electrically using
gates or by different materials such as Al1GaAs. (a) Horizontal setup,
(b) vertical setup, (c) accumulation gate setup and (d) gate depletion

mode setup (adapted from [7])

2.6 GaAs/AlGaAs Modulation Doped Field-effect

Transistor Heterstructure Device

A simple isometric view of a GaAs/AlGaAs device along with its energy diagram
is shown in Figure (2.6). Its has an undoped GaAs substrate that forms a het-
erojunction interface with an undoped AlGaAs spacer layer. The spacer layer
is kept very thin to raise the density of electrons at the interface. A 2DEG is
formed at this interface as donor electrons situated in a remote layer of n-doped
AlGaAs connected to the un-doped spacer layer migrates to the interface between
the substrate and the spacer layer. A thin layer of un-doped GaAs or GaAs cap
is placed on the surface of the doped AlGaAs layer to prevent oxidation of the
AlGaAs beneath it [31].

A metal gate is placed on top of the GaAs cap. The contact between the
GaAs cap and the metal gate is called a ‘Schottky contact’, and the metal piece
is called a ‘Schottky gate’. The Schottky gate defines the shape (Quantum wire
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cap doped : spacer substrate
GaAs n-AlGaAs AlGaAs ,=0 GaAs

Figure 2.6: Shows the basic structure of GaAs-based HEMTSs and its
potential profile. (a) the isometric view of the basic layers, and (b) its

potential profile (adapted form [40] and [31] respectively)

1D and Quantum dots 0D) and carrier density of the 2DEG in the active re-
gion. The doped AlGaAs also acts as the insulator between the Schottky gate
and the channel. Electron reservoirs such as ‘Ohmic gates’ are directly connected
to the 2DEG channel via ‘Ohmic contacts’ to make a direct electrical connection

between the two. The Ohmic gate makes it possible to bias the device [26] [31] [11].
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Chapter 3

The Theory And Realisation Of
Single-Electron Pump

3.1 The Operation Principles of Single-Electron
Turnstile and Pump

We know that some materials can be electrically charged and exert a force on
nearby objects. This phenomenon is termed ‘Coulomb interaction’. Close to the
end of the 19th century, it was clear that this interaction was caused by a parti-
cle called ‘electron’, carrying a well-defined electric charge [28]. Millikan was the
first to observe the discrete nature of electron charge in 1911 [12]. It was evident
from the experiment that all electrical charge is an exact multiple of the charge
of an electron [7] [12]. In Millikan’s experiment, the oil droplets were charged
randomly by the ions existing in the air. By contrast, mesoscopic devices can be
charged or discharged in a controllable way [7]. Since the interest of this work
is on single-electron manipulation, it is important to study the effects resulting
from the electrostatic (Coulomb) interaction of electrons both mutually and with
an external electrostatic potential [28]. We will see that in small isolated devices,
the electrostatic potential energy of a single electron may lead to a blockade or
prevention of the transport of electrons through the device. This phenomenon is
called ‘Coulomb blockade’, and the energy to overcome it is called the ‘charging
energy’. It manifests itself at temperatures such that the charging energy exceeds
the thermal energy. In addition to the ratio of these two energy scales, the degree
of isolation of the device or the localization of the charge on it is crucial for one

to observe this phenomena [285].
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Chapter 3. The Theory And Realisation Of Single-Electron Pump

3.1.1 Basic physics and energy scales

Figure (3.1) shows the basic concept of single-electronics. A small isolated con-
ductor, which is initially electrically neutral (see Figure 3.1a), does not generate
electric-field to its surrounding. Thus, a weak electric force (F) can charge the
conductor with an additional electron. The island (as is conventionally called in
literature) obtains a net charge 3 = -e, and it generates an electric field (E) to

its environment, which repulses any additional electrons (see Figure 3.1b).

’ vy

Q=me-me=0 Q=me - (m+l)e =-e

(a) (b)

Figure 3.1: Illustrates the basic concept of single-electron control. (a) a
neutral conducting island before the addition of an electron. A weak
force can add an electron onto the island. (b) The island has a net
charge -e, and it creates an E-field which may prevent the addition of

the following electrons (adapted from [43])

This repulsion can be strong in the nanoscale. The theory of single-electron
phenomena does not utilize the electric field to measure the strength of this effect,

but the charging energy

e2

Eo=% (3.1)

where C' is the capacitance of the island [13]. When the size of the island

compares to the de Broglie wavelength of the electrons, energy quantization be-
comes significant. In this case, we add the charging and quantization energies,

and approximate it by the formula:
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|Eo = E.+ By (3.2)

where Ej is the quantum kinetic energy of the added electron. Figure (3.2) is
the plot of Equation (3.2) as a function of the diameter of the island. One can
see, that for 100 nm devices, E, is dominated by the charging energy F. and is of
the order of 1 meV, i.e. approximately 10 K in temperature units. Since thermal
fluctuations (random tunnelling) suppress most single-electron effects unless the

following condition is met

E, > 10kgT (3.3)

charging effect experiments have to be carried out in a helium dilution refrig-
erators. If on the other hand the island size is reduced below approximately 10
nm, F, approaches 100 meV, and some single-electron effects become visible at
room temperature. One can also see that in the size range below approximately
1 nm, electron quantization energy E; becomes comparable with or larger than
the charging energy E. for most materials; this is the reason islands this small are

often termed quantum dots [13].

3.1.2 The orthodox theory

Kulik and Shekhter [11] [15] established the orthodox theory to describe charge
transport under the influence of Coulomb blockade. It is a microscopic approach to
the behaviour of small, current-biased tunnel junctions [13]. The theory assumes

the following [13]:

o If B, << kgT then the confinement energy quantization in a conductor is

taken to be continuous. The total charging energy must be E, >> kgT' .

o The tunnelling times 1, through the barrier is small compare to other time
scales and s therefore negligible. Practically 1, is approximately femtosec-

onds.

e [fthe resistance R of all the tunnel barriers of the non spin degenerate system

is much higher than the quantum unit of resistance Rq:

R >> RQ, RQ = h/2€2 (34)
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Figure 3.2: The graph of the total energy of the island E, (solid line), and
its components: charging energy F. (dashed line) and electron kinetic
energy FEj; (dotted line), calculated from Equation (3.2) for a simple
model of a metallic island. The island is a round 3D ball with free,
degenerate electron gas (electron density 102 cm™?), electron effective
mass m,), embedded into a dielectric matrix (dielectric constant ¢ = 4
), with 10 per cent of its surface area occupied by tunnel junctions with

barrier thickness d= 2 nm (adapted from [43])

then Coherent quantum processes consisting of several simultaneous tun-
nelling events (co-tunnelling) are ignored. This relation is fundamental for
single-electron manipulation as a whole because it ensures the localization of
each electron in the island at any instant. Therefore, tunnel barriers with
low transparency may effectively suppress the quantum-mechanical uncer-
tainty of the electron location. Only this suppression makes single-electron

control possible.

The main result of the orthodox theory is formulated as follows: “the tunnelling
of a single electron through a particular tunnel barrier is always a random event,
with a certain rate I' (i.e. probability per unit time) which depends solely on the
reduction AW of the free (electrostatic) energy of the system as a result of this
tunnelling event. Within the orthodox theory this dependence may be expressed

with a universal formula” [13]
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D(AW) = (1/e)I(AW /e)[1 — exp(—AW /kT)] ™! (3.5)

where I(V) is the DC I-V curve of the tunnel barrier in the absence of single-

electron charging effects. AW may be found from the system’s electrostatics [13].

Figure (3.3) illustrates the dependency of the tunnelling rate as a function of
the electrostatic energy loss of the system given by Equation (3.5). At low temper-
atures (kgT << AW) only tunnelling events decreasing the systems electrostatic
energy (and dissipating the difference) are possible, and their rate is proportional
to AW. This fact is illustrated by the potential landscape of Figure (3.3); an
increase in the bias voltage increases the Fermi level in the source reservoir, and

an electron may be able to tunnel into the drain reservoir’s empty state [13].
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Figure 3.3: Illustrates the dependency of the tunnelling rate as a function
of the electrostatic energy loss of the system given by Equation (3.5).
The insert is the energy diagram of a tunnel junction, explaining why
the tunnel rate is proportional to the energy loss at low temperatures:
the rate is proportional to the number of occupied quantum states in
the source, which contributes to the total probability of tunneling into

empty states in the drain (adapted from [43])

Although Equation (3.5) is rather simple, in many situations, several tunnelling
events are possible at the same time. Since the orthodox theory describes the

probability of a particular outcome, we must use statistical techniques to describe
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multiple simultaneous events. Thus, for a system with relatively few islands, we

can insert Equation (3.5) into the ‘master’ equation

dp;
dt

which describes the time evolution probability of each state. After we solve this

= X (Tjtoir; — Litojpi) (3.6)

equation for the probabilities, we can then use it for a straightforward calculation
of average values and fluctuations of any variable. For more complex systems,
we usually have to simulate the random dynamics of the system by Monte Carlo
method [13].

3.1.3 Beyond the orthodox theory

As already seen in Figure (3.2) of Section (3.1.1), the confinement energy splitting
E, may become larger than E,. and kg'T for very tiny islands. The orthodox theory
can be generalized to include this case as carried out by Averin and Korotkov, who
considered a situation where tunnelling is only possible between islands with dis-
crete levels and larger electrodes where electrons still have a continuous spectrum.
They showed, that if the tunnelling barriers are not very thin, that is, hI" < kT,
then the situation may again be described with master equations similar to Equa-
tion (3.6) of the orthodox theory, but with a different energy dependence of the

tunnelling rate to or from a certain quantum level [13]:

L(AW) = To[l + exp(—AW/kpT)] ™! (3.7)
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3.1.4 Application of the orthodox theory to single-electron
turnstile: From L. P. Kouwenhoven Ph.D. disserta-

tion Chapter 8 [2]

The operating principle of the turnstile is explained schematically in Figure (3.4).
It shows the potential landscape of the quantum dot, barriers, and electron reser-
voirs system for 4 phases of the RF cycle. These phases are labelled (a) to (d).
The two barriers are dynamic and oscillate with a phase difference of 7 relative to
each other. In Figure (3.4a), the barriers are in their equilibrium position. The
states in the reservoirs are occupied up to the Fermi levels denoted by 1; and .,
which are in non-equilibrium position due to the bias voltage V' = (u; — p)/e.
The letter N in the dot denotes the level of the electrochemical potential 1i(N)
when N electrons are localized in the dot (i.e. the minimum energy for the N*
electron). Adding an extra electron to the dot would increase the electrochemi-
cal potential to pg(N + 1), indicated by the (N + 1) level in Figure (3.4). The
difference py(N + 1) — pg(N) = €?/C is an electrostatic energy increase, which is

represented as an increase of the band bottom [2].

In principle, random tunnelling events could occur where an (N + 1) electron
could tunnel into the dot from the left reservoir, thereby increasing the Fermi
level of the dot from pg(N) to pa(N + 1). When the N + 1 electron tunnels
out of the dot, it returns the dot to its initial state. This random oscillation in
the number of electrons in the dot alternating between N and N + 1 can occur
when a charge state is enclosed by the electrochemical potentials of the reservoirs
> pg(N + 1) > p,., and corresponds to a maximum of the Coulomb oscillation.
The typical time for an electron to tunnel through the dot is the RC' time, where
R is the total tunnel resistance of the two barriers in series. During turnstile op-
eration, these tunnelling events (indicated by the dashed arrows in Figure (3.4a
and 3.4c)), will contribute to an unwanted leakage current. One can suppress
this leakage current by increasing the resistance of the DC tunnel barriers. When
operating the turnstile with DC gate voltages, the suppression of the tunnelling

appears as a vanishing amplitude of the Coulomb oscillations [2].

The description of the turnstile operation starts in Figure (3.4a) with N elec-
trons in the dot. The left barrier is at its minimum in Figure (3.4b), and the
(N +1) electron has a large probability of tunnelling into the dot at 1/4 of the RF
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Figure 3.4: The potential landscape composing of the electron reservoirs,
tunnel barriers and quantum dot. The electro-chemical potentials of the
left and right reservoirs is denoted by u; and p,. V = (11 — pr)/e is the
bias voltage; N represents the Fermi level ;4 of the quantum dot, when
N electrons occupy the dot. Figure (3.4a to 3.4d) represent the 4 phases
of the RF cycle where the probability for tunnelling is large when the
barrier is low (solid arrows), and small for high barriers (dashed arrows)
(adapted from [2])

cycle. At the same time, the right barrier is strongly increased. It suppresses the
probability for the (N +1) electron to tunnel out of the dot to practically zero. The
barriers return to their equilibrium position again at half the RF cycle in Figure
(3.4c). However, unlike Figure (3.4a), one extra electron is localized in the dot.
The dashed arrows indicate random tunnelling again. The right barrier is lowered
to its minimum value at 3/4 of the RF cycle in Figure (3.4d). So the (N + 1)
electron has a large probability to tunnel to the right reservoir, as indicated by the
solid arrow. Exactly one electron is transported during the cycle from Figure (3.4a
to 3.4d), if the wanted tunnel events (solid arrows) have a probability of one, and
the unwanted tunnel events (dashed arrows) have zero probability. If we repeat
this process with frequency f, then it results in a frequency-determined current

I = ef. Furthermore, if we increase the bias voltage, such that the number of
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charge states in the interval between p; and u, increases to n, then exactly n elec-
trons will pass through the quantum dot per RF cycle, and the resulting quantized
current will be I = n.ef. This quantized current corresponds to the current step
height Al = e¢/RC in the Coulomb staircase, however, in the case of the turnstile,
the step height Al = ef is determined by the externally applied frequency. The
width of the steps in the staircase comes at voltage intervals e/C. Therefore, one

can predict an average conductance of the turnstile I-V characteristic proportional

to frequency < G >=ef/(e/C) = fC [2].

3.1.5 Application of the orthodox theory to electron pump
using one oscillating barrier: Initially proposed in L.

P. Kouwenhoven Ph.D. dissertation Chapter 8 [2]

Kouwenhoven [2] observed that an asymmetry in the quantum dot turnstile al-
lowed it to pump a discrete number of electrons at zero bias voltage (i.e. pus = pup).
That is, electrons are pumped to higher energies by the RF signal applied to a
barrier gate. The explanation for this phenomenon and the turnstile form the
basis of operation of the single-gate modulated pump realized by Kaestner et al.
[21]. Figure (3.5a) shows the potential landscape of the dot with one fixed barrier
and one oscillating barrier. The left and right reservoirs are not biased, so electro-
chemical potentials y; and pu, align. As the left barrier is raised, the conduction
band bottom in the dot will be lifted by an amount dependent on the capacitance

between the gate and the dot [2].

As the conduction band bottom increases, the electrochemical potential pi4
(indicated by the hatched energy region) of the dot rises above y; and p,. Thus,
the electron in the dot is raised to higher energies, increasing the probability for
it to tunnel over the right reservoir. As the left barrier lowers, the dot fills with
electrons from the left reservoir because the left barrier height is now smaller.
Hence, an oscillating barrier pumps electrons over a fixed barrier. Figure (3.5b)
shows the resulting pumped current. This pumping scheme only occurs when we

oscillate one barrier around pinch-off and fix the other past pinch-off [2].

Using the above information, Blumenthal et al. [20] demonstrated single-

parameter quantized pumping over a barrier tuned into pinch-off using the scheme
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RF on QFC, (b)

900 850 800 750
GATE VOLTAGE (mV)

Figure 3.5: (a) The potential landscape of electron pump using one os-
cillating tunnel barrier. The electro-chemical potential of the left and
right reservoirs y; and p, are equal. (b) Current vs DC gate voltage on
(quantum point contact) QPC1 with a fixed voltage -815 mV on QPC2
(lower set of curves), and vs DC gate voltage on (quantum point con-
tact) QPC2 with a fixed voltage -850 mV on QPC1 (lower set of curves)
at zero bias voltage. The curves were measured with RF amplitude of
0 mV (I=0 curves), 8 mV (smaller current peaks) and 11 mV (larger
current peaks). The current peak is negative when RF is applied to
QPC1, and positive when applied to QPC2 (adapted from [2])

presented in Figure (3.6). It shows a set of potential landscape corresponding to
different phases of the pump cycle. In frame (i), the barrier induced by gate L, and
the coupled potential of the dot are below the Fermi level. Frame (ii) illustrates the
formation of the populated dot as the barrier, and the dot begins to rise towards
the Fermi level. In frame (iii), the dot forms, and the potential of the barrier and
the dot are above the Fermi level. Frame (iv) shows that the potential of the left
barrier has increased above the potential of the dot and the right barrier (R). The
dot potential is above the right barrier potential, increasing the probability for the
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electron to tunnel over the right barrier. Therefore, the electrons trapped in the
dot by the left barrier are ejected over the right barrier. This process is repeated
at some frequency f, resulting in a net current I, = (n. — ng)ef, where n. is
the number of electrons captured at point (ii), ny is the number of electrons kept
in the dot at point (iv) and f is the frequency of the RF signals applied to gates
L and R.
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Figure 3.6: The schematic of the time-dependent potential landscape for

electrons transported from the left to right reservoir. The source-drain
bias is zero, hence their Fermi levels align. The letters L and R repre-
sents the left and right barriers respectively, and the letter M represents
the plunger gate. The black dots denote the electrons. Electrons are
transported from source to drain in one pump cycle through the phases
(i) to (iv) as the barriers are modulated by external voltages indicated

by the arrows (adapted from [20])

Kaestner et al. [21] simplified Blumenthal’s et al. [20] idea and realised a
single-gate modulated pump. This device has become the research focus of quan-
tised single-electron pump in semiconductor technology due to its simplicity and
high-speed operation. Figure (3.7) illustrates its principle of operation. The elec-
trons are pumped periodically from the drain to the source by modulating the left
barrier (V,1) with an RF signal superimposed on a fixed DC signal at pinch-off
while applying a pinch-off DC signal to the right barrier (V). This results in a
sequence of confining potential landscapes labelled (i) to (iv) in Figure (3.7a). The

average charge captured < n > = np, is related to the resulting direct current
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I = q.f < n > and the current is a function of the tuning parameters or barrier
gate DC voltages, Vg1 and Vgo. For a large-amplitude modulation on Vg, the
current shows a characteristic plateau structure at integer levels of < n > shown

schematically in Figure (3.7b) [10].

pvi  (b)

Figure 3.7: Single-gate non-adiabatic pumping scheme for a tunable-
barrier dot leading to robust current quantisation. (a) The potential
landscapes at specific time instances during the pump cycle (i) to (iv);
the thick red path traces values of the gate voltages controlling the
barriers to the source (V) and drain (V) reservoirs respectively. A
conventional two-dimensional pump map of the average pumped cur-
rent vs the DC voltages of the barrier gates for a relatively large RF
modulation. Point A corresponds to the example voltage trace in frame
(a). The map consists of three boundaries represented in frame (b) by:
the dashed lines, this boundary is called the ejection line, and it is set
by incomplete emission at phase (iv). The double line, this boundary
is called the capture line, it makes the breaking of the loading phase
(i). Finally the vertical line, this boundary is called the onset line, it is
set by the outcome of the charge capture process (ii). Pumping paths
corresponding to the points B, C and D in the map. The arrows shows
the stage of the cycle which limits the number of transferred electrons
(adapted from [46])

In phase (i), multiple electrons are loaded on to the dot as the entrance barrier
dips below the source reservoir for a sufficient time to establish near-equilibrium

charge distribution on the dot. As the barrier gradually decouples from the source,
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in phase (ii), the Fermi level of the dot rises above the electrochemical potential
of the source, some electrons at the Fermi energy of the dot back-tunnel into the
source reservoir. Figure (3.7a) indicates this with a red contour intersecting a
set parallel black lines p, = p. The open circles are the point of intersection
where the barrier is open enough for back-tunnelling to occur, and the filled disks
correspond to the point where back-tunnelling does not occur due to low tunnel
rates. The source and drain barriers eventually become sufficiently opaque and
prevent any further back-tunnelling of the electrons on the dot into the source or
drain reservoirs, as shown in phase (iii). After the reliable capture of the elec-
trons, Vg1 keeps growing more negative, until eventually, the electrons captured
in the dot can tunnel into the drain once the corresponding tunnel rates exceed
the characteristic opening rate 771, as shown schematically by an ellipse marking
the emission phase (iv). The dot is then returned to the loading stage (i) through
the same sequence of potential shapes (iv) to (i). The electron capture from the
drain is prevented by pinching off the exit barrier when the first electron level on

the dot is well above the Fermi sea in the drain [16].

The operating principle of the single-gate modulated pump depicted in Figure
(3.7a) and marked by point A in Figure (3.7b) remains robust against changes in
the RF amplitude and DC offset for V,; as long as the loading (i) and the emission
(iv) stages take place properly. Figure (3.7¢) shows several pumping trajectories
with different DC offsets. In case C, the quantisation plateau boundary along the
VZT axis is set by insufficient loading. For case D, it is set by incomplete emission.
Both of these cases can be seen in Figure (3.7b and 3.7c). For a large RF signal,
a larger DC shift on V,; would be required to turn a loading-limited trajectory
into and emission-limited one, consequently the length of the quantised plateau
along Vgi (solid vertical lines in Figure (3.7b)) grows with increasing modulation
amplitude. The additional steps at the top of Figure (3.7b), such as the one cor-
responding to case D, results from an emission-rate separation between different
charge states at stage (iv). Trajectories A and B are both capture-limited in con-
trast to C and D. They illustrate that the average number of electrons are loaded,

captured and emitted reliably [10].
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3.1.6 Decay cascade model

The universal decay cascade model is a tool used to evaluate the performance of
the non-adiabatic single-gate modulated pump [21]. It assumes the pump operates
as described by Kaestner et al. [10] in Section (3.1.5). Some electrons in the source
reservoir get loaded to the dot slow enough, and some electrons back-tunnel as
the dot decouples from the source reservoir. We can predict the average number
of electrons remaining on the dot using the cascade decay model. The average
pumped current I = ¢.f < n > is related to the average number of electrons
< n >. The model then allows one to estimate the minimal achievable quanti-
sation error for a high precision measurement from a low precision measurement
from the current-voltage characteristic curve, by extracting device-specific decay

rate parameters [241] [25] [16] [17].

The general fitting Equation (3.8) is the double exponential. This model has
two fitting parameters, o and ¢,,, which are presumed to contain all the information
about the parameters of the pumping process. We think of the parameter a as a
constant that relates the gate voltage to the height of the confining barrier. The
parameter d,, contains information about the ratio of the tunnelling probabilities
of different electrons in the dot, and as well as a A, term and temperature term,
see Equation (3.9) [24] [47].

<n>=x,ee T (3.8)
T E

Oy = —— + — 3.9

1—‘n—l Aptb ( )

Where T, is the back-tunnelling rate of the nth clectron in the dot, E, is the
charging energy of the dot, and A, is the shift of the energy levels in the dot
relative to the entrance barrier energy in the time it takes for the tunnelling rate

to drop to e~ ! of its original value.
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3.2 Realisation of Single-Electron Turnstile and
Pump in GaAs/AlGaAs Heterostructure

To utilise an electron pump as a quantum electrical standard for the Ampere,
it must have the following properties: the ability to produce accurate quantised
current; it must be simple to realise and operate; it must generate a reasonably
high quantised current [, > 100 pA [25] [18]. For the past two and a half decades,
many pump technologies were investigated in pursuit of this goal. These included
chains of sub-micron normal-metal tunnel junctions [18] [25] [19], the quantum
dots driven by a surface acoustic wave [19] and normal metal/superconductor
turnstiles [22] [23]. Although 0.015 parts per million (ppm) accuracy has been
demonstrated for [, = 1 pA [18], and I, = 500 pA with around 100 ppm accuracy,
none of these metallic pump technologies have yet demonstrated the required
combination of accuracy and large enough current output [25]. However, the
single-gate modulation semiconductor GaAs pump has shown great promise in
improving both the accuracy and current magnitude, and it is a simple device.
An advantage of this pump is that the quantisation accuracy can be improved

with an external tuning parameter [50].

3.2.1 Realisation of single-electron turnstile

In 1991, Kouwenhoven et al. [17] carried out the pioneering experiment-that
showed the quantisation of current or single-electron transport in 2DEG GaAs/AlGaAs
semiconductor heterostructure. Figure (3.8a)shows a scanning electron microscope
(SEM) image of the Schottky gates geometry patterned on top of a GaAs/AlGaAs
heterostructure with a 2DEG about 100 nm below the surface. The grown 2DEG
has mobility of 2.3 x 10 m®>V~'s~! and an electron density of 1.9 x 10> m~2. The
brown disk denotes the quantum dot; it is delimited by the finger gate, the two
split gates (forming the isolating tunnel barriers) and the plunger gate. Kouwen-

hoven operated this device as a ‘turnstile’.

Kouwenhoven et al. [17] performed his experiment inside a dilution refrigera-
tor at a temperature of 10 mK and in zero magnetic fields. He applied negative
direct current (DC) voltages to all four gates. Furthermore, he coupled alternating
current (AC) voltages with a phase difference of 180° and a frequency of 10 MHz
to the split gates. These RF signals will cause the tunnel barriers induced by the
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(a) SEM Image of gate geometry denoting: the finger gate, the two

split gates, the plunger gate, tunable barriers and quantum dot

CURRENT (pA)

VOLTAGE (mV)

(b) Main figure: I-V characteristics when two phase shifted RF signals
are applied with a frequency of 10 MHz, showing current plateaus
at integer multiples of ef (dotted lines). The curves correspond to
different center-gate voltages and are offset for clarity by an integer

times ef.

Figure 3.8: Sample layout and I-V curve of Kouwenhoven’s pioneering

experiment (adapted from [17])
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split gates to oscillate between the quantum dot and the wide 2DEG region. This
is the main difference between Kouwenhoven’s work compared to the work done
previously on metallic system. Lastly, he applied a source-drain bias between the
electron reservoirs and measured the current in a two-terminal configuration. Fig-
ure (3.8b) shows the main result of the experiment. It illustrates the measured
[-V characteristic of the turnstile. The I-V curves have current plateaus at integer
multiples of ef, demonstrating that a discrete number of electrons pass through
the semiconductor quantum dot with each RF cycle. However, the resulting cur-
rent is only ef = 1.6 pA; it is too small for practical application as a current

standard.

Although the above experiment was groundbreaking, the accuracy of the quan-
tized current still needed improvement. Kouwenhoven attributed the error to un-
wanted tunnelling events, which caused smearing or disappearance of the plateaus.
Nagamune et al. [51] improved on Kouwenhoven’s work by proposing a different
quantum dot design. He fabricated the structure in Figure (3.9a) and (3.9b) us-
ing a combination of mesa etching and gate formation techniques. It confines the
electrons in an etched sub-micron 1DEG nanowire. The two barrier gates cross-
ing the wire depletes the electrons beneath them to form a quantum dot between
the gates. This results in a small quantum dot containing less than ten electrons
[51]. Such a quantum dot has a large charging energy, which is an advantage for
studying charging effects because a large charging energy dominates the thermal
energy at low enough temperatures. Thus, unwanted tunnelling events is strongly
suppressed, and the current quantisation improves. Nagamune et al. [51] used
the same experimental setup as Kouwenhoven et al. [17]. Figure (3.9¢) shows the
measured [-V characteristic. The current steps achieved in this device are much
more distinct than those obtained with the split-gate device in [17]. This result
supports Kouwenhoven’s claim. That is, Nagamune et al. [51] reduced the er-
ror of the quantised current by suppressing the unwanted tunnelling events. The
magnitude of the steps is close to ef = 1.6 pA, which is in good agreement with

the transfer of a precise integer number of electrons per turnstile cycle [17] [51] .

3.2.2 Realisation of Single-Electron pump

So far, both Kouwenhoven et al. [17], and Nagamune et al. [71] operated their de-

vice as a turnstile. To operate the device as a turnstile, the energy of the (N +1)
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(c) The I-V curve

Figure 3.9: Sample layout and I-V curve for Nagamune’s experiements
(adapted from [51])

electron must be confined to the bias window, pus > pyy1 > pp. That is, the
electrochemical potential of the source and drain must be asymmetrical, and the
Fermi level of the dot must be in between the Fermi levels of the source and drain.
This constraint is difficult to ensure for large RF modulation on the barrier gates
because of the crosstalk between the barriers and the dot [2] [16]. Ideally, the
barriers should be modulated independently of the dot potential, which should
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be kept fixed throughout the turnstile operation cycle [16]. Kouwenhoven et al.
[17] addressed this challenge by applying two RF signals with a phase difference
of 180° to the barrier gates to compensate for the cross-couping between the po-
tential of the barriers and the dot [16]. Kouwenhoven [2] demonstrated that the
same device in Figure (3.8a) could also operate as a ‘pump’ without the need of a
source-drain bias (i.e. pus = pup) if the right kind of asymmetry in the modulation
amplitude and phase is applied to the barrier gates. Figure (3.10) illustrates a
series of I-V curves for the same device as in Figure (3.8a) operating as a pump.
The modulation amplitude on the barrier gates, the relative phase and the volt-
age on the plunger gate C are adjusted so that the plateaus from —5¢.f to +5¢.f

appear around zero bias voltage [2] [10].

CURRENT (pA)

JAVLI0A

(Aw)

Figure 3.10: I-V characteristic for a similar device as shown in Figure
(3.8a) with settings for voltage on gate C, RF amplitudes and phase
differences such that current is quantised at zero bias voltage (adapted
from [17])

It took over a decade before researchers were aware of the importance of
Kouwenhoven’s [2] work on the single-electron pump. This work would eventually
lead the way to the realisation of the single-gate modulation pump. Surpris-
ingly, at that time, the focus on single-electron sources based on gallium arsenide

moved towards the idea of using SAWs [19] to drive the single-electrons in a one-
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dimensional channel [7]. This was until the seminal work by Blumenthal et al. [20]
that first demonstrated single parameter pumping over a fixed barrier tuned into
pinch-off in the quantised regime. He fabricated (see Figure 3.11) a 700 nm mesa
on a silicon-doped GaAs/ AlGaAs heterostructure to localise the electrons to a
IDEG channel, similar to Nagamune’s et al. [51] device. Three surface finger gates
separated by about 250 nm overlap the chemically etched wire to induce a poten-
tial landscape along its longitudinal direction. The gates are labelled L (which is
the barrier to the source), M (which is the tuning parameter gate or plunger), and
R (which is the barrier to the drain). The negative potential on gates L and R
induces the quantum dot in the wire. Gate M modulates the charge distribution
in the dot. Blumenthal et al. [20] achieved quantised charge pumping by applying
a 180° phase-shifted sinusoid superimposed with a DC signal to gates L and R.
He applied a much larger RF amplitude to gate L. than gate R to ensure that
the drain barrier is in pinch-off during the pump cycle. He then simultaneously
applied a DC voltage to gate M. Figure (3.11) shows that the quantised current
plateaus are in agreement with the exact value of one electron per cycle. The value
of the current is 87.64 pA at 547 MHz with one standard deviation (1) relative
uncertainty of 107* at a bath temperature of 300 mK [20]. This result encouraged
further development in using GaAs/AlGaAs pumps as a high-accuracy current

standard.

Kaestner et al. [21] subsequently realised a simplified version of the single-gate
modulation pump demonstrated by Blumenthal et al. [20]. The device architec-
ture is similar to the one used in [20], but Kaestner et al. [21] only used two
gates instead of three, and he only modulates one of the two gates. Figure (3.12)
shows the device geometry and its simplified electrical connections. The device
has three (although only two were used) metallic finger gates crossing a 1DEG
nano-wire etched from an n-type GaAs/AlGaAS 2DEG. Kaestner et al. [21] ap-
plied a DC signal to gate 1 and 2, while exclusively modulating gate 1 with an 80
MHz sinusoidal signal. Figure (3.12) shows the I-V trace of the quantised current
at a base temperature of 300 mK. One can see up to four quantised plateaus.
The advantage of this pump is its simplicity. The simplicity of this scheme has
stimulated most of the recent development of single-gate modulation pumps in
GaAs/AlGaAs devices [7] [10], and researchers have been working on improving it
through various means for high speed, and precision pumping [16]. The remainder

of this review will focus on the improvement of the quantised current using this
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Figure 3.11: Current plateau in the electron pumping experiments as a
function of the middle-gate voltage at 547 MHz operation frequency.
The dashed lines show ¢ = £ 10 fA uncertainty in the electrometer cali-
bration. The top left inset shows the device used as the electron pump.
The top right inset shows current plateaus at 1 GHz pumping frequency
and the bottom inset shows the pumped current as a function of the

operation frequency (adapted from [20])

scheme.

Maire et al. [52] studied the effects of low-frequency noise on the quantised
current of the single-gate modulated pump. To do this, he included a fast-Fourier-
transform analyser to the pump (see Figure 3.13a) to monitor the noise on the
current. He aimed to investigate whether the quantised current predominantly
depended on the driving frequency of the pump. Figure (3.13b) shows the corre-
sponding pumped current spectra of the sample at 400 mK and driven with a 400
MHz RF signal with an amplitude of 1dBm. It shows three current noise spectra

corresponding to plateaus 2, 1.6 and 1 at different entrance voltages Ul = -125
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Figure 3.12: Single-gate modulated quantised current vs the DC voltage
applied to gate 2 measured for the device shown in the insets (adapted
from [21] [46])

mV, -103 mV and -91 mV respectively, and at a fixed exit voltage U2 = -86 mV.
The red horizontal lines show the noise power averaged over the range of 5-15 kHz.
The % noise drops at 1 kHz already below a significant level and the current noise
power S is frequency independent for f greater than 2kHz. Furthermore, Figure
(3.13b) plots the average noise power as a function of the gate voltage Ul. As
one can see, the noise power is strongly suppressed on the current plateaus (at (a)
and (c)) compared to the non quantised regions (at (b)) of the pumped current.
This is in agreement with the spectra of Figure (3.13c). This is a strong indication
of true quantised current. Maire et al. [52] then concluded that the single-gate
modulated pump has very good low-frequency stability. He estimated the error of

the quantised current to be about four per cent.

Kaestner et al. [53] investigated the robustness of the quantised current of
the single-gate modulated pump against RF power. The experimental conditions
were the same as in [21]. Figure (3.14) shows three pump maps at increasing RF
power of -29 dBm, -26 dBm and -24 dBm, at a driving frequency of 500 MHz. One
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Figure 3.13: Single-gate modulated pump with fast-Fourier-transform
analyser to monitor the noise on the quantised current. (a) Sample,
(b) three spectra vs Ul and U2, (c) average noise power as function of

Ul (adapted from [52])
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can see plateaus of different qualities around the values of I = nef = n80 pA for
n = 1,2,3,4, where on average n electrons of charge e per cycle are transported.
The plateaus become pronounced and extended along the entrance gate voltage
(V1) with increasing RF power. The length of these plateaus is a measure of the
robustness of the quantised current along the entrance voltage (V7). Here the ro-
bustness is measured as the range of entrance voltages, along which the number
of loaded electrons equals the number of unloaded electrons (n, = n;). Therefore,
the pump map of P = —24 dBm, the third graph from the top is more robust
than those of P = —26 dBm and P = —29 dBm. Kaestner [53] calculated the
quantised current value to be I = 80 £ 0.5 pA at the flattest part of the first
plateau for P = —24 dBm at V} = —200 mV. Furthermore, the bottom of Figure
(3.14) shows how the width or robustness window of the first plateau increases
along the entrance voltage from P = —28 dBm to P = —23 dBm at an exit
voltage of V5 = —230 mV. The case of P = —23 dBm has the most robust first
plateau. Kaestner et al. [73] concluded that the robustness and simplicity of the
single-gate modulated pump makes it a potential practical module as a scalable

quantised current source.

Another way to investigate the robustness of the quantised current is to use
a magnetic field. Wright et al. [51] observed that the quantised current is also
robust along the exit voltage (V5) against an applied magnetic field. Additionally,
the introduction of the magnetic field also improves the accuracy of the plateaus.
Figure (3.15) shows the sample measured at a temperature of 50 mK, with a -12
dBm and 306.7 MHz RF signal applied to the entrance gate (V7). The plot on
the left of Figure (3.15) shows the quantised current in zero magnetic fields. The
plot on the right of Figure (3.15) shows that the plateaus elongated along the exit
voltage as the magnetic field changes from 0 T to 2.5 T. This elongation of the
plateaus is an indication of the robustness of the quantised current along the exit
voltage as a function of the applied magnetic field. Wright et al. [51] also showed
that the accuracy of the plateaus in Figure (3.15) improved by about 55 per cent
at 2.5 T. These results are crucial because it provides a technique to improve the

accuracy of the quantised current.

Moreover, he later applied his findings to the case of two pumps operating in
parallel and subjected to a magnetic field [55]. Figure (3.16) left shows a SEM

image of the device, arranged in such a way to eliminate cross-talk and capaci-
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Figure 3.14: Single-gate modulation pump maps showing the increase in
robustness of the quantised current with increasing RF power (adapted
from [53])

tive coupling between the two pumps. Figure (3.16) right presents the resulting
quantised current at 40 mK, 5T and 340 MHz RF signal. Wright [55] tuned both
pumps to the first plateau to produce a total current of 108.95 pA (2ef), and
claimed that the plateau was invariant in the exit voltage to better than 20 ppm
[55].

Shortly after, Kaestner et al. [70] conducted further studies on two pump sam-
ples in high magnetic fields. Figure (3.17) shows the measured results of device 1,
at a temperature of 40 mK and RF power of -16 dBm at 500 MHz. It is evident
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Figure 3.15: Robust quantised current along the exit voltage due to the
application of magnetic fields. The graph on the left shows the quan-
tised current plateau as a function of the exit gate voltage with zero
magnetic field. A SEM image of the device is inserted in the figure.
The figure on the right shows the pump map of the quantised current as
a function of the exit gate voltage and magnetic field. The red circle on
the left and the red lines joining the left and right figure indicates how
the first plateau elongates along the exit gate voltage with increasing

magnetic fields (adapted from [54])

from both Figure (3.17a and 3.17b) that the accuracy and robustness of the quan-
tised current improve with increasing magnetic field (up to 3 T). Furthermore,
he measured device 2, at T = 300 mK, with RF power of -23 dBm at 500 MHz.
Figure (3.18a and 3.18b) shows the results of device 2, and the dependence of
the quantised current on the magnetic field at B = 0 T and B = 10.2 T respec-
tively, as a function of the entrance and exit gate parameters. The top left figure
shows the pump map for plateaus 1 to 4 at B = 0 T, while the top right figure
shows the pump map for the 1st plateau at B = 10.2 T. The first plateau in is
fitted for both the B = 0 T and B = 10.2 T case, see bottom of Figure (3.18).
When we compare the quantised currents at these magnetic fields, and selected
values of V; at -200 mV and -165 mV, we see clearly that the plateau of B = 10.2

T is more robust and accurate along the exit barrier due to the high magnetic field.
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Figure 3.16: Illustrates single-electron parallel pump operation in single-
gate modulated scheme. The picture on the left is the SEM image of the
device with all the electrical connections. Both devices are driven with
the same RF signals. The quantised current graph on the right shows
that when both pumps are operated in parallel the resulting current
for the first plateau is 2e¢f (adapted from [55])

Giblin et al. [50] probed the accuracy of the single-gate modulation pump a
bit further. He compared its quantised current to a reference current derived from
the primary electrical standard, which has a relative accuracy of approximately
107°. A key feature of his experiment is the reference current I, which he gen-
erated by applying a linear voltage ramp to a low loss capacitor. This current is
traceable to the primary maintained standard of capacitance, voltage and time,
and it has a relative systematic uncertainty of 15 ppm. He measured the samples
at 30 mK, with an RF frequency of 340 MHz, and a magnetic field of 5 T. Figure
(3.19ia) shows the resulting low-resolution quantised current of samples A and B
versus exit voltage (Vgp). As expected, both samples exhibited robust plateaus
along Vgp due to the application of the magnetic field. The current obtained for
sample A is I, = 54.474 pA £ 15 ppm 1o. Figure (3.19iia to 3.19iid) shows the
quantised current of sample B as a function of the entrance voltage (Vgs), exit
voltage (Vigp), bias voltage (V) and RF power (Pgr). Figure (3.19iiie) presents
the average values of the current for the two data sets of sample A and four data

sets of sample B. From this figure we notice that the difference in current between
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Figure 3.17: (a) Normalised pumped current by ef vs the V5. The insert
is the schematic of the device. (b) The numerical derivative of the
pumped current in arbitrary units as a function of applied B-field and
V5. The measurements were performed on device 1, at 50 MHz, base
temperature of 40 mK and RF power of -16 dBm (adapted from [56])

samples A and B is (=5 £ 2.5)107%, this indicates possible sample dependence

error at the ppm level, which is limited only by the random uncertainty.

Up until now, we have only reviewed single-gate modulated pumps that were
driven by a sinusoidal signal. However, we are not limited to this type of wave-
form. It is possible to design an arbitrary waveform to drive the pump, and Giblin
et al. [25] did just that. He was able to extend the operating frequency of the
pump by using an arbitrary waveform that took into account the time-dependent
electron tunnelling dynamics. We use Figure (3.20) as a visual aid to understand
how he designed the waveform. Figure (3.20a) shows a SEM image of the sample.
Usually, we modulate the entrance gate with a sinusoid like the one in Figure
(3.20c). As one can see, it contains numbered dots of different colours. The
numbered points indicate approximately, the four stages in the pump cycle: the
loading, back-tunnelling, trapping, and ejection, corresponding to numbers 1, 2, 3,
and 4 respectively. The schematic diagram of Figure (3.20b) shows four potential
landscapes created by the entrance and exit gates corresponding to the four points

representing the pump cycle. An electron is pumped from the source to drain in
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Figure 3.18: Top diagram (a) shows the normalised pump map at B = 0
T, while (b) shows the pump map of the first plateau as it extends in
exit voltage at B = 10.2 T. Bottom diagram (a) shows the normalised
pumped current with zero B-field, while (b) shows the elongation and
robustness of the pumped current in exit voltage at B = 10.2 T (adapted
from [56])

one pump cycle.

Giblin et al. [25] based the design of the arbitrary waveform on the following
assumptions: firstly, by looking at the sinusoid in Figure (3.20c), we see that once
we reliably capture the electron(s), point 3 (potential number 3 in Figure 3.20b),
then most of the pump cycle time is used to eject (point 4) the electron(s) and

load (point 1) other(s). That is, one can use this dwell time to operate the pump
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Figure 3.19: (ia) Shows the low resolution quantised current versus exit
voltage (Vip) data fitted with the decay cascade model for samples A
and B. (ib) Shows high resolution quantised current for sample A, show-
ing data for two measurement runs and the fitting. (iia—d) Quantised
relative to Iy = ef = 54.47400 pA for sample B, as a function of four
control parameters, Vs, Vop, Vs and Prp. (ilie) presents the average
values of the current for the two data sets of sample A and four data
sets of sample B. (iv) Schematic diagram of the measurement (blue),
reference current (green) and gate bias (purple) circuitry, incorporating

a SEM image of a device (adapted from [50])

at a faster rate. Therefore, after capture, we can raise and lower the entrance
barrier quicker. The second assumption deals with capturing the electron reliably
from points 1 to point 3. We know that the error rate at high frequency relates
to the speed of raising the entrance barrier during the capture phase (point 1).
Thus, we must raise the entrance barrier slowly enough during the capture phase
to allow the necessary back tunnelling and reliable capture of the electron(s) to
occur. Following these assumptions, Giblin et al. [25] designed an arbitrary wave-
form shown in Figure (3.20d) that retained the shape of a sinusoid during the
capture phase, and contained the shape of a trapezoidal waveform after the cap-
turing phase. The frequency of the sinusoidal segment is a fifth of the frequency of
the pulse waveform. Therefore, the entrance gate is slowed down during capture

by a factor of five. Thus, the error does not increase too much as the frequency of
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the pulse is increased [25]. That is, a pulse at frequency f should have the same

characteristics as a sinusoid at f/5 [25].

a Entrance Vg, b
gate Exit

—,

~Vae

Figure 3.20: Potential landscapes used to provide a visual aid in the de-
sign of the arbitrary waveform. (a) The SEM image of the sample, (b)
the potential landscapes showing the operation of the single-gate mod-
ulated pump, the numbers represent the pump cycle phases: 1-loading,
2-back-tunnelling, 3-trapping and 4-ejection. The colours correspond
to those in (c) which is the conventional sinusoid. (d) The trapezoidal
waveform showing the slow sinusoidal segment and fast trapezoidal seg-

ment (adapted from [25])

Figure (3.21iii) shows a schematic representation of the measurement setup.
The pico-ammeter used in the experiment is limited to 100 ppm accuracy, even af-
ter calibration. This is due to drift in the gain of the pre-amp stage. So, to achieve
the required ppm accuracy, Giblin [25] generated a reference current /g opposite in
polarity to Ip by applying a voltage Vc across a temperature-controlled 1 GOhm
standard resistor. He measured the device at 300 mK and applied a magnetic
field of 14 T. We can see the dramatic effects of the AWG pulse on the quantised

current in Figure (3.21liia to 3.21iic). It shows the plot of the fractional deviation
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(AIp=105(Ip — ef)/ef) of the pumped current in ppm for different frequencies.
Initially, in Figure (3.2liia), a 400 MHz sinusoid stimulates the entrance gate,
and we see a broad plateau with uncertainty of 3 ppm. Giblin [25] claims that
random uncertainty Ur dominates the overall uncertainty. When he increased
the frequency to 630 MHz, the plateau became narrow but remained quantised in
exit voltage. A further increase in the frequency results in a loss of quantisation.
Figure (3.21iib and 3.21iic) illustrate how we can recover the quantisation by stim-
ulating the entrance gate with an AWG pulse instead of a sinusoid. At 630 MHz,
the plateau doubles in exit voltage compared to Figure (3.21iia). At 945 MHz,
where there was no plateau previously, a quantised current is now present after
stimulating the entrance gate with the AWG pulsed wave. Giblin showed that the
current generated by the AWG at 945 MHz was about 150 pA (see Figure 3.21i),
with a total systematic uncertainty of 1.2 ppm, which is dominated by the 0.8 ppm
systematic uncertainty in the calibration of the resistor. They claim an accuracy
of one or two orders of magnitude better than the experimental uncertainty could

be achieved according to the cascade decay model [25].

In 2019, Howe and Blumenthal et al. [1] conducted a study in which they dis-
covered a ‘new’ single electron pumping mechanism that leads to the ‘long pumping
regime’ (LPR). In this study, they pumped electrons over a one-dimensional split
gate confinement potential rather than over the conventional finger-gate potential.
In the LPR, the plateaus of the quantized current are over two orders of magni-
tude longer than those of the conventional pumps and turnstiles, which operate
in the ‘conventional pumping regime’ (CPR). These extended plateaus are robust
along the exit and entrance gate voltages of the pump with increasing RF power
and increasing source-drain bias voltage. They conducted the experiments at a
temperature of 6 K, with zero magnetic fields (B = 0 T) and a driving frequency
of f = 180 MHz.

Figure (3.22a) shows the measurement setup of the sample. The actual sample
is in Figure (4.30). Figure (3.22b) shows that the plateau width increases with
an increasing RF power. That is, the plateaus are robust in entrance gate volt-
ages. This result is consistent with the study conducted by Kaestner et al. [53].
The two experiments agree although different pump geometries are used. We also
notice that the length of the plateaus becomes more robust with increasing RF

power. That is, the plateaus elongate along the entire range of the exit voltages
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Figure 3.21: (i) High-resolution measurement of the pump current as a
function of exit gate voltage on the n = 1 plateau with f = 945 MHz
and B = 14 T. (ii) Effect of AWG on pump performance for sample
1. (a) Fractional deviation of quantised current from ef in ppm, for
a sinusoid driven at 400 MHz (circles), 630 MHz (squares) and 945
MHz (triangles) vs Vexit. (b,c) quantized current vs offset exit gate
voltage VG2, at 630 MHz (panel b) and 945 MHz (panel c). open
(solid) points indicate sine wave (AWG pulse) drive. (iii) Schematic
circuit of the measurement setup. The pump is depicted as a current

source (adapted from[25])

with increasing RF power. Figure (3.22c) shows that an increasing source-drain
bias elongates the plateaus along the exit gate voltage, making them robust in

exit voltage.

The reason we enter into this long plateau regime is explained by the model
provided for the finger-split gate configuration in [1]. The cross-section of the
potential profile for the finger-finger gate versus the finger-split gate geometries
with the energies along y = 0 is shown in Figure (3.23). The finger-split gate has

its maximum potential energy at 5.076 x 10~7 m, within the region of the entrance
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Figure 3.22: Illustrates the long pumping regime with increasing RF
power and source-drain bias voltage. (a) Schematic of gate profile and
experimental setup, (b) Pumpmaps in the long plateau regime for dif-
ferent RF amplitudes and (c) Pumpmaps in the long plateau regime for

different source-drain bias voltages (adapted from [1])

finger gate. It is thus favorable for the electron to leave through the exit split gate
centred at x = 0 m. In the case of the finger-finger gate geometry, the position of
the maximum potential is at x = 2.820 x 10~? m, within the physical boundary of
the exit gate and therefore clearly blocking any path for the electron to exit, and
thus pump [1]. This happens because the source-drain bias pulled the split-gate
saddle point potential low, thus reducing the exit gate voltage required to form
the quantum dot. Therefore, the pump could operate in the long plateau regime

for some range of the entrance gate voltages.

3.3 Summary of the Properties of Single-Gate

modulation pump

The single-gate modulated pump realised by Kaestner [21] has the following prop-
erties: It has a very simple geometric architecture, using only two gates, making
it easy to fabricate. It has very good low-frequency stability, and the quantised
current is only a function of the pump’s driving frequency [52]. This pump is

robust along the entrance gate. This is, the length of a plateau along the entrance
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Figure 3.23: Presents the potential profile model for the finger-finger
gate (top left) and split-finger gate (top right). A potential energy cut
along y = 0 m for the finger-finger gate is shown on the bottom left,
it has a maximum at the finger gate at x =0 m. While that for the
split-finger gate is shown on the bottom right, and it has a minimum
on the split gate at x=0 m. A contour map of the split-gate potential
is in the middle (adapted from [1])

gate increase with an increase in the RF power [53]. This pump is also robust
along the exit gate, meaning the length of the plateau increases with increasing
magnetic field [51]. These facts makes the single-gate modulated pump a potential
module for a scalable quantised current source [53]. The implication of this is that
we can combine the single-gate modulation pump in various ways to implement
the Ampere standard. Such an experiment was carried out by Wright [55], who
showed that two single-gate pumps could be operated in parallel. Finally, Giblin
et al. [25] showed that an arbitrary wave could increase the pumped current due to
an increase in the driving frequency, without introducing error. These properties
make the single-gate modulated pump a very good candidate in the realisation of
the Ampere standard. We used these properties, and along with Giblin’s scheme

to study the effects of an arbitrary waveform on finger-split gate single-electron

pump.

Page 52



Chapter 4

Sample Fabrication And

Instrumentation

4.1 The Growth and Patterning of Low Dimen-

sional Semiconductor Nanostructure Devices

As the demand grew for faster and smaller technology during the past five decades,
so did the challenge to create such miniature high performing devices. The on-
going miniaturization of solid-state devices has stimulated the studies of ‘new’
physical properties in low dimensional solids. In particular, those properties aris-
ing from charge quantization and quantum mechanics. In the angstrom scale,
these devices are clustering of atoms whose properties can be regulated with ex-
ternal gate contacts. Examples of such devices are two-dimensional electron gas,
nanowire, and quantum dots [27]. The studies of the properties of these devices
have been possible during the past three decades owing to the huge breakthroughs
in nanofabrication technology [13]. This section reviews the relevant technological
advancement required to fabricate low dimensional solid-state devices and it is the
first step to understanding how they operate. In particular, the section will focus
on the growth and patterning of GaAs/AlGaAs low dimensional heterostructure

system.

4.1.1 Cleanroom

Nanofabrication takes place in a special environment called a cleanroom, as illus-
trated in Figure (4.1). The cleanroom houses many high-tech systems, such as

deposition systems, lithography systems, wire bonding systems, and many more.
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The formal definition of a cleanroom is stipulated by the international organi-
zation for standardization (ISO) [57], but simply put, cleanrooms are facilities
designed for manufacturing products or conducting research that requires an ex-
tremely clean environment [58]. To ensure the reproducibility and reliability of
the fabricated devices, various cleanroom techniques are employed to control the
number of airborne particles entering the room because these particles can con-

taminate the sample being fabricated [57][58].

Figure 4.1: Illustrates a cleanroom environment (adapted from [59])

Contaminates could arise from various sources: dust, grease, bacteria, light,
and many others could be present in the room that could change the dimensions of
the device part or dirty the surface of the device, thus reducing the device process-
ing yield, performance, and reliability [57]. Therefore, the allowed contaminants
in the cleanroom have to be controlled. The primary way to control these contam-
inants is to use airflow principles like laminar and turbulent flow. Various filter
systems are utilized to filter the air entering and leaving the room. Additionally,
strategies such as enforcing a special dress code and washing of hands, pass-thru
lockers and chambers, and intensive detail to cleaning are exercised [53]. The qual-
ity of the cleanroom is measured by a standard based on the number of particles
per cubic meter present in the room and the primary standard is stipulated by

the ISO. The standards are called ‘grade’ or ‘class’.
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4.1.2 Deposition

Thin-film (coating) is a layer of a material placed on the surface of another mate-
rial to modify and increase the physical, chemical, and morphological properties
of the surface of the material. The material being coated is called a substrate,
while the coating is the thin-film on the surface of the substrate. The thickness of
the film ranges from several nanometers (monolayer) to several micrometers [60].
The deposition process controls the synthesis of materials as thin films, that is any
technique used for depositing a thin layer of materials onto a substrate or surface
[60]. In general, deposition processes are in principle divided into two types: first
those involving an atom-by-atom transfer mode such as chemical vapor deposition
(CVD) and physical vapor deposition (PVD) process of evaporation, etc, and sec-
ond those involving droplet transfer such as plasma spraying and arc spraying, etc
[60]. The difference between PVD and CVD is that the former uses mechanical,
electrochemical, or thermodynamic means to produce thin-film on the substrate,
while the latter uses a fluid precursor that undergoes a chemical change on the
surface of the substrate [00]. Here we focus on the thermal evaporation process
called molecular beam epitaxy (MBE) PVD technique. This technique is used to
grow two-dimensional electron gas (2DEG) systems at the interface of gallium-

arsenide and aluminum-gallium-arsenide heterostructure.

MBE is an atomic layer crystal growth technique based on the reaction of
molecular or atomic beams with a heated crystalline substrate, performed in an
ultra-high vacuum (UHV) environment [01]. It makes possible the growth of het-
erostructures with compositions varying on a spatial scale of one to one hundred
crystalline-lattice constants [26][62]. With this technique, it is relatively easy to
grow a good interface of AlGaAs on top of a GaAs substrate. Figure (4.2a and
4.2b) shows an actual and detailed schematic of the MBE system respectively. The
system contains heated cells (known as Knudsen-cells) which houses the materials
to be grown such as tin (Sn), aluminum (Al), gallium (Ga), arsenic (As), and
manganese (Mn). A substrate to grow the material, heaters, and shutters. These

components are all inside a vacuum chamber attached to a vacuum pump.

MBE is essentially a two-step process as illustrated in Figure (4.3). During the
first step, atoms or molecules which are the constituents of the growing material
(e.g. atomic Ga and As for GaAs) are evaporated from the solid sources in the

heated cells, collimated into beams, and are directed towards a heated substrate
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(a) The 3” Veeco Mod Gen II system at Cambridge University
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(b) A schematic of the inside of a MBE system

Figure 4.2: (a) The 3” Veeco Mod Gen II system at Cambridge Uni-
versity. It is used to grow GaAs/AlGaAs high mobility structures on
GaAs and InP substrates , and (b) shows that the system has Ga, Al,
In, As, Si, Be, and Carbon sources (adapted from [63] [61])
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typically a few centimeters in size. The deposition onto the substrate is ballis-
tic and the particles are said to undergo molecular flow. The substrate is often
rotated for more uniform deposition rates across the substrate. The second step
takes place on the surface of the substrate, where the deposited species are al-
lowed to migrate on the surface of the substrate prior to their incorporation into
the growing material substrate. This migration determines the profile or mor-
phology of the film and its effectiveness depends on various factors such as the

deposition rates of elements, surface temperature, and surface conditions to name
a few [20][01].
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Figure 4.3: Illustrates the epitaxial growth technique, where materials
in the cells are layered one on top of the other to grow semiconductor

wafers, and novel material for research development (adapted from [64])

4.1.3 Lithography and etching

Device growth is the initial step in the nano-device fabrication process. After this
initial step, the device is not yet ready for practical use. Further processing is re-
quired to make the device practical, such as patterning various geometric shapes,
adding contacts and gates on the otherwise smooth cross-section of the grown het-

erostructure to allow the device to interact with its environment. This patterning
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process is called lithography. Lithography is a technique used to transfer a ge-
ometric pattern onto a resist such as polymethyl methacrylate (PMMA). Many
lithographic methods exist, for example, electron beam lithography (EBL), pho-
tolithography, and X-ray lithography to mention a few. Photolithography finds
its application mainly in the semiconductor industry to fabricate devices such as
microchips. X-ray lithography is utilized in the electronics industry for selective
removal of parts of a thin-film. Ion lithography is used to create very small struc-
tures such as integrated circuits or other nanostructures [65]. On the other hand,
electron beam lithography as shown in Figure (4.4) has long been established as
a very flexible and reliable technique for nanotechnology applications. It offers
the best resolution compared to other lithography techniques. The current EBL
machines allow access to features sizes as small as few nanometers. However, such
an ultimate resolution is not easily attained. The process requires a systematic

methodology of the sample preparation and optimal system adjustment [65].

Figure 4.4: The Tescan MIRA3 Advanced SEM with RISE Microscopy
located in the Aaron Klug Centre for Imaging and Analysis at the
University of Cape Town (UCT)
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Here we highlight only the general concepts of lithography, that is, the lithogra-
phy process flow, exposure methods, photo-resist, and pattern transfer. A typical
lithography process sequence is shown in Figure (4.5a), where the substrate is
spin-coated with PMMA, followed by exposure of the resist with electron-beam,
thereafter, the sample is developed, from there Ti and Au are deposited on the
sample and finally, the lift-off process takes place. Examples of finished nano-

devices are shown at the bottom of Figure (4.5b).

cos (a) A i . L] * Au
[ p—
w Y r'yv ey
Substrate - = = = =

Spin coating E-beam writing Development Cr or Ti deposition Au deposition Lift-off

(b)

2DEG

Finger Gates
Split Gates

Figure 4.5: (a) Typical lithographic process sequence (adapted from [66]),

and (b) Single electron pump sample

4.1.4 Inspection

The basics of nano-device growth and fabrication were presented in the previous
sections. The follow-up step is to inspect and measure the fabricated structures.
The inspection can be done using various methods: The optical microscope method
can be used for surface profile, to measure the ‘x,y’ lateral dimensions of the
device. Mechanical probing can be done to the device to measure its thickness. By
scanning a probe in contact with the surface of the device one can get information
such as the thickness or depth of the device’s cross-sectional area. The scanning
electron microscope (SEM) results in a higher resolution than visible light and can
be used to inspect the surface of the device equally. Finally, the resistance of the

sample can be determined by using probes to measure electrical resistance.
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4.2 Sample Fabrication and Site

The ideas in Section (4.1) are now used in the fabrication process of the GaAs/AlGaAs
single-electron pump samples to be experimentally studied in this report. The fab-
rication process included the use of a cleanroom, molecular beam epitaxy, optical
and electron lithography, etching, and other steps necessary to have a device with
the required performance that allows the study of quantisation effects such as
charge quantisation. The device is composed of a GaAs/AlGaAs two dimensional
electron gas heterostructure, Ohmic contacts, finger gates, and split gates. The de-
vices were fabricated in the cleanroom at the Cavendish Laboratory at Cambridge

University by Dr. Hume Howe .

4.2.1 Wafers

The standard GaAs/AlGaAs high electron mobility transistor (HEMT) wafers
were used to fabricate the devices. The wafers were grown in the Cavendish by
Dr. Harvey Beere and Dr. Ian Farrer using the molecular beam epitaxy process,
discussed in Section (4.1.2). The layered structure of the standard HEMT wafer is
shown in Figure (4.6). Different layers of GaAs and AlGaAs were grown on top of
the un-doped GaAs substrate. The growth sequence began with the growth of the
GaAs substrate, which formed the bottom layer. Then a 40 nm layer of undoped
AlGaAs was grown on top of the GaAs substrate. This layer called the ‘spacer
layer’ in literature separates the impurities of the doped AlGaAs layer from the
GaAs layer, and so it increases the carrier mobility in the 2DEG. Following that, a
40 nm layer of Si-doped AlGaAs was grown on top of the undoped AlGaAs spacer
layer. The Silicon-doped (Si-doped) layer has a high carrier density, and at low
enough temperature, enough of these carriers will migrate to the interface of the
undoped AlGaAs/GaAs to form the 2DEG. Finally, a 10 nm layer of undoped
GaAs functioning as a protective layer was grown on top of the Si-doped AlGaAs

2

layer. The wafer used in this report has a carrier density of 1.87 x 10® m~2 and

mobility of 101 m?/Vs in the dark at 1.5 K [17].

4.2.2 Masks

The fabrication process requires 3 to 6 layers to be patterned, depending on

whether oxides or top gates are added. Electron beam and optical lithography
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Figure 4.6: A diagram of the layer structure of the wafers used (adapted
from [47])

were both used to make the patterns. Optical lithography was used whenever
possible because it allowed for the patterning of thicker gates, quicker and cheaper
processing. The optical lithography process utilizes a mask to pattern the relevant
layers. Here masks were used in 3 main optical processing steps: mesa, Ohmic,
and gates [17].

The mask used to pattern our devices were adapted from Dr. Masaya Kataoka’s
NPL mask. It is called the HHH mask, and some of the patterns of the adapted
masks are illustrated in Figure (4.7). The mesa is shown in Figure (4.7a), where
the large central region has 14 arms to which Ohmic contacts are made. The
asymmetry of the mesa makes it easy to align and the spaces on either side of the
central region are available to address the chip with an ID. The Ohmic contacts
are shown in Figure (4.7b). When the Ohmic contact is combined with the mesa,
it gives multiple combinations for 2 terminal and 4 terminal measurements. The
Ohmic pads cover both the Ohmics and gates; this design offers more flexibility

in terms of which the combination of Ohmics and gates to be utilized in an exper-
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Figure 4.7: A schematic of the HHH mask, described below, showing the
(a) mesa, (b) Ohmics, (c) narrow etch, (d) gates, and (e) the patterns
overlaid (adapted from [47])

iment. Additionally, annealed Ohmics improves the adhesion of the gates. The
pads are denoted A1 — J2; conventionally, the combination C1, C2, J1, J2, K1,
H2 are used as Ohmics and the rest as gates in a measurement. A secondary etch
was done to isolate the gate arms from the Ohmic arms and to create a narrow
channel for the pump. Figure (4.7c¢) shows the secondary etch channel. Electron
beam lithography was used for the small region of gates. It is more difficult to
bond to EBL gates than optical gates because they are thinner. The optical gates

overlap the EBL gates to create one set of electrically continuous gates as shown in
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Figure (4.7d). Figure (4.7¢) shows the patterns overlaid for this mesa, secondary
etch and gate combination. There are additional combinations for different exper-

imental designs [47].

4.2.3 Scribing, cleaving and cleaning

Before the patterning process began, the wafer was scribed into the desired size of
the chip. The chip size depends on the design of the optical mask and the number
of devices required. A scriber is a machine with a diamond-tipped stylus, used to
score the wafer. The wafers were typically scribed into 8 mm by 10.5 mm chips,
with a margin for edge-bead removal. The chips were scribed with one edge par-
allel to the major flat, which was used to align the mesa. Edges (roughly 1-4 mm)
were scribed along the major or minor flat. Once the wafer was scribed into chips,
it was transferred to a cleaving block, containing a step separating two planes.
The wafer was positioned such that the score is parallel to the step. Glass was
used to secure the edge not hanging, while the hanging edge was gently pushed
down with tweezers on the side with the score. The chip should break off cleanly,
with the edges following one plane of the crystal lattice. Finally, the chips were
cleaned by placing them in acetone in an ultrasonic bath for about 5 min, rinsed

in isopropanol (IPA), and dried with nitrogen (N2) [17].

4.2.4 Optical mesa

The mesa was initially defined optically, then wet etched, leaving only the re-
gion of the 2DEG that defines the channel. A yellow room, see Figure (4.1), was
used to expose the resist and develop the mesa when exposed to ultraviolet (UV)
light. The procedure for creating the optically defined mesa is illustrated in Figure
(4.8). The cleaned chip is shown in Figure (4.8a). The chip was first pre-baked
on a hotplate at 125°C for 5 min to ensure that it was solvent-free. Next, Shipley
Microposit 1805 photoresist (PR) was spun onto the chip, see Figure (4.8b). The
resist was hardened by baking the chip at 90°C for 2 min. Then the devices were
positioned under a mask in an aligner, and the mesa pattern was aligned such
that the mesa channel was parallel to the major flat as shown in Figure (4.8¢c).
The devices were then exposed to UV for 3.5 sec. The exposed resist was then

dissolved in MF-319 developer for 35 sec, rinsed in demineralization (DI) water,
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and dried with N2 see Figure (4.8d). After that, the etching process takes place.
A hydrochloric acid (HCL) oxide removal stage is done before the etching step to
ensure that the etching is consistent among the devices. This was done by dipping
the devices in a dilute HCL:H,O (1:5) mixture for 15 sec and then rinsing it in
DI water. To etch the devices without etching into the photoresist a mixture of
sulphuric acid (H2S04) and hydrogen peroxide (H202) was utilized. The H202
oxidizes the surface of the device, while the H2SO4 removes the oxide. The most
frequently used etchant was H2SO4:H202:H20 (1:8:120), which etches at a rate
of about 2 nm/s. The device was etched past the 2DEG, see Figure (4.8e), then
it was rinsed in DI water and dried with N2, see Figure (4.8f) [17].

Develop Etch Clean

Figure 4.8: A diagram showing the steps to produce an etched optical
mesa (adapted from [47])

4.2.5 Ohmics

An electrical connection to the 2DEG is made via the Ohmic contacts. The Ohmic
contacts were patterned and developed, and then evaporated and annealed from
the HHH mask in Figure (4.7b). The steps used to create the Ohmic contacts are
illustrated in Figure (4.9). The mesa etched device from Figure (4.8f) is again
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presented in Figure (4.9a) as the starting point for the creation of the Ohmic con-
tacts. The device was first pre-baked at 125°C for 5 min, then Shipley Microposit
1813 was spun on it at 5500 rpm for 45 sec. It was then baked at 90°C for 2 min
as shown in Figure (4.9b). After that, the device was positioned into an aligner,
and the mesa was aligned to the Ohmic pattern using the alignment marks etched
into the mesa and exposed to UV light for 6.5 seconds, see Figure (4.9¢). Before
developing, the top of the photoresist was hardened so that an undercut profile
would be created when the photoresist was developed, Figure (4.9d). The hard-
ening was done by putting the device inside chlorobenzene for 1 min then dried
using N2. The device was then placed in the MF-319 developer for 55 sec, see
Figure (4.9¢). The developer takes longer to dissolve the hardened resist than the
normal resist does, which creates the undercut profile needed to ensure a good
lift-of. It was then rinsed in DI water and dried with N2. An HCL oxide removal
was done after inspecting the device under a microscope to ensure the PR was
fully developed. This is to ensure that the evaporated metal made good contact
and stuck. The oxide removal step was done as close as possible to the time the

device was loaded into the evaporator [17].

The type of metal that was used was a gold germanium nickel (AuGeNi) alloy.
The gold makes the electrical contact, the germanium helps the gold diffuse, and
the nickel smooths the gold diffusion and makes it stick. Figure (4.10) shows the
evaporator: it consists of a tungsten boat holding alloy slugs and a metal plate
that holds the device above the boat and facing the boat. All of which are housed
in a vacuum Bell jar. The alloy heats up and melts when a large current is passed
through the boat. The boat itself does not melt because it is made of tungsten. Its
melting temperature is twice that of AuGeNi. The thermally evaporated AuGeNi
does not scatter in a high vacuum (lower than 107 mbar for AuGeNi), and so it
gets deposited ballistically onto the device. A crystal monitor is used to measure
the amount of deposited metal. The quartz crystal is resonated at a known fre-
quency, and the change in the resonant frequency is measured as metal is deposited
onto it. The thickness of the metal evaporated should be sufficient for it to diffuse
well into the 2DEG and to be easy to bond to, usually this would be around 140
nm, see Figure (4.9f and 4.9i). However, the evaporated metal thickness should be
less than the undercut height. Once the required AuGeNi thickness was reached,
a shutter that blocks the line-of-sight path from the boat to the device was closed

[47].
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Figure 4.9: Illustrates the steps required to produce Ohmic contacts.
Details of (a) through (h) are provided in the text. (i) is a zoomed in
diagram of (f) showing the undercut profile of the photoresist (adapted
from [47])

After the evaporation process, the device was placed inside a sealed jar con-
taining acetone for about an hour. The jar was sealed to prevent leaving the
device with incomplete lift-off because acetone evaporates quickly Figure (4.9g).
To ensure that the metal Ohmics were in electrical contact with the 2DEG, the
AuGeNi pads were annealed using a rapid thermal annealer (RTA), which melts
the AuGeNi at a high temperature, allowing it to diffuse into the device, Figure
(4.9f). A typical annealing process is KENO1, which heats the device to 430°C for
80 sec. The contacts were tested with a probe station, which is a simple device
consisting of two probes that can be controlled with micro-manipulators, attached
to a digital multimeter. For the classical 40 nm HEMT with a > 1800 pm long
and > 80 pum wide channel, the resistance across a 2DEG at 300 K should be
R < 30 in the light, R < 50 in the dark, and R < 52 in the dark at 77 K [17].
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Figure 4.10: The evaporator (adapted from [17])

4.2.6 EBL mesa

The mesa was initially optically defined in Section (4.2.4). It was etched to 170
pm wide in the central region and 50 yum wide at the narrowest regions. In this
section, the EBL patterning process was used to further etch the fine features on
the mesa. Quantum pump devices typically require the conduction channels to
be patterned with a width ranging from 700 nm to greater than 2 pum. How-
ever, the effective width of the channel is smaller than its actual width because
of the sidewall depletion. The free electrons are trapped on the sidewalls due
to dangling bonds and DX scattering centers. The depth and roughness of the
mesa etch determine the amount of depletion. Such features sizes are too small for

optical lithography methods; therefore, they are done with the EBL technique [17].

The device was RF-ashed for 40 sec, and HCL dipped to de-scum and remove
any oxide in preparation for EBL. It was then put in the oven for 20 min at 150°C
to evaporate any solvents. (PMMA) 950 K A4 Neat was spun on top at 5500 rpm
for 1 min, and it was baked for a further 10 min at 150°C to harden before it was
submitted for EBL. Once the mesa patterning was done, the device was developed
in MIBK:IPA: MEK (5:15:1) fast-feature EBL developer for 8 sec, rinsed in IPA,
and dried with N2 [17].
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The most challenging stage of processing is perhaps the mesa etch. The prob-
lems presented at this processing stage seems to be the major reason for low device
yield. Issues such as electrons which are trapped by DX scattering centers and
dangling bonds around the edge of the 2DEG are the primary cause. This does not
pose a problem for wide channels, but it does for narrowly defined channels. This
issue was addressed by etching only partially into the dopant layer as depicted in
Figure (4.11). By shallow etching, one could ensure that some dopants are left to

fulfill the surface states, and more electrons remain in the channel, which helps

the device to conduct [17].
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Figure 4.11: Illustrates the relative depths of an optically patterned deep
etch and an EBL patterned shallow etch (adapted from [47])

The devices were etched 40 nm from the GaAs cap into the doped AlGaAs
layer see Figure (4.12c). To accurately etch the correct depth, a row of devices
was scribed for calibration. These calibrated chips were HCL-dipped to remove
any oxide before etching. A slow etch solution H3PO4:Hs04:HoO (1:1:38) with an
etch rate of about 1 nm per second was used to better calibrate the etch depth

and to minimize the effect that the etch speed can have on the surface roughness.
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Heat and light can affect the etch rate, although the rate depends predominately
on the percentage of HyOy present and its distribution. Therefore, the solution
was left to stabilize for at least an hour before use and the device was etched in
the shade. The etching procedure is the same for both optical and EBL etching
as described above in Section (4.2.4), only in the case of the EBL, the etching
solution was slower. The device was placed in acetone for 2 min after etching to
remove the remaining PMMA, rinsed in IPA for 1 min and dried with N2. An
Atomic Force Microscope (AFM) was used to check the depth of the etch. Based
on the measurements for the calibration devices, the etching time was adjusted

accordingly [17].
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Figure 4.12: (a) An SEM image illustrating the deep and shallow us-
ing surfactant, (b) a zoomed-in false-colour image with the deep etch
(green), and (c) A shallow etch with no surfactant added (blue)
(adapted from [47])
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After the shallow etch, the devices were inspected on the probe station to see if
the shallow etch worked. The etch profile, wafer characteristics such as light and
dark conduction, and the level of parallel conduction determines the resistance of
the narrow channel. However, it was found that invariably a working channel has
a resistance of about 1.5 times that of the wide channel. It is crucial that there

must be no conduction between the gates and the Ohmics to prevent gate leakage

[47].

4.2.7 EBL gates

The gates, like the mesa, were formed using a two-step process. An optical pattern-
ing process was used for the grosser features of the gates, and the EBL patterning
process was used for the finer features of the gates. The method to prepare the
device for EBL gates was similar to that for EBL etch, except a bilayer PMMA
was used to create an undercut profile, which assists in lift-off. The device was
first RF-ashed for 40 sec, then it was HCL-dipped to de-scum and remove any
oxide. It was then pre-baked in the oven for 20 min at 150°C to evaporate any
solvents. PMMA 100 K A6 Neat was spun on at 8000 rpm for 1 min, and the de-
vice was baked on a 180°C hot plate for 3 min. The second layer of PMMA 950 K
A11:MIBK (1:5) was less viscous than the 100 K A6 Neat, so it spun thinner, but

required a higher e-beam dosage to pattern, thus creating the undercut profile [17].

The solvent in the second layer PMMA will dissolve the PMMA on the first
layer. Hence, the device must be spun within a couple of seconds of pipetting the
second layer PMMA. The device was finally oven-baked for a further 10 min at
150°C to harden the PMMA and then submitted to EBL. After patterning the
gates, the device was developed in MIBK:IPA: MEK (5:15:1) fast-feature EBL
developer for 8 sec, rinsed in IPA, and dried with N2. After the EBL gates were
developed, there were very small delicate regions of PMMA that may be traded-off
if left exposed. So, the devices were developed as close as possible to the time they
were loaded into the evaporator. The gates evaporation is similar to the Ohmics
evaporation, but it is a two-layer Ti/Au evaporation. To form a sticking layer
between the gold and the GaAs, a thin layer of Ti (5-15 nm) was first evaporated
since the adhesion of Ti is much better than that of Au. Evaporating gold requires
a much lower vacuum (10~°mbar) than titanium (10~"mbar). Consequently, a thin

layer of gold (20-40 nm) was evaporated, determined by the etch depth. Devices
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were left overnight in a sealed bottle of acetone. This is required for small feature
sizes because the acetone takes more time to dissolve the PMMA in the areas
between the pump gates. Figures (4.13a and 4.13b) illustrate the SEM images of
the gates with a correct amount of Ti/Au deposited, enough to climb the shallow
etch but not too much that they short. After evaporating EBL gates, the device
is very sensitive to static; therefore, great care was taken in handling the device
[47].

Figure 4.13: SEM image of a device with desire EBL-gates (adapted from
[47])

4.2.8 Optical gates

The optical gates are an extension of the EBL gates to the bonding pads. The
processing of the optical gates are similar to that of the Ohmics described in Sec-
tion (4.2.5), except the gate pattern of the mask was exposed instead of the Ohmic
pattern. Ti/Au (20 nm/100 nm) was then evaporated onto the device using the
evaporation process described in Section (4.2.7). Figure (4.14) shows the optical
gate Lilly padding (red oval), caused by the undercut profile of the photoresist.
This can be avoided by taking alternative steps such as lift-of resist (LOR). How-
ever, layering the optical gates after the EBL gates work too. Furthermore, even
without Lilly padding, the gold deposited for the EBL gates is about a third of
the thickness of the gold deposited for the optical gates. This makes the layering

easier to ensure electrical contact [17].
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Figure 4.14: SEM image illustrating lillypadding of the optical gates
(adapted from [47])

4.3 Instruments: their Reliability and Validity

4.3.1 The dilution refrigerator

To observe the quantum properties of a miniature device, not only is it necessary
for one to be concerned with the size and dimensions of the devices, but also the
environment in which the devices will be measured. Good electron transport mea-
surements at a nanoscale necessitate a low-temperature environment for several
reasons: quantum effects do not persist at high temperatures; the Fermi-Dirac dis-
tribution is sharp at low temperatures; other forms of energy become dominant,
leading to phenomena such as Coulomb blockade; lattice vibrations (phonons) are
much weaker at lower temperatures, resulting in low electron-phonon interactions.
The environment of interest here is a refrigerator at less than 10 K. The devel-
opment in low-temperature technology has led to three refrigeration techniques
that dominate low-temperature physics today. Temperatures in the Kelvin range
down to about 1 K are reached by the evaporation of liquid *He. The millikelvin
range is entirely dominated by the 3He -*He dilution refrigeration technique, which
typically reaches a minimum value of 10 mK; the present record is about 2 mK.
Finally, in the microkelvin temperature range, the nuclear adiabatic demagneti-
zation method is used; this technique can reach temperatures below 1.5 uK [67]
[68].
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Phase diagram of liquid *He -*He mixture:

The 3He -*He dilution refrigeration method will be the focus of this report.
It is the only continuous refrigeration technique for temperatures below 300 mK.
Furthermore, magnetic fields, which are often needed in low-temperature experi-
ments have negligible effects on its performance. Today this method is the most
important refrigeration technology for the temperature range between about 5 mK

and 1 K, and it is the base from which lower temperatures can be reached [67] [65].

The cooling of a dilution fridge can be understood by studying the phase di-
agram of the mixed Isotope of liquid *He and “He. The *He concentration x vs
the temperature T phase diagram of liquid *He -*He mixtures at saturated vapour
pressure is illustrated in Figure (4.15). It reveals several remarkable features of
the mixed isotopes. Let us consider the pure liquids; one can see that *He be-
comes a superfluid at 2.177 K. By contrast, the Fermi liquid *He does not show
any phase transition in the temperature range of interest. We see that eventually,
the *He superfluidity terminates for *He concentrations higher than 67.5 per cent.
At this concentration and temperature of 867 mK, the Lambda-line meets the
phase separation line. This implies that below this temperature, the two isotopes
only form a homogeneous mixture for certain limiting concentrations, which is

temperature-dependent [(7].

This forbidden region is the region where there is no combination of tempera-
tures and concentrations allowed for the helium mixtures. Therefore, if one cools
a helium mixture (with z > 6.6 %) to temperatures below 870 mK, then the liquid
will eventually separate into two phases, one rich in He and the other rich in 3He.
The 3He rich liquid floats on top of the *He-rich liquid because it is less dense.
If the temperature is decreased close to absolute zero, then we notice that the
3He-rich liquid becomes pure *He. What occurs on the *He-rich side is astonish-
ing. Here the concentration of the dilute isotope *He does not approach zero even
though the temperature is approaching zero. It reaches a constant concentration
of 6.6 per cent *He in “He at saturated vapour pressure even for T = 0 K. This
finite solubility is of the utmost importance for *He -*He dilution refrigeration

technology, without which, it would not work [67].
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Figure 4.15: Phase diagram of liquid *He -*He mixtures at saturated
vapour pressure. The diagram shows the lambda line for the superfluid
transition of “He, the phase separation line of the mixtures below which

they separate into a “He-rich and a *He-rich phase (adapted from [67])

4.3.2 Dilution refrigerator at the University of Cape Town

System description:

The nanoelectronics research laboratory at the University of Cape Town houses
a Leiden Cryogenics CF-CS81-1600 cryogen-free dilution refrigerator as depicted
in Figure (4.16). It consists of a dilution cryostat unit, a gas handling system
(GHS), and a compressor for the pulse tube (PT). Consider the dilution cryostat
unit, when it is assembled, externally it has a large Dewer called the outer vacuum
can (OVC), see Figure (4.17), which contains the evacuated cold regions of the
fridge. The OVC is bolted onto the top flange via an O-ring. The flange hosts
many components such as a manifold of interconnected lines, valves and gauges,
the pulse tube insert, several clear-shorts for insertable probes, leads to the mag-
net below, leads to the high-power heaters and pumping outlet to the OVC. This
flange rests on top of two wooden planks which in turn sits on the platform of a
lifting table operated by a motor shown in Figure (4.18). The manifold couples
the lines coming from the GHS to the cold part of the dilution refrigerator via the
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appropriate standard valves. The valves are electric, mechanic, and pneumatic.
The manifold also contains connector heads for electrical wiring coming from the
cold region below. The PT insert has a cold head that sits on the top flange. The
Helium gas inlet and outlet enter this cold head via a motor that operates a valve
that controls the motion of the Helium gas between the compressor and the cold
head. A cold-insertable probe can also be bolted on the top flange and it offers
the advantage to change the sample quickly during operation [(9].

Figure 4.16: UCT’s Leiden Cryogenics Cryogen-free CF-CS81-1600 Mod-
els dilution refrigerator. The typical components are: The gas handling

system, the dilution cryostat unit, and the pulse tube compressor

Internally the cold regions of the fridge are defined by several cylindrical
flanges, see Figure (4.19). These flanges get colder the further they are from
the top flange. A cylindrical can is bolted onto the 50 K flange and acts as a
radiation shield. The inner vacuum can (IVC) is bolted onto the 3 K flange via a
Kapton O-ring (hermetically). These two flanges are pre-cooled by the two stages
of the pulse tube to temperatures of about 50 K and 3 K. The temperature of 50 K
plate is measured with a 1 kOhm Platinum thermometer (pt1000). The tempera-
ture of the 3 K plate is measured with a pt1000 thermometer and with a 10 kOhm
RuO2 thermometer. These two plates also accommodate high power heaters for
quick warm-up as well as charcoal-based sorption pumps. The IVC contains the

dilution refrigerator unit and corresponding flanges along with the 10 Tesla Mag-
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Figure 4.17: The cylindrical cans with their respective labels (adapted
from [69])

net. Focusing inside the IVC, the dilution refrigerator unit is attached to the 3 K
plate via thermally insulating G10 tubes. The unit has a still, 50 mK cold-plate,
and a mixing chamber (MC), and a series of counter-flow heat exchangers between
the stages. The still is made of stainless steel with a gold-plated copper bottom,
where a copper radiation shield is attached. A capacitive level gauge, a heater
and a 10 kOhm RuO2 resistance thermometer are all fitted and submerged in the
liquid in the still. A Joule-Thomson heat exchanger is installed between the 3 K
plate and the still to help condense the *He -*He mixture. Typically, a cylindrical

can is screwed onto the still flange and acts as a radiation shield [69].

Furthermore, a 50 mK plate is fitted between the still and MC for thermal
anchoring and extra radiation shielding of the mixing chamber. A continuous
heat exchanger and one or more silver sinter heat exchangers are placed between
the still and the cold plate. The mixing chamber is made of gold-plated copper,
and it has a silver powder heat exchanger of a large surface area. Many samples
can be fastened to the mixing chamber. There are one or more silver sinter heat
exchangers fitted between the cold-plate and the MC. The mixing chamber is fit-
ted with a calibrated resistance thermometer, pt1000, and a 100 Ohm metal-film
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Figure 4.18: Illustrates the top flange housing a manifold of components,
top image (adapted from [69]). The top flange rests on wooden planks

and the motor used to lift the flange, bottom image

heater to monitor cool down. The cylindrical gold-plated copper radiation shield
attached to the still plate also contains a simple 30 kg, 10 Tesla solenoid magnet
made of NbTi wire, as shown in Figure (4.20). The electrical connections to the
sample and data acquisition unit consists of a 24x2 phosphor-bronze wires in a
twisted pair going right down to the MC with thermal anchoring at all stages.
These typically end up as two 24 pin Fischer connectors on the top flange. Ad-
ditionally, there is a 10 pin Fischer connector on the top flange for the heaters.
Additionally, 12 coaxial cables reach the MC as MMCX connectors and come out

at the top flange as Lemo connectors. This basic wring is highly customisable [69].
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Figure 4.19: The cold regions of the dilution cryostat unit defined by the

five cylindrical flanges. The temperature each flange can reaches upon

the operation of the fridge is indicated in the diagram (adapted from

[69])

Figure 4.20: A 30 kg, 10 Tesla solenoid magnet made of NbTi wire

The next component in the dilution refrigerator system in the gas handling

system; the standard GHS is shown in Figure (4.16). The *He -*He gas mixture

used in the dilution unit is stored inside the GHS; from there it is circulated using

one or more turbo-molecular drag-pumps and backed by a dry primary pump. A

double-membrane compressor is used to condense the mixture. The GHS frame

houses many pumps. The scroll pump is specifically used to create a pre-vacuum

in the inner and outer vacuum chambers. The stainless-steel frame is made of hol-
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low square tubes welded to make two leak-tight reservoirs. The upper one stores
the 3He and has a typical volume of 36 liters. The lower one store the *He-rich
mixture and has a typical volume of 144 liters. The front side of the GHS contains
the valve and pump control panel, controllers for the turbo pump, maxigauge vac-
uum gauge controller, quad current source, and high-power heater. From the side
doors, one can access all the internal parts of the GHS like the RS-232 to USB
multiplexor, power sockets, pumps, compressors, dump valves, the valve board

relay box, 24 V supply, etc [09)].

A pulse tube cooler, cryomech PT 415 typically with 1.5 W cooling power
at 4.2 K, is integrated with the dilution refrigerator unit Figure (4.16). It has a
powerful compressor (typically 5 to 10 kW) which compresses and expands helium
gas. The compressor is located a significant distance away from the cryostat unit
and is connected to it via two flexible stainless-steel hoses, typically 12 m long.
It is cooled by a suitable 12 kW water chiller. Leiden provides LabVIEW-based
control programs to control and monitor the operation of the fridge and probe.
The front panel program controls the valves, pumps, read out the pressure gauge,
flowmeter, and the operation of the pulse tube compressor. It keeps a continuous
log of the system parameters on the computer, and one can set operation limits
for and perform automatic condensation and circulation of the helium gases. A
temperature controller program is provided to control and read out the AVS re-
sistance bridge and the LCR bridge. It can read out the resistance thermometer
sensors from the AVS bridge. It can also read the resistance sensors, CMN mu-
tual inductance sensor as well as the still level gauge, which is a capacitor sensor.
The quad current source powering the various heaters is also controlled by this
program. A program is also provided to control the operation for the probe-lift
see Figure (4.21). The water chiller, water tank and UPS in Figure (4.22) all sit
at a remote location from the fridge. The chiller is outside the lab, and the tank

and UPS are in the generator room inside the building [69].

Cooling down sequence:

Upon assembly and closing up the dilution refrigerator, one can start pumping
out the IVC. The pumping is done using a turbo pump backed by a scroll pump.
A leak detector is used to detect any leaks of the IVC through the Kapton O-ring.
While the IVC is being pumped the 50 K shield can and the OVC can is then
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Figure 4.21: The LabView based control program provided by Leiden.
The temperature controller program reads the temperature of the fridge
via the impedance bridge, left image, and the front panel of the gas
handling system, the pulse tube, and pressure gauges are monitored by

the control program on the right image

Water Chiller UPS Water Tank

Figure 4.22: Shows the water chiller, ups and water tank.

assembled. The IVC should be pumped to about a tenth of a mbar. The IVC
is flushed 3 to 4 times with helium to remove most of the remaining air. After
flushing the IVC, about 10-12 mbar helium is left in the IVC. This helium will
be used to cool the flanges below the 3 K flange via convection. The rest of the
Dilution Unit, and *He and *He traps are then pumped out. The still or dilution
unit are pumped to about 10~* mbar. This must be done for several hours (we
usually leave it overnight), to remove moisture that could have crept in and could

cause a partial or total blockage of the impedances of the lines placed at the still
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level. These impedances line typically have small diameter capillaries that cause a
pressure drop so that the mixture can condense at a convenient temperature. The
OVC is then pumped out via the scroll and small turbopump and leak checked,
we keep pumping on the OVC [69].

The pulse tube is then switched on, after ensuring that the cooling water is cir-
culating. The pulse tube is used to pre-cool and liquid nitrogen (LN2) pre-cooling
is not used. The IVC and 50 K flanges are in thermal contacts with the cold finger
of the Pulse tube. After a sufficient amount of time, the pulse tube will cool these
plates by a two-stage process to temperatures of about 3 K and 50 K respectively.
The 3 flanges below the 3 K flange will cool down via the 12 mbar exchange gas
left in the IVC to about 4 K. At this point, the pressure in the IVC will become
lower than 5 x 10~* mbar due to the charcoal sorption pumps. Sorb pumps are
very fast and can absorb a large quantity of gas, typically 300 cc of Helium per
gram charcoal. For their operation, such sorb pumps need to be cooled to below
the temperature corresponding to the binding energy of the gas to be pumped.
For helium this is about 40 K, and the sorb heater is capable of heating the sorb
efficiently. The Pt1000 on the mixing chamber and all the other thermometers
besides those of the 3 K plate will be stable at some higher temperature to 4 K
because there is no exchange gas to equalize the temperatures. At this point, the
sorb pumps are heated with about 45 mA through the QCS using the temperature
controller program. This releases enough exchange gas, and the IVC pressure rises
to 2 x 1072 mbar to equalise the temperature of all the stages to close to 4 K. The
sorb heater is turned off when the resistance is stable and close to 4 K. The IVC
pressure will again fall below 5 x 10~* mbar and the system is ready for mixture

condensation [69].

The mixture is condensed automatically. The condensation sequence begins,
with first the condensation of “He and then *He. At this point, the cooling is gov-
erned by the principles given in [67] for the realisation of a dilution refrigerator.
The dilution unit consists of the still, a 50 mk cold-plate, and a mixing chamber
plus a series of counter-flow heat exchangers between the stages. A Joule-Thomson
heat exchanger is installed between the 3 K plate and the still helps to condense the
3He -“He mixture. A continuous heat exchanger and silver sinter heat exchanger
is also placed between the still and the cold plate; one or more silver sinter heat

exchangers is also fitted between the cold-plate and the MC; all of which helps to
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condense the mixture. The still should start cooling as soon as the mixture enters
the DR unit circuit. When operating the magnet, one must make sure that it is
not operated at a temperature higher than 4.2 K. Upon warming up the fridge,

the mixture should be recovered first, the mixture is recovered automatically [69].

The cold-insertable probe:

Our dilution refrigerator was ordered with a cold-insertable probe. Leiden pro-
vided an automatic bellow-based probe lift, the cold-insertable probe, and a radi-
ation shield. The cold-insertable probe prevents the experimentalist from having
to open the fridge every time a new sample needs to be inserted into the fridge.
The probe is highly customizable in terms of the wiring. Besides the standard
twisted pairs, coaxial cables with up to hundreds of GHz capability, optical fibres,
and a wide variety of connectors, filters, and cold-fingers can be mounted to this
probe. The probe has five stages that correspond to the five cooling stages or
flanges in the fridge. Each stage on the probe has clamping arms that can be
tightened against the flanges in the fridge. The probe is lowered into the fridge
by a bellow-based probe lift automatically using a motor-driven mechanism see

Figure (4.23) [69].

Top Half UCT Probe
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Figure 4.23: Illustrates the bellow (probe lift) and probe provided by
Leiden, and the probe designed by UCT, which is divided into two

parts with different components
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The probe we obtained from Leiden introduces a massive heat load into the
fridge, and so it does not allow us to cool down to the desired base temperature.
We resolved this issue by manufacturing an in-house probe instead of ordering
another probe. Leiden’s probe is used for its spare parts in other experiments.
UCT’s probe is composed of two parts: the top and bottom of the probe spe-
cially designed to accomplish the functions to follow. The top part consists of a
top flange, which is made up of two concentric cylindrical disks, with the thinner
disk being the top part of the flange, and a horseshoe bolt is attached to the top
disk, it was machined as one entity to form the top flange. A stepper motor is
attached to the thicker disk and is electrically connected to the computers via a
small Fischer connector protruding through the top disk on the flange. The shaft
of the motor is inserted into a thin collar of a cylindrical hollow rod. At the other
end of the hollow rod, a solid metal rod is inserted, and this rod goes through 3
tapered concentric cylinders. The centre rod extends through the full length of
the top part of the probe. The stepper motor will rotate the rod which rotates the
small hollow cylindrical rod attached to it, in doing so it will lock or unlock the
sample holder at the bottom part of the probe. All those parts are held together
by four additional rods that also go through the tapered cylinder and are in turn
held in place by screws. The tapered cylinders are made of aluminium and the
solid rods are made of stainless steel because they are less thermally conductive
than copper, from which the sample holder is made. The hollow cylindrical rod
piece is there to prevent the dock mounted on the cold-tale attached to the MC

plate from poping out of place if the probe is lowered too much.

The bottom half of the probe has two tapered cylinders. The lower cylinder is
designed to be attached to the sample holder or shuttle. It has the center rod going
though its center via a spring system to a small metal rod that sits horizontally at
its bottom. This small rod acts as the key to lock or unlock the sample holder to
the probe. The center rod then extends to the upper part of the bottom half and
it goes through a four spring two chamfered cylinder system. The function of this
system is to provide some play when loading the sample holder into the fridge.
To ensure that a proper electrical connection is made between the sample holder
or shuttle on the probe, and the dock on the tail attached to the MC plate, this
spring system gives the experimentalist a play of about 9 mm. If we go beyond
that, the spring system will have compressed to its maximum, and the sample

holder and the dock will be pushed off the tail, however, as mentioned earlier, this
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is prevented by the small hollow rod attached to the stepper motor. The top and
bottom halves of the probes are attached by screws. An attractive feature of this
probe design is that it has no wires going into the fridge. Its only function is to
deposit the sample holder into the fridge, thereafter it is removed, the radiation
shield is then used when measuring a sample. This is in contrast to the Leiden
probe that contains all the wiring and stays in the fridge for measuring since the

sample is attached to it directly for measurements.

Sample holder, dock and cold-tail:

Our sample holder or shuttle system consists of two leadless chip carrier (LCC)
sockets that house the actual samples see Figure (4.24). The two sockets are sol-
dered to the printed circuit board (PCB) and they are connected to a pair of
two male direct current (DC) connectors and 2 pair of RF Sub miniature push-on
(SMP) connectors. Each DC connector is associated with two RF SMP connec-
tors, and these are then connected to one of the sockets. The DC and RF SMP
connectors are located at the bottom of the shuttle, and they mate with the shut-
tle dock in the fridge. The shuttle PCB also has a voltage clamp that prevents the
gates from blowing up due to high voltage. Initially, the PCB shuttle was designed
to include the alternating current (AC) and DC coupling circuit. This choice was
later rejected when we found out the AC signal interfered with the magnetic field
measurements. This issue was solved by bypassing this circuit in the PCB and
letting the AC and DC coupling happen outside the fridge via a T-shape RF and
DC coupler. Mechanically, the shuttle is divided into two halves. The top half is
the lid that is attached to the bottom of the probe vai the horizontal rod. The
bottom part houses the PCB and all the connectors and it mates with the dock
at the bottom of the fridge. The two parts are screwed together by four screws

upon closing of the shuttle for loading. The shuttle is also gold-plated copper.

The dock that mates with the shuttle is attached to the cold-long tail bolted
onto the MC flange at the bottom of the fridge. The dock has the same pairs of
RF and DC connectors associated with the sockets in the PCB. All the wiring
has been removed from the probe and it is all done in the refrigerator itself. All
electrical connection to the samples in the shuttle is made via the dock. The
bottom of the dock makes the required electrical connections with the fridge. RF

coaxial and DC wires are used for these connections. The shuttle is then attached
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Figure 4.24: Illustrates the sample holder, the dock which mates with
the sample holder, and the cold tail onto which the dock is mounted at
the bottom of the fridge

to the probe by locking it with the program that controls the probe. The probe
is inserted into the Bellows and lowered into the fridge until the shuttle mates
with the dock. Thereafter, the shuttle is unlocked and the probe is taken out of
the fridge while the sample holder or shuttle remains in the fridge ready to be

measured.

4.3.3 Source measure unit

The source measure unit (SMU) is an electrical instrument capable of sourcing cur-
rent and voltage, while at the same time measure voltage or current. It consists of
a combination of the useful features of a digital multimeter (DMM), power sup-
ply, ‘true’ current source, electronic loading, and pulse generator, all into a single,
tightly synchronized instrument in a compact form. This makes the SMU versatile
and highly accurate, making it a more useful instrument than the combination of
any of the five instruments [70]. We utilize the model 6430 Sub-Femtoamp SMU
depicted in Figure (4.25a). The model 6430’s remote PreAmp, shown on top of the
SMU in Figure (4.25a), makes it possible for the instrument to have a remarkable
measurement integrity. The remote PreAmp offers a very sensitive bi-directional

amplifier with sensitive feedback elements for measuring or sourcing currents at
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the device under test [71]. The SMU has three terminals: the IN/OUT HIGH
and SENSE which connects to the device via triax connectors shown in Figure
(4.25¢). The other terminal is the MAINFRAME also shown in Figure (4.25¢),
the high-level signals output by the remote PreAmp are sent from this terminal to
the SMU via a two-meter cable. This allows users to make a direct or very short
connection to the signal, and thus minimize the effects of cable noise. The front
panel of the SMU in Figure (4.25a) shows the controls and display of the SMU:
measurement and source function keys, operation keys, range keys, annunciators,
source control, and handle. The rear panel of the SMU in Figure (4.25b) shows the
connectors of the SMU: Source/measure connectors, remote PreAmp connector,
digital /0O, power module, trigger link connector, RS-232 and general purpose
interface bus (GPIB) connectors [71].

HI
(Input/Output High)

GUARD
(Cable Guard)

Lo
(InputOutput Low)

KEITHLEY
NOUT] 45y
X Peak L

INOUT HIGH Triax

OTE Preamp

HI
(4-Wire Sense High)

GUARD
(Cable Guard)

Lo
(InpuvOutput Low)

U SENSE Triax Connector

Figure 4.25: (a) The front panel of the SMU, and the remote PreAmp,
(b) the back panel of the SMU, and (c) the schematic of the remote
PreAmp along with the Triax connectors (adapted from [72])

The Model 6430 is extremely useful for single electron and quantum-dot re-
search because it has a typical noise of just 0.4 fA peak to peak (p-p), and it uses
a technique similar to lock-in to measure current with a 1 aA sensitivity (107'%A
= 6 electrons/second). This Unit has a four-quadrant source and sink operation
up to 2.2 W. The unit has a broad source and measurement range: it can source
current from 0.5 fA to 105 mA, and measure current from 10 aA to 105.5 mA. It

can source voltage from 5 uV to 210 V, and measure voltage from 1 uV to 211
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V. Lastly, it can measure resistance from 100 4Ohm to 21.1 TOhm. The SMU
consists of four filters for averaging or noise reduction. In particular, the repeat
filter has a stack with a maximum count of 100. The Model has 0.012 per cent
basic accuracy with 5 and a half digit resolution. At 5 and a half digit resolu-
tion, the SMU delivers 520 readings/second over the IEEE-488 (this is the GPIB)
bus and can store 5 000 readings in its internal memory buffers (two 2 500 point
buffers). The NanoElectronics lab at UCT has two Model 6430 and they are both
used to measure two samples in the sample holder without having to disconnect

and reconnect any of the two samples [71] [72].

4.3.4 Arbitrary waveform generator

A signal generator is any device that creates electronic signals. There are many
different types with diverse purposes and applications. Function generators (FG),
arbitrary function generators (AFG), and arbitrary waveform generators (AWGQG)
are common types of specialized signal generators. Function generators allow
one to generate periodic standard functions such as sine, square, triangle, ramp
up/down, DC, and noise. Figure (4.26) shows an analog RF signal/function gen-
erator used in this thesis for data acquisition. It offers a frequency range of 250
kHz to 1000 MHz with a 0.01 Hz resolution and +13 to -136 dBm standard output
power [73]. An arbitrary function generator is a function generator that has Direct
Digital Synthesis (DDS) card and can generate a periodic, user-defined waveform
which typically consists of exactly 16 348 points. In contrast to this, arbitrary

waveform generators allow one to generate a user-defined waveform of any size

[

Figure (4.26) shows AWG7122C Tektronix model used in the experimental
design of this thesis. It has a maximum sampling rate of 12 GS/s (24 GS/s by
interleaving) with a waveform length of 32 M or 64 M (option 01). The amplitude
resolution is selectable between 8 bits and 10 bits. The maximum analog ampli-
tude is 2 Vp-p (standard model) 1 Vp-p (option 06). It has two analog output and
four marker output connectors. These connectors supply analog and marker sig-
nals. The connectors are 50-ohm Sub-Miniature A (SMA) termination, male with
DC to 18 GHz operating bandwidth. A handy feature of the AWG is the display
screen that shows you an approximate picture of the waveform. The display on

the touch screen makes it easier for the user to interact with the AWG without the
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Arbitrary

Figure 4.26: The Agilent E4400B function generator and the AWG7122C

Tektronix model arbitrary waveform generator

use of peripherals such as the keyboard and mouse. The user can typically load
the instrument’s memory with an arbitrary waveform in several ways: using the
equation editor in the AWG to define the waveform and then generate the wave
from it. Use an external application such as MATLAB, Excel or other programs
to create the waveform and load it to the memory of the AWG in the right file

format [75].

4.3.5 Trapezoidal waveform

The trapezoid-shaped pulse waveform in Figure (4.27) is commonly used to ap-
proximate a digital clock or data signal. Each pulse is described by an amplitude
A, a pulse rise time 7,., a pulse fall time 7, a pulse width 7 and the period T. Since
the trapezoidal waveform has multiple harmonics of significant amplitude, unlike
a sinusoidal signal, it is important to consider the effects of the pulse parameters

on the spectrum of the waveform. If we assume that the rise and fall times are
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equal, then [76] [77] [78]:

1. At precisely 50% the duty cycle, the spectrum will contain only the odd

harmonics.

2. The rise and fall times contribute to the high-frequency spectral content of
the waveform. That is, pulses having short rise/fall times have larger high-
frequency content than do pulses with long rise/fall times. The level of RF

emissions is strongly dependent on the these parameters.

3. Reducing the signal amplitude will reduce the spectral content over the entire

frequency span.

4. Reducing the fundamental frequency (at constant duty cycle) will reduce
the high-frequency spectral content of the waveform, but does not affect the

low frequency content.

5. Reducing the duty cycle (pulse width) while maintaining the fundamental
frequency, reduces the low frequency content of the spectrum, but does not

affect the high-frequency content.

x(t) A

MNlB B

Figure 4.27: The periodic, trapezoidal pulse train (adapted from [76])

4.3.6 RF components and wires

The RF components, communication protocols, wires and cables used in the ex-
periments of this report are presented in Figure (4.28). An SMA shorting plug and
SMA to SMA male plug and SMA to SMA female socket coaxial adaptors with a
50 Ohm terminations and frequency range of up 18 GHz and 3 GHz are denoted
by 1 and 2 respectively. A flexible SMA plug to SMA plug coaxial cable with 50
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Ohm and up to 18 GHz is denoted by 4. Adapters N plug to SMA sockets (female)
and plugs (males) with 50 Ohm impedance and up to 11 GHz; SMA socket or plug
to BNC plugs with 50 Ohm; and a BNC coaxial plug shorting terminator at 50
Ohm with up to 1 GHz are denoted by 3, 7 and 6 respectively. 8 denotes the
RG58 BNC plug coaxial cable 50 Ohm matched. The IEEE-488 24 bus line or
GPIB is denoted by 11, 12, and 13, which are the GIPB to USB, GPIB adapter,
and GPIB to GPIB cable. The USB 2.0 and USB to RS-232 protocols are denoted
by 9 and 10. A ZFBT-282-1.5A+ coaxial BIAS TEE SMA sockets and plug with
50 Ohm wideband 10 MHz to 2800 MHz is denoted by 5. 14 shows the 24 pin
Fischer connector cable which connects to the refrigerator and the breakout box.

Finally, 15 shows the RC low pass filters used at the gates of the pump.

. BNC Shorting Plug 11. USB to GPIB cable

1. SMA Short Plug 6

2. SMA male/female adaptor 7. BNC to SMA adaptor 12. GPIB adaptor

3. BNC to SMA adaptor 8. BNC to BNC coaxial cable 13. GPIB to GPIB cable
4. Rigid SMA to SMA Coaxial cable 9. USB 2.0 cable 14. Fischer cable/con
5. AC+DCBias TEE 10. USB to RS-232 cable 15. Low pass gate filter

Figure 4.28: RF components, communication protocols, wires and cables

used in the experiments

Figure (4.29) shows a breakout box and a data acquisition DAQ device. The
breakout box consists of various BNC connectors which are labeled alphabetically.
These labels correspond to and are mapped to the LCC pads that houses the sam-
ple, the gates and Ohmic contacts of the sample. In this way, one knows what is
connected to what. It also has a Fischer adapter which connects to the various

BNC connectors by mapping the labels to the correct pin on the 24-pin connector.
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When the Fischer cable connects to the breakout box via this connector and the
sample holder via the connector of the fridge, it connects the DC connectors to
the appropriate BNC connector in the breakout box. The black box houses the 4
channel DAQ hardware from National Instruments. The DAQ is used to supply
the DC voltages to the selected gates.

Figure 4.29: The breakout box, left image and the data acquisition hard-

ware, right image

4.3.7 Ball bonder optical microscope

The sample is bonded to the LCC via the ball wire bonder shown in Figure (4.30).
The system consists of a main head, spotlight, microscope, digital display, area
light, right panel, keypad, work table, work-holder, base, and a mouse. The
bonder may be equipped with either a Leica MZ6/S6 or stereo zoom microscope.
The microscope has a common focus for both oculars. Also, the microscope has
an adjustable magnification zoom capability. The wire diameter range is 12.7 to
76 pm gold wire with a 12.7 mm spool. The temperature controller can go up
to 250°C plus/minus 0.5°C. The devices are inspected using a Nikon microscope

with various zoom modes.
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Figure 4.30: Illustrates the ball wire bonder, top image, and optical mi-

croscope, bottom image

4.4 General Measurement Setup

The fabricated devices were inspected for faults such as damaged gates and im-
purities trapped in the sample that could potentially alter the resistance of the
single-electron pump samples. Those samples that pass this inspection test were
thereafter bonded. The samples were then dipped in liquid nitrogen to exam-
ine the performance of the gates before inserting the samples in the fridge. The
general experimental setup is shown in Figures (4.31) where the instruments dis-
cussed in Section (4.3) were interconnected to measure the single-electron pump.

The actual setup is shown in Figure 4.32.

The computer (PC) in Figure (4.31) was used to control the data acquisition
instruments and the operation of the dilution refrigerator. The computer that was
used to monitor the operation of the fridge is on the left, while the remaining two
computers on the right were used for the data acquisition. The DAQ PCs were
connected to the signal generator, arbitrary waveform generator, source measure
unit, and the NI-DAQ devices via GPIB TEEE-488 24, and USB 2.0 respectively.
The AWG was in turn connected to the RF port of the Bias TEE device via an
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Arbitrary Waveform Generator

Or Signal va;enar SMA

SMA RF
Connectors

omputers

s

SMA Connector

GPIB IEEE-488 24

DC & Sensors
Connectors

Dilution Refrigerator
Controlled by PC

Source Measure Unit Break Out Box

Figure 4.31: shows the general experimental setup used to measure
single-electron pumped current, as setup in the Nano-electronics Lab-
oratory at UCT Physics Department. The signal generators and con-
trollers are on the left (SMU, AWG, and PC), the intermediate compo-
nents that help to connect to the fridge are in the middle (NI-DAQ and
Breakout box) the fridge is on the right where the devices await to be
measured. These devices are all connected via the standard interfaces

indicated by the arrow lines in blue, green,red, dark red and black

SMA to SMA adaptor cable, thus providing the required RF signal to modulate
the finger gate of the sample to be measured. The source measure unit was con-
nected to the BNC connectors of the breakout box via the preamp and a triaxial
cable. The SMU was connected to C2, while K1 was grounded on the box. C2 and
K1 are the Ohmic contacts and formed the source and drain part of the sample.
The DC voltage supplied by the SMU causes a current drift from the source to the
drain (electrons moves from drain to source), which is from C2 to K1. We recall
that the preamp is used to allow one to measure the current at the pA scale and

that due to such a large resistance, the guard was not used.

Channel 1 of the Ni-DAQ was connected to a T-type BNC connector which
was in turn connected to two BNC to BNC cable and these cables were connected
to D1 and B2 on the breakout box via gate filters. The gate filters are needed to

prevent any high-frequency voltage spikes from damaging the gates on the sample.
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4.4. General Measurement Setup

Figure 4.32: The actual measurement setup

D1 and B2 supplied the split gate of the pump with a negative DC voltage. The
other BNC connectors of the breakout box were either grounded or floating. The
Ohmic contacts not used were left floating to prevent current from flowing to the
Ohmic and thus creating an ambiguous path for the current. The unused Schottky
gates were grounded so that it had a definite reference voltage and thus prevented
the gates from blowing up. The breakout box was then connected to the fridge
via a Fischer cable either to the DC1 or DC2 Fischer connectors on the fridge,

depending on the sample to be measured.

Channel 2 of the NI-DAQ was connected to the Bias TEE via an SMA to SMA
connector cable, and the bias TEE combines the DC and the RF signal and sends
it to the finger gate of the sample in the fridge through rigid SMA connectors.
These terminals are connected to the sample in the fridge via the internal wiring
as explained in Section (4.3). These wirings terminate on the tail of the cylin-
der attached to the mixing chamber, where the sample awaits to be measured.
The sample was connected as illustrated in the schematic of Figure (4.33). The
schematic clearly shows which voltages are applied to which gate on the sample
inside the fridge. Figure (4.34) shows the Auto CAD design of the sample and
the scanning electron microscope (SEM) image of the device. The gate pinch-off

characteristic of the sample in Figure (4.34) is illustrated in Figure (4.35). The
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finger-gate pinches-oftf at -374 mV and the split-gate pinches-off at -750 mV, as

illustrated.

Bias TEE

A |

To split gate To finger gate

3He/4He
o Ni- ¢ I
g DAQ Source

SigGen

z
@

RF Source

To split gate

SMU@

Figure 4.33: Illustrates the schematic of the sample in the fridge as its
gates are connected to the external RF source, SMU, NI-DAQ, and Bias
TEE. The Bias TEE connects the finger-gate, the SMU connects to the
Ohmic contacts (source and drain) and the split-gate is connected to

the DC sources (NI-DAQ).The actual sample is shown at the bottom
of Figure (4.30)

Page 95



4.4. General Measurement Setup

g Y

SEMHV:S0KV | SEMMAG: 103 SEMMV: 50NV | seMma:72ex | wiras rescanfill SEMHV:SOKV | SEMMAG: 130k L 50KV | SEMMAG: 130Kk i

Viewfiki: 202mm | Wo:027mm | 3009m Viewfol #7gm | Worsatmm [ S0pm View ekt 160 | o828 & e e T
Det: In-Beam SE | Date(miay): 1014721 Iniversity of Cape To Dot: In-8eam SE _|Date(mialy): 1014721 University of Cape Town Det: In-Beam SE _|Date(midly): 10/14721 jeam SE _ Date(midly): 1014721

Figure 4.34: Illustrates the Auto CAD design of the device on top and

the actual scanning electron microscope (SEM) device on the bottom
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Figure 4.35: Show the finger-gate and split gate characteristic of the
device illustrated in Figure (4.34). The finger-gate E1 pinches-off at
-374 mV and the split-gate B2 and D1 pinches-off at -750 mV
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Data Collection Procedure,

Results And Discussions

In Section (4.1), we presented an overview of the techniques required to grow and
pattern low dimensional semiconductor heterostructure devices at the nanoscale.
Using this information, we described the process used to fabricate the GaAs/AlGaAs
single-electron pump sample in Section (4.2). Furthermore, in Section (4.3), we re-
viewed the instruments required to detect single-electron phenomena due to charge
and energy quantisation. The chapter concludes with the experimental setup that
we used to measure the quantised current through the sample depicted in Figure
(4.33), of Section (4.4). We studied the effect of different waveforms on the sam-
ple and present the outcomes of the experiments in Sections (5.1), (5.2) and (5.3),
in this chapter. The waveform sources are the signal generator and an arbitrary
waveform generator. In particular, Section (5.1) discusses the effect an AWG si-
nusoid has on the pumped current by comparing it to the conventional pumped
current produced by a signal generator sinusoid. Section (5.2) discusses the ef-
fect a trapezoidal waveform with different rising edge slopes has on the pumped
current. The rising edge slopes are sinusoidal segments of different frequencies.
Finally, Section( 5.3) discusses the tuning of the pumped current plateaus with a

source-drain bias voltage.
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Pumped Current

5.1 Experiment A: The Effect of the AWG Sinu-

soid on the Conventional Pumped Current

This experiment compares the pump maps produced by a sinusoidal waveform
from a signal generator and an arbitrary waveform generator. We configured the
signal generator to output an RF sine wave with an amplitude of 353.55 mV RMS
(1 Vp-p) at a frequency of 180 MHz. These are the necessary parameters used
to describe a waveform on the signal generator. An arbitrary waveform generator
is different because we have to specify the record length and sampling frequency,
then calculate the signal frequency from these parameters. We configured the
AWG to output a sinusoidal signal with an amplitude of 1 Vp-p (353.55 mV
RMS), a sample rate of 9 GS/s and a record length of 50 points in one cycle,
resulting in a waveform with a frequency of 180 MHz and zero phase shift. A 10
GS/s oscilloscope display the output signals in Figure (5.1a and 5.1b). It is diffi-

cult to tell which instrument the waveforms belong to in the time domain analysis.

However, the frequency domain analysis gives more insight into the difference
between the two signals. Figure (5.1c and 5.1d) shows the fast Fourier trans-
form spectrum of the two signals, and there is a clear difference between them.
The signal generator only produces three tones, and it drastically suppresses the
higher-order harmonics, as shown in Figure (5.1¢). By contrast, the AWG pro-
duces highly pronounced higher-order harmonics spanning the entire 6 GHz of the
spectrum analyser, as shown in Figure (5.1d). Some of its higher-order harmonics
are greater than -50 dBm, dominating even some of the lower-order harmonics.
The difference is attributed to the way the instruments synthesis their waveforms.
The signal generator is by design a more specialised instrument than the AWG.
It produces very stable standard waveform shapes such as the sine and square
waves-that are both accurate and agile [79]. By contrast, for the AWG, the sam-
ple rate and the record length affect the frequency and fidelity of the main output
signal [79]. Figure (5.2) presents the pump maps of the sinusoids. The numbers
0, 1, 2 and 3, inside the coloured rectangles on top of Figure (5.2a), denotes the
number of plateaus. The colour of the rectangles corresponds to the colours of the
pump map. For example, the number 1 inside the light blue rectangle means the
first plateau, and the colour tells us which regions on the pump map corresponds
to the first plateau. The same applies for number 2, 3, etc. The dark red re-

gion on the pump map is saturation of the current because of the 100 pA range of
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feion |
ooz man |

(a) The sine wave from the signal generator

at 1 Vp-p and 180 MHz

(c) The fast Fourier transform of the signal

generator sinusoidal waveform

(b) The sine wave from the arbitrary wave-

form generator at 1 Vp-p, 9 GS/s and 50
sample points (180 MHz)

gilent Tec!

Ref 10.00 dém

(d) The fast Fourier transform of the arbi-

trary waveform generator sinusoidal wave-

form

Figure 5.1: The time and frequency domain analysis of the AWG and

SG sinusoids. The sinusoidal waveform of (a) the signal generator and

(b) the arbitrary waveform generator as monitored on a 10 GS/s os-

cilloscope. The sinusoidal spectrum of (c) the signal generator and (d)

the arbitrary waveform generator as monitored on a spectrum analyser.

The higher-order harmonics are suppressed in (c) but are present in (d)

the electrometer. We will indicate the use of this notation throughout this chapter.

5.1.1

Robustness of the pump maps in entrance voltage

Figure (5.3) shows the numerical derivative of the pump maps. An obvious differ-

ence between Figure (5.3a and 5.3b) is the span of their plateaus along the interval
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(a) Signal generator pump map for a 1 Vp-p sinusoid at 180 MHz
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(b) AWG pump map for a 1 Vp-p sinusoid at 180 MHz due to a rate
of 9 GS/s and 50 sample points per cycle

Figure 5.2: Shows the difference in the pump maps of the signal generator
(a), and the arbitrary waveform generator (b). For both maps, the first
plateau is approximately 28.8 pA, the second is 57.6 pA and the third

is 86.4 pA. Each data point on the map was acquired by averaging over

10 data points

of the entrance gate voltage (Y-axis). We indicated this span with a double-sided

red arrow line. The pump map of the AWG spans almost the entire entrance
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voltage range. By comparison, the pump map of the signal generator spans ap-
proximately six-eighths of the entrance voltage range. If we use the length of the
first plateaus to measure the robustness® in the entrance gate voltage of each map,
then Figure (5.3a) spans a range of 600 mV from -100 mV to -700 mV, and Figure
(5.3b) spans a range of 760 mV from -30 mV to -790 mV in entrance gate voltages.
We emphasise this point further in Figure(5.4), which is a plot of a vertical line
cut at an exit voltage of -1700 mV, through the first plateau of both maps. Where
< N > =1,/ef on the Y-axis is the average number of electron(s) pumped per
cycle; I, is the pumped current referenced to the first plateau ef. Notice the wider
robustness window of the AWG.

5.1.2 Ripples on the onset lines of the pump maps

The other difference between the pump maps in Figure (5.3) manifests as ripples
on the onset line (yellow line) of Figure (5.3b). In Section (3.1.5), we defined the
onset line as the vertical line boundaries (only for the ideal pump map, practical
pump maps have slanted lines), which is set by the outcome of the charge capture
process. That is, the onset line is the boundary between the average number of
electron(s) captured. The onset line of Figure (5.3a) is smooth in comparison to
Figure (5.3b). There are ripples on the onset lines between plateaus 0 and 1 as
well as plateaus 1 and 2, in Figure (5.3b). We visualise the degree of the ripples
in Figure (5.5). It plots the average number of electron(s) versus the entrance
voltage at the exit voltages of -3000 mV and -1400 mV for each pump map. The
purple and orange curves have extreme ripples in comparison to the yellow and
blue curves. Furthermore, we plotted an onset line for each pump map between
plateaus 0 and 1, in the exit voltage interval of -4000 mV to -2000 mV in Figure
(5.6). Notice the severity of the ripples on the onset line (orange curve) due to
the AWG, compared to the smoother onset line (blue curve) due to the signal

generator.

The discrepancies in the robustness and ripples between the pump maps of
Figure (5.3a and 5.3b) can be attributed to the different ways the two RF sources

!The term ‘robust’ is adapted from [53]. It is the range of entrance voltages, along which
the number of loaded electrons equals the number of unloaded electrons (n, = n;). It is also
the range of exit voltages, along which the number of the pumped electron(s) remains the same.

Therefore, the larger the range of these voltages, the more robust the pump is.
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(a) The numerical derivative of the signal generator pump map
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(b) The numerical derivative of the AWG pump map

Figure 5.3: Illustrates the difference in the numerical derivative of (a)
the SG and (b) the AWG pump maps

synthesise their waveforms. Figure (5.1c and 5.1d) shows the difference in the
spectrum of the two output signals. The signal generator produces an accurate
sinusoid, and it is conventionally used as the RF source in single-electron pumps.
Hence, its pump map looks very similar to those discussed in the literature. By
contrast, the arbitrary waveform generator produces a spectrum that contains

many higher-order harmonics, which might be the cause of the extreme ripples we
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Figure 5.4: Shows the difference in the robustness window of the first

plateau for an exit voltage of -1700 mV due to the signal generator
(blue) and the AWG (orange). The AWG has a wider robustness win-

dow

18

16

14

12

<N>
.
T

08 -

0.6 -

0.4

0.2

-800

T T T T T T

SigGen @ -3000 mV Exit
AWG @ -3000 mV Exit —

Ripples

SigGen @ -1400 mV Exit

-700

T
-600 -500 -400 -300 -100 0
V_ [mV]

ent

AWG @ -1400 mV Exit
Ripples
1 1 1 1
-200

Figure 5.5: Compares the degree of ripples on the vertical lines cutting

the onset lines of the AWG pump map (purple and orange curves) and

the SG pump map (yellow and blue curves) at exit voltages of -3000

mV and -1400 mV. The vertical lines of the SG pump map is fairly

smooth
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Figure 5.6: Compares the ripples on the onset line (between plateaus 0
and 1) of the AWG (orange) to the smoother onset line of the SG (blue)
in an exit voltage interval from -4000 mV to -2000 mV. The AWG pump

map has extreme ripples on the onset line

observed on the onset line of Figure (5.3b). Furthermore, the fact that the arbi-
trary waveform generator produces a more robust pump map in entrance voltages
suggests that it outputs a higher power at the sample end compared to the signal
generator. Even so, we have to conduct further analysis of the nature of these

waveforms to enhance our understanding of how they couple to the pump sample.

5.1.3 Pumping in the long plateau regime

Additionally, we observed and plotted plateaus in the long plateau regime (LPR),
as discussed in Section (3.2.2), in Figure (5.7) at different entrance voltages. We
measured the length of these plateaus to be approximately 500 mV in the exit
voltage interval from -2250 mV to -1750 mV, as indicated by the red box. The
AWG stretches and shifts the long plateaus, making them a bit more robust in the
exit voltage, for the entrance voltage interval from -80 mV to 50 mV compared to
the selected plateaus of the signal generator in the same entrance voltage interval.
Below an exit voltage of -3000 mV, we notice fluctuations in the transition line
between the ‘tails’ and ‘shoulders’ of these long plateaus caused by the higher-

order harmonics discussed in Section (5.1.2). The reason we are observing these
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long plateaus for both sinusoids is because we are using a split-finger gate pump
geometry, and the potential of the split gate is much lower than that of the entrance
gate, even at very high voltages on the split gate as described by the model in
Section (3.2.2).
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Figure 5.7: Illustrates the differences in the pumped current for the signal
generator at -165 mV and the AWG at -165 mV and from -80 mV to -50
mV in entrance voltages. We see pumping in the long plateau regime
in the exit voltage interval from -2250 mV to -1750 mV (a 500 mV
window). Notice how the plateaus in the interval from -80 mV to -
50 mV are stretched and shifted and hence are more robust in the exit
voltage due to the AWG, compared to the selected plateaus in the same

interval for the signal generator
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5.2 Experiment B: The Effect of a Trapezoidal

Waveform on the Conventional Pump Map

In Giblin’s et al. [20] experiment, he used a trapezoidal waveform to modulate
the entrance gate voltage of the standard finger-finger gate sample geometry. His
results showed that a sufficiently ‘slow’ sinusoidal segment on the rising edge of
a trapezoidal pulse could ‘recover’ pumping, where a sinusoid at the same fre-
quency did not pump. In this section, we conducted a similar experiment using
the split-finger gate sample geometry shown in Figure (4.33). We kept the pulse
width and rise time of the trapezoids constant at 0.5 and 4 ns, respectively. By
contrast, Giblin et al. [25] varied these quantities in his experiments. The slopes
on the rising edge of the trapezoidal pulses are sinusoidal segments. We varied
these slopes by using sinusoids of different frequencies. We used the waveforms
in Figure (5.8a), where B.1 to B.5 are the waveforms with sinusoidal segments of
periods T = 16, 20, 25, 30, and 40 ns or equivalently frequencies f = 62.5, 50, 40,
33.3, and 25 MHz respectively. The slopes decrease from B.1 to B.5, shown in blue
to green in Figure (5.8a). The output pulses of the AWG have an amplitude of 1
Vp-p, sampled at 12 GS/s, with 66 sample points per cycle, to give a frequency
of 181.81 MHz. Appendix A contains the waveforms monitored on a 10 GS/s
oscilloscope. We measured the sample inside a dilution fridge at a temperature
of no more than 150 mK. We applied a source-drain bias of 10 mV to the ohmic
contacts. Then we stepped the entrance gate voltage in increments of 5 mV in the
interval from 0 mV to -800 mV and swept the exit gate voltage from -900 mV to
-6000 mV in steps of 25 mV.

5.2.1 Robustness of the pump map in exit voltage

Wright et al. [51] observed that the quantised current is robust along the exit
voltage when an applied magnetic field is perpendicular to the sample. Our ex-
perimental results show that the quantised current is extremely robust in exit
voltage at zero externally applied magnetic field. We observed this effect for all
five waveforms in Figure (5.8a). In some cases, such as the one in Figure (5.8b,
5.8c and 5.8d), plateaus 1, 2 and 3 are all elongated over a 4 V range in the exit
voltage. In other cases, such as those of Figure (5.8e and 5.8f), the first plateau is

elongated over a smaller range similar to that in Section (5.1). This means that we
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Figure 5.8: Shows the Trapezoidal waveforms with sinusoidal segments
of different frequencies, B.1 to B.5 in (a) and their corresponding pump
maps in (b) to (f). These pulses were operated at a frequency of 181.81
MHz and an amplitude of 1 Vp-p. The first, second, and third plateaus
of the pump maps have numerical values of 28.8 pA, 57.6 pA, and 86.4

PA on the colour bar, respectively
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are pumping in the long plateau regime discussed in Section (5.1.3). The results
therefore, suggests another way to improve the accuracy of the pumped current.
A probable cause to this effect is the induction of a local magnetic field at the
sample due to the modulating pulse waveforms. However, subsequent modelling?
of the RF signal on the finger-gate predicted that the magnetic field strength
B = pg x H is approximately 2.5 uT at best. In the work done by Wright et al.
[54] and Kaestner et al. [56] we notice that the external magnetic fields applied
in their experiments are at least 5 orders of magnitude larger than the locally
induced magnetic field. This field is not nearly strong enough to create magneti-
sation worth considering seriously. Thus, it might not account for the effect being

observed.

5.2.2 Fast slope restored pumping

From the results of Figure (5.8b to 5.8f) it is immediately apparent that the pump
map deteriorates® as the slope of the sinusoidal segment of the pulses decreases.
That is, some plateaus begin to disappear, and they become less robust in exit volt-
age, in the entrance voltage interval from -400 mV to -600 mV. This observation
seems contradictory to the conclusion reached by Giblin et al. [25], who showed
that the pumped current is restored by a slower sinusoidal slope. However, this
might not be the case since there are key differences between our experiment and
Giblin’s. We used a split-finger gate geometry as opposed to a finger-finger gate
geometry. We modulated the pump with five pulses instead of two and operated
our pumps over wider entrance and exit voltage ranges. Furthermore, Giblin et
al. [25] does not show a pump map, making it difficult to determine the entrance
voltage value at which he chose the pumped current. Even though the pump maps
are degrading in the entrance voltage interval from -400 mV to -600 mV, it simul-
taneously restores in the lower entrance voltage intervals from -50 mV to -250 mV
in Figure (5.8c and 5.8d) and from -200 mV to -300 mV in Figure (5.8e and 5.8f).
Giblin et al. [25] might have considered the quantised current in an interval of the

entrance voltage where the plateaus restored. Thus, it is challenging to compare

2The modelling was done in an Electromagnetic Field Simulation software called CST STU-

DIO SUITE [80].
3In the context of this thesis, the terms ‘deteriorate’ and ‘degrades’ will be used synonymously

to mean that the pump map loses its plateaus or that the plateaus are becoming less robust in

exit and entrance voltages.
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the two experiments. Our results indicate that the pumped current restores with
a steeper slope from pulses B.5 to B.1 in the entrance voltage intervals from -400
to 600 mV.

5.2.3 The dynamics of the pumped current

Let us turn our attention to the pump map in Figure (5.8b) of pulse B.1 and
inspect it more carefully. This pump map is interesting because the first, second,
and third plateaus remain very robust over the exit voltage range for the entrance
voltage interval from -400 mV to -600 mV. The shape of this pump map is very
different from the conventional pump map driven by a sinusoidal signal (see Figure
5.1a). We show the pump map of pulse B.1 again in Figure (5.9) along with its
derivative. The dynamics of the pumped current changes in an interesting way.
We can get a better idea of how the pump map changes by plotting a surface
projection of the pump map (see Figure 5.10) to help us emphasise the first, sec-
ond, and third plateaus and to better track the dynamics of the pumped current.
Additionally, we plotted the number of plateaus versus the exit gate voltage for
different entrance voltages to emphasise the clustering of the pumped current at
plateaus 1, 2 and 3 in Figure (5.12).

We can keep track of the pump dynamics by partitioning the pump map into
different regions. These regions correspond to the range of entrance gate voltages
in which plateaus 1, 2, and 3 or a combination of them are either present or are
all absent. Essentially, there are four regions, denoted by the coloured rectangles
brown, yellow, green, and pink corresponding to regions 1, 2, 3, and 4 respectively
in Figure (5.10). Figure (5.11) is a companion to Figure (5.10), and it makes it
easier to visualize the different regions. The first region, in brown, is where the
pumped current is zero for the entrance voltage interval from -800 mV to -650
mV across the span of the exit gate voltage. This happens because the large DC
voltage on the entrance gate prevents the RF signal of pulse B.1 from lowering the
entry barrier into the source reservoir to capture the electron(s). This behaviour

is the same for conventional pumps.

The pump enters the second region (in yellow) in the entrance voltage interval
from -650 mV to -600 mV, where plateaus 1, 2, and 3 begin to appear in the exit
voltage interval from -2000 mV to -900 mV. This happens because the DC voltage
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Figure 5.9: The top figure is a replot of Figure (5.8b). The first, second
and third plateaus have numerical values of 28.8 pA, 57.6 pA and 86.4
PA on the colour bar, respectively. The bottom plot is its numerical
derivative. The plateaus 0, 1, 2 and 3 are approximately 0 pA on the

colour bar

on the entrance gate is small enough to allow the RF signal to pull the barrier
below the Fermi level and form a dot. The capture line in Figure (3.7) of Section
(3.1.5) is the line where the transition from no pumping to pumping occurs as
the entrance voltage decreases. In the conventional pump map, the capture line
appears shared by all plateaus. However, in this AWG pump map, the transition
is further quantised. If we take a cross-section in the entrance voltage (see Figure
5.13), we see that the current increases from 0, 1, 2 and 3 ef in the specified
exit voltage interval. This effect might be a result of the coupling between the
entrance and exit barrier. Usually, we expect the size of the dot to depend mainly
on the exit gate voltage. However, because of the longer time spent in the capture
portion of the pump cycle, the size of the dot at the point it decouples from the
reservoir may be dependent on the entrance voltage as well due to the irregularity
in the rise speed of the AWG waveform. If the dot has not decoupled by the time
it reaches the irregularity, the dot will decouple very quickly. We would expect to

see the same behaviour for the conventional pump, but the relative influence of
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Figure 5.10: Illustrates the contour pump map of Figure (5.8b). The first,
second and third plateaus have numerical values of 28.8 pA, 57.6 pA and
86.4 pA on the colour bar, respectively. This contour map emphasizes
plateaus 1, 2 and 3 in light blue, green and red, respectively. It also

shows the different regions used to track the pump dynamics
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Figure 5.11: Illustrates the four regions of Figure (5.10) plotted sepa-
rately
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Figure 5.12: Illustrates the number of average electrons of Figure (5.8b)
versus exit gate voltage. The clustering of the first, second and third
plateaus is apparent in this plot. These clusters form for some ranges
of the entrance voltage. The clusters are seen in the pump map where
the colour remains the same for a plateau. Notice the robustness of the
1, 2 and 3 plateau over a large range of the exit voltage. The different
regions can also be given in the exit voltage as: region 1 (no pumping),
region 2 (-1500 to -1000) mV, region 3 (-6000 to -2500) mV, and region
4 (-2500 to -900) mV

the entrance and exit voltages on the dot size may make it harder to observe.

We then transition to the more interesting third region (in green), in the en-
trance voltage interval from -600 mV to -410 mV, where the first, second and
third plateaus remain robust over the exit voltage. We call this region ‘the long
plateau region’. In this region, we notice that the pumping happens peculiarly as
the entrance voltage decreases. Starting at an entrance voltage just above -600
mV in Figure (5.10), we pump the first plateau (light blue), followed by the second
plateau (light green) as the entrance voltage decreases, we then pump the third
plateau (red), we return to pumping the second plateau, and lastly, we pump
the first plateau again (see Figure 5.14). In this region, the entrance voltage is
low enough to withstand the influence of large exit voltages. Thus, the entrance
barrier can couple to the source reservoir. The dot forms as the barrier rise from

the reservoir, capturing the electron(s). Upon ejection, one electron is ejected
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Figure 5.13: The cross-section through region 2 at the selected entrance
voltages,showing the current increasing from 0, 1, 2, and 3 ef, in the

exit voltage interval from -2000 mV to -900 mV

just above -600 mV in entrance voltage. This is because the entrance voltage is
still quite high, and we can only capture one electron. As the entrance voltage
decreases further, the barrier is now low enough to capture two electrons and eject
two. If we decrease the entrance voltage further, we can capture three electrons
and eject three electrons. Any further increase in the entrance voltage makes it
harder to eject the electrons over the barrier, similar to the conventional pump.
Thus, we eject two electrons, then one and finally no electrons are ejected for exit

voltages above -2500 mV.

Usually, we do not expect the ejection lines to occur at such negative entrance
voltages. Compared to the conventional pump, this pump appears to have been
squeezed down in the entrance voltage and stretched in the exit voltage in region
3. We do not have a complete understanding of how this occurs, but we suspect
a few mechanisms that might contribute to it. We know that in this split-gate
pump, the RF amplitude and the bias voltage affect both the height and length of
the pumped current region. Experiment A in Section (5.1) showed that the pump
map due to the signal generator differs from the pump map due to the AWG for
a sinusoidal excitation because these instruments synthesise their waveform dif-
ferently. The RF signal of the AWG might be coupling differently to the 2DEG
compared to the conventional sinusoid. The higher-order hamonics of the AWG

signal might help to excite the captured electrons over the exit barrier. We know
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Figure 5.14: Illustrates the peculiarity in the dynamics of the pumped
current in region 3, where we pumped plateaus in the strange sequence
1,2,3,21

that measuring pumps in a magnetic field stretches the plateaus in the exit volt-
age. The AWG signal might be inducing local magnetic fields in the dot. Lastly,
we enter the fourth region (pink) in the entrance voltage interval from -410 mV
to 0 mV, where the plateaus are short and bundled over the exit voltage interval
from -2500 mV to -900 mV (see Figure 5.12).

5.2.4 Analysis of the pumped current plateaus 1, 2 and 3

Figure (5.15) shows the plot of the pumped current for pulse B.1 (blue) in Figure
(5.8a). From this plot, we estimated the accuracy and precision of the first, second
and third plateaus by calculating the mean and standard deviation for a set of data
points in a range of exit voltage and at selected values of entrance voltages. We
focused on the robust plateaus in the entrance voltage interval from -400 mV to

-600 mV and performed the analysis on plateaus 1, 2 and 3, corresponding to the
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entrance voltages of -425 mV, -470 mV and -560 mV. These are the values of the
flattest and longest plateaus along the exit voltage range in each plateau cluster.
We selected them by visual inspection. We plotted the selected pumped current
data, used descriptive statistics on the data, fitted the decay cascade model to the
data, and plotted the error graph for each plateau.
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Figure 5.15: Illustrates the pumped current of Figure (5.8b) versus the
exit voltage. The first, second and third plateaus have numerical values
of 28.8 pA, 57.6 pA and 86.4 pA, respectively

We present the analysis of the first plateau in Figure (5.16). The red rectangle
in Figure (5.16a) indicates the robustness of the first plateau in the interval from
-6000 mV to -2450 mV of the exit voltage, at an entrance voltage of -425 mV.
We fitted a normal distribution to the data points bounded by the rectangle (see
Figure 5.16e) and calculated the mean and the standard deviation presented in
Figure (5.16b). The data points are in red circles, the mean current is in brown,
the standard deviation is the vertical line in yellow and the reference ef value
from the Codata is plotted in green dashed line. The mean value is 28.6550 pA
with a standard deviation of 0.5125 pA, and the reference ef value is 28.8392
pA. We fitted the decay cascade model of Section (3.1.6) to the selected data in
Figure (5.16¢). Lastly, in Figure (5.16d), we plotted the fractional deviation of
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Figure 5.16: Shows the analysis of plateau 1 to determine its mean and

standard deviation. We also show the data fitted with the decay cascade

model, the error graph, a histogram and a box plot of the data. We
selected the data in the exit voltage interval from -6000 mV to -2500

mV
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the pumped current relative to the ef on a 1000 ppm scale.

We followed the same procedure above to analyse the second and third plateaus.
Figure (5.17) presents the analysis of the second plateau. We selected the data
points in the exit voltage interval from -6000 mV to -2625 mV, at an entrance
voltage of -470 mV. This plateau has a mean current of 57.3167 pA and a stan-
dard deviation of 0.5974 pA. Likewise, Figure (5.18) presents the analysis of the
third plateau for an exit voltage interval from -6000 mV to -2000 mV, at -560 mV
entrance voltage. Its mean current is 86.9449 pA with a standard deviation of
0.1555 pA. We summarised these results in Table (5.1). From this table, we notice
that plateau 1 is the most accurate, with a difference between the Codata and the
mean of 0.1842 pA. Then plateau 2, with a difference of 0.3617 pA. Lastly plateau
3, with a difference of 0.4274 pA. However, the standard deviation of the third
plateau is the smallest with a value of 0.1555 pA, followed by the first plateau
with a value of 0.5125 pA, and ending with the second plateau with a value of
0.5974 pA. Table (5.1) also provides the relative error and error interval of each
plateau. The third plateau has the lowest relative error of 4 940 ppm and error
range of 8 000 ppm, while the second has a relative error of 6 271 ppm and error
range of 40 000 ppm, and lastly, the first plateau has a relative error of 6 387 ppm
and error range of 80 000 ppm. It is clear from these results that plateau 3 is the
flattest and most accurate. Plateau 1 is the second flattest and least accurate.
While plateau 2 is the least flat, but second most accurate. The relative accuracy
obtained for plateaus 1, 2 and 3 are at least 4 orders of magnitude larger than
that obtained in literature such as [25] and [81]. The reason for this discrepancy
is due to the range of data chosen for analysis. In this thesis, we have chosen the
following exit voltage ranges of 3.5 V, 3.3 V and 3.925 V to analyse plateaus 1, 2,
and 3 respectively due to their length. Thus, this has resulted in a much larger
relative error compared to [25] and [$1]. A smaller voltage range for the plateaus

would reduce this error significantly.

Another method to analyse the plateaus is to use the UDC model as shown
in Figure (5.16¢), (5.17c) and (5.18c). An attempt to use the UDC model show
that the UDC model is not a suitable model for the long plateaus effects we are
observing. An attempt to use the UDC model show that the UDC model is not
a suitable model for the long plateaus effects we are observing. For example, if

we consider the first plateau on Figure (5.16¢), we immediately notice that the
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model does not fit the first plateau well, and it was observed that if the first
plateaus was fitted well, one could not fit the second plateau at all. Furthermore,
the delta value for the first plateau is §; = 5368 and the alpha values are a; # s
and a; > ag This result does not correspond to the conventional pumped current
result observed in literature. Thus, the UDC model does not apply for the long

plateau regime.

Table 5.1: Shows the mean, standard deviation, relative error and error

interval of the first, second, and third plateaus

Plateau | Mean [pA] | ef [pA] | Std. Dev [pA] | Error [e* ppm] | AError [¢ ppm]
1 28.6550 | 28.8392 0.5125 6.38714 -40 to 40
2 57.3167 | 57.6784 0.5974 6.270978 - 20 to 20
3 86.9449 | 86.5175 0.1555 4.94004 2 to 10
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Figure 5.17: Shows the analysis of plateau 2 to determine its mean and

standard deviation. We also show the data fitted with the decay cascade

model, the error graph, a histogram and a box plot of the data. We
selected the data in the exit voltage interval from -6000 mV to -2700

mV
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Figure 5.18: Shows the analysis of plateau 3 to determine its mean and

standard deviation. We also show the data fitted with the decay cascade

model, the error graph, a histogram and a box plot of the data. We
selected the data in the exit voltage interval from -5925 mV to -2000

mV
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5.3 Experiment C: Tuning the 3rd Plateau of

Pulse B.1 with Source-Drain Bias

Howe et al. [I] observed that the source-drain bias had the effect of ‘aiding’ the
electrons over the split-gate potential barrier. He showed that the first plateau
elongates along the exit voltage with increasing source-drain bias. In this exper-
iment, we used the source-drain bias to tune the third plateau of the pump map
in Figure (5.8b). Our experiment differs slightly from that in [1], because we kept
the entrance gate voltage constant at -530 mV. We chose this value to ensure we
are on the third plateau. In Figure (5.19), we present the pump maps showing the
migration of the third plateau at different source-drain bias intervals. We stepped
the source-drain bias from -100 mV to 200 mV in increments of 1mV. In Figure
(5.19a), the source-drain bias was stepped from 151 mV to 200 mV, in Figure
(5.19b), the source-drain bias was stepped from 0 mV to 150 mV, and finally,
in Figure (5.19¢), the source-drain bias was stepped from -100 mV to 0 mV. We
swept the exit gate voltage from -9000 to -600 mV in all three cases.

The pump maps of Figure (5.19) clearly shows the effect on the third plateau
due to the source-drain bias. We call this effect ‘tuning’. Nevertheless, it is diffi-
cult to discern how the third plateau is affected directly from these pump maps.
To get a better picture of the tuning effect, it is useful to plot the average number
of electrons versus the exit gate voltage (see Figure 5.21). From this figure, it is
clear that the third plateau migrates from plateau zero and progressively makes
its way up to the eighth plateau as the source-drain bias increases from -100 mV
to 200 mV in increments of 1mV. Notice how all these plateaus are still elongated.
This means that the third plateau remains robust in the exit gate voltage as we
tune it with the source-drain bias. However, below the first plateau, we do notice
that the third plateau begins to lose its robustness in the exit gate voltage. The
migration from the first to the eighth plateau happens smoothly because of the 1
mV source-drain bias increments. Thus, we can tune to any long plateau between
one and eight by selecting the appropriate source-drain bias, even if the plateau
is not in the quantised regime. Moreover, the formation of the ninth plateau is
also visible, indicating that with a further increase in the source-drain bias, we
can tune the third plateau past the eighth plateau to the ninth, tenth, etc. An-
other important feature we see in Figure (5.21) is the clustering of the plateaus

around their quantised value. This effect can be explained with a potential land-
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Figure 5.19: Shows the tuning of the third plateau in the source-drain
bias interval from -100 mV to 200 mV

scape model provided by Hume et al [I] and [32]. Firstly, the reason we enter
into the long plateau regime over the exit voltage or split-gate is explained by the
potential model provided for the finger-split gate configuration in Figure (3.23)
by [1]. Additionally, Hume et al. [32] provides an Electrostatic potential model
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Figure 5.20: Electrostatic potential model of the source-drain bias effect

on split-gate potential (adapted from [32])

of the source-drain bias effect on the split-gate potential which is shown in Fig-
ure (5.20). It shows the variation of the potential energy of the spilt-gate with
the source-drain bias voltages for — 100 mV (blue), 0 mV (yellow) and 100 mV
(green). As the electrostatic potential of the drain is lowered, the effective barrier
height lowers in response, and the size of the dot gets bigger, making it easier
to accommodate more electrons of the dot. Thus, we can pump electrons where
otherwise the dot would be too small to pump, and it also allows pumping over a

larger range of exit gate voltages.

Figure (5.22) is the plot of the average number of electrons versus the source-
drain bias interval from 0 mV to 150 mV, at an exit voltage of -5000 mV. It
shows that the clusters correspond to the robustness of the plateaus along the
source-drain bias. Notice also that the adjacent plateaus are spaced at quantised
values of the source-drain bias, which is approximately 40 mV. Figure (5.22) is
very similar to Figures (3.8b [17] and 3.9¢ [51]), and since one can calculate the
energy of the dot in the latter figures in turnstile operation, we will investigate
the implication of the former figure for the enegy of the dot in a split-finger gate

pump operation.

In Figure (5.23), we plot the derivative of Figure (5.22) of the average number

of electrons versus the source-drain bias interval of 0 mV to 150 mV, at an exit
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Figure 5.21: Shows the source-drain bias tuning of the elongated third
plateaus selected at an entrance voltage of -530 mV in Figure (5.8b).
The tuning is done from -100 mV to 200 mV in source-drain bias, in
increments of 1 mV. The third plateau migrates from the first to the
eighth as we change the source-drain bias voltage. Notice that all the

plateaus are elongated and robust in exit voltage

voltage of -5000 mV. The corresponding plateaus 3, 4, 5 and 6 are clearly indicated
by the red texted arrow. Notice that all adjacent plateaus are still spaced at a
quantised value of the source-drain bias, which is approximately mV.One can also
as estimate the range of source-drain bias voltage for which the above mentioned
plateaus are robust, in this case the plateaus are robust over a source-drain bias

voltage of approximately 6 mV.

In Figure (5.24), we plotted select plateaus corresponding to the source-drain
bias indicated on each plateau. We selected the flattest plateaus from their clusters
by visual inspection. Figure (5.25) shows the pumped current of each source-drain
bias. We indicated the mean and standard deviation on each plateau. We calcu-
lated these quantities for the data points in the interval from -9000 mV to -2000
mV in exit voltage. In Table (5.2), we summarised these results and sorted them

in order of highest precision to the lowest. From it, we can see that plateau 2 is the
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o 40 80 120
VSD[mV]

Figure 5.22: The plot of the average number of electrons versus the
source-drain bias interval from 0 mV to 150 mV, at an exit voltage of
-5000 mV. It shows that the clusters correspond to the robustness of
the plateaus along the source-drain bias. Notice also that the adjacent
plateaus are spaced at quantised values of the source-drain bias, which

is approximately 40 mV

flattest, followed by plateaus 3, 4, 7, 5, 6, 8, and finally 1. In particular, plateau
2 has a precision of 0.1443 pA and a difference between the Codata and the mean
values of 0.0378 pA. It is an incredibly flat and accurate plateau compared to the
other plateaus. We also observe that plateau 1 has the worst precision of 2.2762
pA and a difference between the Codata and the mean values of 3.1996 pA. These
calculations were all done on a very large range of the data set, if we took a smaller
range of the data set, we would have improve the accuracy and standard deviation

of each plateau.
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Figure 5.23: The plot of the derivative of the average number of elec-
trons versus the source-drain bias interval from 0 mV to 150 mV, at an
exit voltage of -5000 mV. It shows that the clusters correspond to the
robustness of the plateaus along the source-drain bias. Notice also that
the adjacent plateaus are spaced at quantised values of the source-drain
bias, which is approximately 40 mV. Notice also that the plateaus are

robust for an approximate source-drain bias voltage range of 6 mV

Table 5.2: Shows the eight plateaus arranged in order of the highest pre-
cision based on the standard deviation. The data points were selected
in the interval from -9000 mV to -2000 mV

Plateau number | Std. Dev [pA] | Mean [pA] | ef [pA]
2 0.1443 D7.7162 D7.6784
3 0.3818 87.1897 86.5176
4 0.8344 114.2975 | 115.3568
7 0.9177 201.5818 | 201.8744
d 1.0363 142.5469 | 144.196
6 1.1714 171.4458 | 173.0352
8 1.7442 228.0652 | 230.7136
1 2.2762 32.0388 28.8392
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Figure 5.24: Illustrates the third plateau tuned from one to eight, at

selected source-drain bias, as depicted
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Figure 5.25: Illustrates the mean and Std. Dev for the selected plateaus
of Figure (5.24), as depicted
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Chapter 6
Discussion

We conducted three experiments in Chapter (5). In Section (5.1), we discussed the
affect of an AWG sinusoid on the quantised current compared to the conventional
quantised current of a signal generator sinusoid. In Section (5.2), we discussed the
affect a trapezoidal waveform with different rising edge slopes has on the quantised
current. The rising edge slopes were sinusoidal segments of different frequencies.
Lastly, in Section (5.3), we tuned the quantised current with a source-drain bias
voltage. In Section (6.1) of this chapter, we summarise the major outcomes of
the three experiments. We put our results in the context of existing studies and
discuss the relationship between them in Section (6.2). Furthermore, we highlight
the limitations of our studies and their implication for future research in Section
(6.3) and (6.4), respectively. We conclude by stating the overall significance of our
studies in Section (6.5).

6.1 Summary of Major Results

6.1.1 Experiment A: the effect of the AWG sinusoid on

the conventional pumped current

This experiment compared the pump maps of a signal generator to an arbitrary
waveform generator sinusoid. We observed three main differences: firstly, the
AWG pump map was more robust in entrance voltage compared to the signal
generator. The first plateau of the AWG spanned an entrance voltage interval
from -30 mV to -790 mV, while the signal generator only spanned an interval from
-100 mV to -700 mV, as depicted in Figure (5.4). Secondly, the AWG produced a

pump map that contains a very high degree of ripples on the onset lines compared
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to the smoother onset lines of the signal generator, as depicted in Figure (5.6).

Lastly, both RF sources produced long plateaus, 500 mV in exit voltage length.

6.1.2 Experiment B: the effect of a trapezoidal waveform

on the conventional pump map

In this experiment, we observed the pump behaviour in response to AWG pulses of
different rising edge slopes. We found that plateaus 1, 2 and 3 were elongated (ro-
bust) over the entire exit voltage range for the entrance voltage interval from -600
mV to -400 mV. For this interval, we also saw that the pump map improved with
the steeper sinusoidal segment slope on the rising edge of the pulse, as depicted in
Figure (5.8). Furthermore, the dynamics of the pumped current of Figure (5.8a)
was very peculiar, the plateaus moved between the short and long plateau regimes.
This behaviour was due to the trapezoidal waveform, but the actual mechanism

by which it came about requires additional investigation.

6.1.3 Experiment C: tuning the 3rd plateau of pulse B.1

with source-drain bias

In this experiment, we selected a robust third plateau at an entrance voltage of -
530 mV in Figure (5.8) and successfully tuned it with the source-drain bias voltage.
The third plateau migrated from the first to the eighth plateau as we swept the
source-drain bias from — 100 mV to 200 mV in increments of 1 mV. The plateaus
were very robust in exit voltage for the source-drain voltages above -70 mV. Below
-70 mV, we began to lose robustness (look at plateau number one). This result
allows us to tune onto any long plateau between one and eight by selecting the

desired source-drain bias voltage, even if the plateau is not an integer multiple of

ef.

6.2 Relationship of Results to Existing Studies

The high degree of ripples on the onset line of the AWG pump map, in Section
(5.1), has not been observed in the literature. The long plateau pumping regime
was first observed by Howe et al. [1]. The difference between our study and Howe’s
et al. [I] is the mechanism by which these plateaus manifest themselves. Howe
showed that by changing the source-drain bias voltage, he could elongate the first

plateau. Howe et al. [1] used a signal generator to modulate the entrance gate. By
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contrast, we entered the long plateau regime using an AWG source. We were able
to elongate as many as eight plateaus along the exit gate voltage. Howe’s et al. [1]
idea of enhancing the first plateau with the source-drain bias stimulated the idea
of tuning the plateaus with source-drain bias, as we did in Section (5.3). Further-
more, Wright et al. [51] observed that the quantised current is robust along the
exit voltage when an applied magnetic field is perpendicular to the sample. Our
experiement showed that the same effect is present in the absence of externally
applied magnetic fields. This suggests that the RF source from the AWG might

be inducing a local magnetic field at the sample.

In Section (5.2), we showed that a faster slope on the rising edge of the pulse
restored the quantised current in the entrance voltage interval from -400 mV to
-600 mV. This experiment is very similar to Giblin’s et al. [25] experiment. How-
ever, he restored the quantised current with a slower slope on the rising edge of the
pulse. This is a seeming contradiction. However, there are key differences between

the two experiments, stated in Section (5.2) which could resolve this ambiguity.

6.3 Limitations of the Study

In our research, we did not consider external magnetic field effects, and we used a
single sample to conduct the studies. The AWG can output a maximum voltage
of 1 Vp-p. Thus, we were limited from doing a comparative power study between
the AWG and the Signal generator for the pump maps. Furthermore, we observed
all these results on a split-finger gate pump geometry. These results seem to be
unique to split-finger gate pump geometry because the LPR has not yet been ob-

served in the finger-finger gate pump geometry in the literature.

6.4 Implications for Future Research

6.4.1 Increased frequency and magnetic field pumping

From the redefinition of the Ampere, we can increase the magnitude of the pumped
current either by increasing the operating frequency or the number of pumped elec-

trons. However, for the conventional single-gate modulated pump, if the frequency
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is too high, then we face the issue of having insufficient back tunnelling time. Some
electrons may not tunnel back to the source. Such a fast waveform contributes
to the pump error during the capture phase of the pump cycle. Giblin et al. [25]
showed that as long as the capture segment of the waveform is sufficiently slow,
then for some entrance voltage interval, we could increase the frequency of the
waveform without introducing error to the pumped current. We aim to pump at
frequencies greater than 181.81 MHz in future experiments. Furthermore, follow-
ing Wright’s et al. [51] observation, we will conduct experiments in high magnetic

fields (up to 10 Tesla) and compare the outcomes to this study.

6.4.2 The frequency-dependence permittivity of GaAs/AlGaAs

substrate

An electromagnetic field inside a dielectric material will polarise its atoms. The
permittivity or relative permittivity of the material measures the strength of the
polarisation. The permittivity depends on various parameters of the field, such
as its frequency and amplitude. The electric field passing through the material
may be delayed, absorbed, dispersed, etc. Since we have a multiple frequency
waveform (the trapezoid), we must investigate how these frequencies go through
the dielectric. It might tell us something about how each frequency couples to the

2DEG, thus, help understand how the pulse affects pumping.

6.4.3 Modelling the split-finger gate geometry using an

EM simulator

We modelled the finger-finger gate and finger-split gate potential profiles in Math-
ematica. This model does not take into account the many physical aspects of
the gates. We will model these gate geometries with an electromagnetic solver
to enhance our understanding of their potential profiles and their relations to the

pumped current when we apply arbitrary waveforms to these gates.

6.5 The overall significance of the study

Many of the single-electron pumps we find in the literature focuses on using a
sinusoidal waveform to pump. These pumps have shown great promise towards
the realisation of the Ampere. The introduction of an external magnetic field

elongated the plateaus along the exit voltage and greatly improved the accuracy
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of the quantised current. This work brought us closer to the realisation of the
Ampere. Giblin et al. [25] built upon this work by using a trapezoidal waveform
containing a combination of a sinusoidal segment and a rectangular pulse to mod-
ulate the pump. This technique allowed him to increase the magnitude of the
pumped current by increasing the operating frequency of the pump. We used the
same trapezoidal pulse technique on a split-finger gate pump. We found that the
trapezoidal pulse has a significant affect on the behaviour of the split-finger gate
pump. In particular, we observed effects such as plateau elongation, pumping up
to eight plateaus, the creation of ripples on the onset line, strange pumped current
dynamics and highly robust plateaus. These effects are yet to be properly under-
stood and will, when properly understood, have a significant implication on the
way we understand single-electron pumps. It might give us a new perspective on
single-electron pumps concerning the source-drain bias, split-finger gate pumps,
and different modulation waveforms. Moreover, it might bring us closer to the

realisation of the Ampere.

Page 132



Appendix A

The Time and Frequency Domain Analysis of the

Waveforms of Experiment B

Figure (1) shows the 3D pump map of pulse B.1 of Figure (5.8a), while Figures
(2 and 3 ) shows the time and frequency domain analysis of pulse B.1 to B.5 of
Figure (5.8a).
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Figure 1: Illustrates: the 3D pump map of pulse B.1 (blue) of Figure
(5.8b) with 62.5 MHz sinusoidal segment. The first, second and third
plateaus have numerical values of 28.8 pA, 57.6 pA and 86.4 pA on the

color bar respectively.
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S

(c) Pulse B.3 (d) Pulse B.4

(e) Pulse B.5

Figure 2: Illustrates time domain waveforms of the pulse B.1 to B.5 of

Figure (5.8a)

The Effects of rising time or Pulse Width on the
pump map of Pulse B.1

The single-gate modulated pump is capture operated. In other words, the entrance
gate of the pump gets modulated with an RF signal superimposed on a DC signal.
The operation of this pump is explained in Section (3.1.5). We know that during
the capture phase, there has to be a relaxation time to allow the electrons to back
tunnel to the source and that the capturing should not happen too quickly for one

to capture an electron reliably in the first place. This experiment investigated the
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Center 3.000000 GHz Span 6.000000 GHz
#Res BW 3000 kHz #VBW 3.000 kHz Swp 120.3 s (401 pts)

(a) FFT spectrum of Pulse B.1 fundamental (b) FFT spectrum of Pulse B.2 fundamental
harmomc power at 2.044 dBm. harmomc power at 0.7754 dBm.

(c) FFT spectrum of Pulse B.3 fundamental (d) FFT spectrumof Pulse B.4 fundamental
harmonic power at -0.1381 dBm. harmonic power at -0.4698 dBm.
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(e) FFT spectrum of Pulse B.5 fundamental (f) Matlab FFT spectrum comparing the
harmonic power at -0.8083 dBm. power of AWG Sinusoid to Experiment B.

Figure 3: Illustrates Fast Fourier spectrum of the pulse B.1 to B.5 of
Figure (5.8a). (f) shows the fundamental harmonic decreasing in power
from pulse B.1 of Figure (5.8a), the highest power, to pulse B.5 of Figure
(5.8a) the lowest power.

effect that a change in the capture time had on the pump map of Figure (5.8b).
The rise time of the pulse or equivalently the pulse width was changed in this
experiment to change the capture time. The modified waveform is illustrated in

Figure (4a), notice that the pulse is B.1 of Figure (5.8a). In other words, the
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capture slope, the sinusoidal segment of the pulse was kept constant, while the
width or rise time of the capture was varied, resulting in the waveforms of Figure
(4a). There are eight waveforms, each corresponding to different rise times. The

fall time and the duty cycle of the waveforms were kept constant.

Our results show that as the rise time decreases from right to left in Figure
(4a), we observe in Figure (4a to 4e), that the pump map migrates downwards
in the direction of more negative voltages on the entrance gate. The elongated
plateaus, 1, 2, and 3 starting at around -400 mV entrance voltage in Figure (4b),
have moved down and are now starting at -600 mV in the entrance voltage in
Figure (4e). These long plateaus have also progressively deteriorated with smaller
rise time or pulse width. Additionally, we see that above -400 mV, the pumping
of the shorter plateaus begins to break for lower exit voltage values, Figure (4b to
4e). Decreasing the rise time further results in Figure (4f and 4g), where the third
and second plateaus begin to disappear in Figure (4f), and they are eventually
almost completely gone in Figure (4g). At the same time, the first plateau begins
to migrate and expand, spanning an entrance voltage from -300 mV to -800 mV.
Below -300 mV the plateaus are very small. Suddenly, in Figure (4h) the first
plateau disappears too! And all the pump happens at very low entrance voltage
over the range of exit voltage. The plateau pump happens over 0 to -100 mV of
the entrance voltage, above this value, all the plateaus are very small, in a very
tiny range of the exit voltage. In Figure (4i), for the shortest rise time, all the
pumping essentially stops. Only a speck of pumping is seen on the pump map at

the low entrance and exit gate voltages.
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(a) Trapezoidal Pulse waveform: C1 to C5
(b) Pump map of pulse C.1 (blue) with
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(¢) Pump map of pulse C.2 (orange) with (d) Pump map of pulse C.3 (yellow) with
pulse width of 1 ns. pulse width of 1.5 ns.
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(e) Pump map of pulse C.4 (purple) with (f) Pump map of pulse C.5 (green) with
pulse width of 2 ns. pulse width of 2.5 ns.

Figure 4: Shows the trapezoidal pulse waveform with various pulse width
in increments of 0.5 ns. The sinusoidal segment has the same frequency.
The width increases from C.1 to C.2 in (a) and their corresponding
pump maps are shown in (b) to (i) respectively. The pulses were op-
erated at a frequency of 181.81 MHz at 1 Vp-p amplitude. The first,
second and third plateaus have numerical values of 28.8 pA, 57.6 pA
and 86.4 pA on the color bar respectively
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(g) Pump map of pulse C.6 (light blue) (h) Pump map of pulse C.7 (dark red) with
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(i) Pump map of pulse C.8 (blue) with
pulse width of 4 ns.

Figure 4: Shows the Trapezoidal Pulse waveform with various pulse
width in increments of 0.5 ns. The sinusoidal segment has the same
frequency. The width increases from C.1 to C.2 in (a) and their corre-
sponding pump maps are shown in (b) to (i) respectively. The pulses
were operated at a frequency of 181.81 MHz at 1 Vp-p amplitude. The
first, second and third plateaus have numerical values of 28.8 pA, 57.6

pA and 86.4 pA on the color bar respectively

Pumping with Triangular and Square waveforms

Figure (5) shows additional experiments done with triangular to square pulses. In

future, we will investigate these experiments further.
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Figure 5: Illustrates (a) the waveform pulses from triangular E1 to square

E2, and their corresponding pump maps (b) to (j)
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Ultrastable low-noise current amplifier (ULCA)

Although the ultrastable low-noise current amplifier (ULCA) was not used in this
thesis, it is nevertheless an extremely important instrument that merits an in-
troduction in this thesis. This state-of-the-art instrument is used nowadays by
metrology institutes worldwide. The ULCA is a non-cryogenic electrical instru-
ment based on specially designed resistor networks and operational amplifiers. It
has two stages, the first provides a 1000-fold current gain, and the second performs
a current-to-voltage conversion via an internal reference resistor of 1 M2 or one
can use an external standard resistor. The ULCA’s transfer coefficient is highly
stable versus temperature, time, and current amplitude within the full dynamic
range of 5 nA. The averaging time is kept short at small input currents due to
the low noise level of 2.4 fA.Hz2. A cryogenic current comparator is used to
calibrate both outputs trans resistance and the input current gain, which can be
traced to the quantum Hall effect. Within a week after calibration, the uncer-
tainty contribution from short-term fluctuations and drift of the trans resistance
is about 0.1 parts per million (ppm) and the long-term drift is typically 5 ppm/yr.
The ULCA also allows one to trace the generation of small currents or to calibrate

high-ohmic resistors [33].
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Figure 6: Photographs of a ULCA prototype. (a) Complete two-channel
unit and (b) Single ULCA channel without cover plate (adapted from

[83])
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6.5. The overall significance of the study
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Figure 7: The Universal Decay Cascade Model fitted to the normalised
pumped current of Figure (5.12) at an entrance voltage of -375 mV.
First we notice that the model fits the data quite well. The delta values
for the first and second plateaus are: 0; = 1458 and 0, = 381.6. The
alpha values represented by a; indicates that a; # ay # a3 # a4 and
a1 < ay < az < ay, however, the assumption is that they should all be
equal, but even with the short plateaus, the values of alphas which are
expected to be equal differ. thus it is not clear which alpha value should

be chosen.
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Chapter 6. Discussion

Figure 8: The inflection point technique is another way to analyse the
accuracy of the plateaus, however, probably due to the noise as shown
on the plot, there is not clear inflection point for the long plateau data

of this thesis and another method has to be applied.
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