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Abstract

Progress towards GaAs multiplexed single-electron pump arrays
Teng Yi

In this thesis we present progress towards making multiplexed GaAs single-electron
pump arrays. The single-electron pump is a device for transferring an accurate integer
number n of electrons per cycle to generate precise current I = nef , where f is the
frequency of the periodic AC voltage applied and e is the electron charge. Multiplexing
electron pumps may also allow the pumps to be measured in parallel, increasing the
output current and thereby enabling a higher accuracy reading.

Firstly, a 4 x 32 multiplexed wide-channel electron pump array is studied and we
observe a large rectified current (about 100 µA) instead of a pumping current (which
would be 18 pA at 110 MHz). We designed several variations of single wide-channel
electron pump devices and found out that the rectified current is from the wide-channel
electron pump and not the multiplexer. We developed a model to qualitatively explain
the origin of rectified current in the wide-channel electron pump devices and investigate
the effects of changing the RF frequency and amplitude on the rectified current.

Secondly, we characterise the transmission of RF voltage signals through the
quantum multiplexer using an array of bar gates. We find that about 300 mV AC
amplitude voltage can be transmitted to the bar gate device, which may be sufficiently
large for an electron pump to operate. We also present the statistical study of
multiplexed bar gate devices. We find that 0.1 µm wide bar gates are different from 0.2
µm wide bar gate or wider gates: more negative voltage is needed to pinch off 0.1 µm
wide bar gates, because 0.1 µm is comparable with the 2DEG depth. We redesign the
multiplexer structure and determine that the capacitance of the multiplexer is about
1.93 pF which will help the future multiplexed single-electron pump array design to
give best RF power transmission.

Thirdly, since gate insulators are required in the multiplexed electron pump design.
We demonstrate electron pumping in a single-electron pump device in which the gates
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extend across the entire GaAs channel, and are insulated from the GaAs channel by
a polyimide layer as required in the multiplexed design. We also study how design
variations such as the pump gates design (quantum dot radius and tunnel barrier
width), channel etch design and order of fabrication will affect the RF power required
to observe clear quantised pumping. Based on the above results, we present our designs
for full GaAs multiplexed electron pump arrays.
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1
Introduction

There are seven base units in the International System of Units: the metre for mea-
surement of length, the kilogram for mass, the second for time, the ampere for electric
current, the kelvin for temperature, the candela for luminous intensity, and the mole
for amount of substance [1]. At present, the definition of the ampere is based on
electromechanical force: the ampere is that "constant current which, if maintained in
two straight parallel conductors of infinite length, of negligible circular cross section,
and placed 1 metre apart in vacuum, would produce between these conductors a
force equal to 2 × 10−7 newton per metre of length" [1]. However, infinite-length,
zero-cross-sectional-area wires and vacuum in the definition cannot be realised perfectly.
Researchers are developing new ways to use the fundamental constant electron charge
e to redefine the ampere, which could measure the quantum current standard precisely
[2–5].

To realize a quantum current standard, tunable-barrier single-electron pumps
are promising candidates. The tunable-barrier single-electron pump fabricated on
semiconductors is a device transferring an accurate integer number n of electrons per
cycle to generate precise current I = nef . Here f is the frequency of the periodic AC
voltage applied to modulate the barrier, whose relative uncertainty can be controlled
under 1 part in 1010 [6]. Significant improvements have been made since the device
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was first demonstrated by Blumenthal et al. in 2007 [2]: currently state of the art error
rates are 0.16 ppm at 600 MHz (96.1 pA) [7] and 0.3 ppm at 1 GHz (160.2 pA) [8].
However, even better accuracy, a current at least 100 pA with error rate less than 1
part in 107, is required to redefine the electrical standards.

The cryogenic on-chip quantum multiplexer is a multilayer structure developed on a
GaAs/AlGaAs heterostructure allowing many devices to be measured at the same time
[9]. The quantum multiplexer has been applied to study the statistics of fabrication
yield, reproducibility [9] and interesting quantum effects such as so-called ‘0.7 structure’
[10] on one-dimensional wires [11]. In this thesis we want to extend the multiplexer
application to quantum metrology redefining the ampere.

Multiplexing electron pumps may allow pumps to be measured in parallel, increasing
the total output current and realizing a higher accuracy reading [12, 13]. And also
the quantum multiplexer architecture could allow the measurement of a large number
of electron pumps to be carried out in a single cryogenic cool-down using a limited
number of measurement wires. Therefore we can also evaluate electron pumps with
different designs on a single chip within a cool down.

Here we present progress towards realising such multiplexed pump arrays. The
thesis is organised as follows: Chapter 1 introduces the motivation for this study which
is the redefinition of the ampere base unit, the concept of the electron pump and
quantum multiplexer, and the benefits of multiplexed electron pump arrays. Chapter 2
presents background theory of the semiconductor devices relating to the work presented
in subsequent chapters: low-dimensional transport, Coulomb Blockade, and single-
electron transport. Chapter 3 describes the design and processes of fabricating devices
and low-temperature measurement techniques employed in this thesis. Chapter 4
introduces the reason of designing the wide-channel electron pumps and how rectified
current is observed in these devices. Then we present our work on the 4 x 32 multiplexed
wide-channel electron pump array and single wide-channel electron pump device. Lastly,
we develop a model to explain this rectified current. In chapter 5 we characterise the
transmission of RF voltage signals through the quantum multiplexer using an array
of bar gates. Also we use multiplexer to do the statistical study of bar gates with
different gate widths and calculate the capacitance of the multiplexer. In chapter 6
we demonstrate that our design of single-electron pump with an insulator layer of
polyimide added realizes quantised charge pumping. This is a necessary step to make
multiplexed pump arrays. We measure several design variations of pump gates namely
dot radius and the tunnel barrier width, channel etch design and order of fabrication
and observe clear electron pumping. We discuss if there is a relationship between
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the tunnel barrier width/dot radius and the power required to see charge pumping.
Chapter 7 is a summary of our work and future research proposals.



2
Background

This chapter presents the background theory and literature review relevant to the work
described in the following chapters. Firstly, we will introduce different low-dimensional
semiconductor structures. Secondly, the development of single-electron pumps is
presented. Lastly, we will describe the concept, design, operation and application of
the quantum multiplexer technique.

2.1 Low-dimensional semiconductor structures

2.1.1 Two-dimensional electron gases and heterostructures

In a bulk semiconductor electrons will travel in three dimensions. With the development
of ‘band engineering’ or ‘wavefunction engineering’ [14], the electrons can be confined
to travel in two dimensions or even lower. A two-dimensional electron gas (2DEG)
is a sheet of electrons which can only move freely in two dimensions. A large variety
of quantum experiments can be carried out using 2DEGs. A particular realisation of
2DEG systems is semiconductor heterostructures, which are made up of more than
one semiconductor material.
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A typical GaAs/AlGaAs heterostructure is shown in Fig. 2.1 (a). The 2DEG is
formed 90 nm below the wafer surface. The structure consists of a semi-insulating GaAs
substrate on which a ∼1 µm of high-quality GaAs buffer layer is grown. Following this
a 40 nm un-doped AlGaAs spacer is grown, which is used to keep the 2DEG a certain
distance from the donors. This will reduce the scattering and increase the electron
mobility of the 2DEG. After this a 40 nm Si-doped donor layer is grown to provide the
electrons forming the 2DEG, following this a final 10 nm GaAs cap is grown on the top
to prevent the Al content in the AlGaAs being oxidized. Because of the conduction
band offset of GaAs and AlGaAs, the band profile forms a triangular potential well
at the GaAs/AlGaAs interface, which is shown in Fig. 2.1 (b). At low temperature,
the triangular potential well is so narrow that only the ground state wave function in
the confinement direction is occupied. This means the electrons in the 2DEG can only
move in two dimensions and a sheet of electrons parallel to the interface is formed. All
the experiments measured in this thesis use a GaAs/AlGaAs heterostructure.

Figure 2.1: (a) Typical GaAs/AlGaAs wafer structure used in this work. (b) Band
structure of the GaAs/AlGaAs heterostructure. Taken from [15].

We can get the density of states of a 2DEG from Schrödinger’s equation for the
electron motion in the z direction (perpendicular to the 2DEG) :

[
− ~2

2m∗
d2

dz2 + V (z)
]
ψ(z) = Eψ(z) (2.1)
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where V (z) is the potential energy, ψ(z) is the electron wavefunction and E is the
energy. By solving the equation, the allowed energy states of confined electrons for a
2DEG can be given as:

Ei(kx, ky) = Ei + ~2

2m∗

(
k2

x + k2
y

)
(2.2)

where m∗ is the electron effective mass, h is Planck constant, ~ = h
2π

, kn, nϵ {x, y} is
the wave vector and Ei are the quantised energy levels for electron motion in the z
direction. In all of our work, only the first energy level (i = 0) is occupied. The density
of states can be described as:

g2D(E) = m∗

π~2 (2.3)

This assumes spin degeneracy (spin up and spin down electrons have the same
energy). The density of states for a 2DEG system is presented in Fig. 2.2.

2.1.2 Quantum wire

Further reduction in dimensionality will lead to one-dimensional transport of electrons
in a quantum wire. Starting with a 2DEG introduced above, another confinement in
the perpendicular direction to the original confinement is added to the 2DEG. The
lateral confinement can be realised by using a split-gate transistor [16] or etching to
remove some of the material to create a narrow-channel of the 2DEG [17]. The width
of the narrow channel can vary depending on the 2DEG carrier density. The energy
states of the confined electrons in the quantum wire can be described as:

Ei,j(kx) = Ei + Ej + ~2k2
x

2m∗ (2.4)

where Ei are the quantised energies for motion in the z direction and Ej are the
quantised energies in the y direction (perpendicular to the wire). In a typical device at
low temperature, several of the quantum wire subbands (Ej levels) can be occupied.
And the density of states function can be given by

g1D(E) = 2(2m∗) 1
2

h
E− 1

2 (2.5)

This assumes spin degeneracy, and that the energy E is relative to the subband
bottom (Ei,j). The density of states for a quantum wire system is shown in Fig. 2.2.
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Figure 2.2: Schematic diagram of electronic density of states of different dimensionality.
Taken from [18].

2.1.3 Quantum dot

For a small enough conducting island (smaller than the phase-coherence length of
electrons), electrons can be confined in all three dimensions to form a quantum dot
[19]. In this case only discrete energy levels are allowed. Quantum dots [20–22] can
be defined by gates on a 2DEG [15] or by finger gates fabricated on quantum wires
[2]. For the case of square well confinement in all three directions, the allowed energy
states of the electrons confined in quantum dots can be described by:

Ei,j,k = h2

8m∗ ( i
2

L2
z

+ j2

L2
y

+ k2

L2
x

) (2.6)

where i, j and k are integers and Lx, Ly and Lz are the dimensions of the quantum
dot. The density of states (shown in Fig. 2.2) is then:

g0D(E) = δ(E − Ei,j,k) (2.7)

Additionally, there is an electrostatic energy cost e2/C for adding an extra electron
to the quantum dot, where C is the total capacitance of the dot. Figure 2.3 shows the
schematic of a quantum dot and energy level diagram of the system. As the plunger
gate is capacitively coupled to the dot, it can control the conductance through the dot,
and is used to manipulate the energy levels of the dot, and can be tuned to raise or
lower the possibility of an electron tunnelling on to or off the dot. At low temperature
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electrons can only tunnel on and off the dot when one of the dot energy levels is lined
up with the chemical potential µs, µd of the source and drain leads. If they are not
aligned then no current can flow and this is the Coulomb blockade [23]. The devices
studied in Chapter 6 are based on this principle.

Figure 2.3: (a) Schematic diagram of a quantum dot. (b) Energy level diagram of the
quantum dot. Taken from [24].

2.2 The single-electron pump

Researchers are interested in the single-electron pump for its metrology application:
a quantum current stand and could be realised using the pump. We will present a
literature review of the development of single-electron pumps. Lastly we will describe
its application beyond metrology such as single-electron sources and quantum optics.

2.2.1 Metrology

Metrology is defined as "the science of measurement, embracing both experimental
and theoretical determinations at any level of uncertainty in any field of science and
technology" by the International Bureau of Weights and Measures (BIPM) [25].

In the field of electrical metrology, the Quantum Metrological Triangle (QMT) [26]
experiment was proposed by K. Likhzrev and A. Zorin in 1985 [27]. A schematic of
the Quantum Metrological Triangle is shown in Fig. 2.4. The QMT was proposed to
use the fundamental constants-electron charge e and Plank’s constant h to redefine
the standards of electrical voltage, resistance and current.

For a quantum standard of electrical voltage, the Volt can be realised using the ac
Josephson effect [29]: if an AC current at frequency f is applied to a Josephson junction,
the voltage equals hf/2e across the junction. As the frequency can be accurately
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Figure 2.4: Schematic diagram of the Quantum Metrological Triangle. Taken from
[28].

controlled, the Josephson voltage standard has been achieved with the error rate less
than 0.01 ppm [6]. For the quantum standard of electrical resistance, the Ohm can
be realised using the quantum Hall effect [30]: as the Hall resistance of a 2DEG is
quantised to h/e2, a quantum resistance standard can be precisely achieved.

However, for the current unit ampere, the ampere is still defined as the: "constant
current which, if maintained in two straight parallel conductors of infinite length, of
negligible circular cross section, and placed 1 metre apart in vacuum, would produce
between these conductors a force equal to 2 × 10−7 newton per metre of length"[1].
Infinite-length, zero cross-sectional area wires and a vacuum in the definition cannot
be realised perfectly. Researchers are developing new ways to use the fundamental
constant electron charge e to redefine the ampere, in terms of a precise quantum current
standard [2–5].

Based on quantum standards of electrical voltage and resistance, the electrical
current can be redefined with Ohm’s Law. However, if an independent quantum current
standard can be realised using the fundamental constants, the new current definition
can not only be precise but can also be used to examine the consistency of the quantum
electrical standards via the closure of the Quantum Metrological Triangle. A current
generated by electrons transported one-by-one through a quantum dot at an exact
frequency is a possible way to redefine the quantum current standard.

2.2.2 Electron turnstiles and pumps

Single-electron turnstiles and pumps are two promising methods to transport an exact
integer number n of electrons per cycle at frequency f , which can generate a precise
current I = nef .
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Quantum charge transport was first demonstrated in a single-electron turnstile by
Geerligs et al. [31]. This device was fabricated using arrays of metallic (aluminium)
islands separated by tunneling junctions (aluminium oxide). The chemical potentials of
the dots could be modulated by the gates when RF signals were applied. The RF signal
increases and decreases the possibility of electrons tunneling on and off the dot (via the
Coulomb blockade), to produces a precise current. Figure 2.5 shows a semiconductor
turnstile, where the RF signal modulates the tunnel barriers. The first single-electron
pump was demonstrated by Pothier et al. in 1992 [32]. The device was also based
on the periodic manipulation of the Coulomb blockade effect in metallic junctions.
This device does not need a source-drain bias voltage and the current direction is only
dependent on the gate voltages.

Figure 2.5: A schematic of the single electron turnstile. Taken from [33].

However, there is a limitation of these metallic turnstiles and pumps: the RF
frequency applied cannot be very high (about tens of megahertz) because of the RC
time-constant of the metal-oxide junctions. This will limit the total current to about
10 pA. However even better accuracy, a current of at least 100 pA with error rate less
than 1 part in 107, is required to redefine the electrical standard. This means metallic
turnstiles and pumps are not suitable to realise the quantum current standard.

High RF frequency that generates large pumping current can be achieved on
semiconductor quantum dot devices because of the low RC constant. On these devices,
metallic surface gates with negative voltage applied are used to confine the quantum
dot. When RF voltage is applied to the tunnel barrier gates, the electrons will be
transported through the dot periodically. Kouwenhoven et al. demonstrated the first
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single-electron turnstile on GaAs/AlGaAs heterostructure in 1991 [33] and Fujiwara
et al. first demonstrated a silicon single-electron turnstile generating 16 pA current in
2004 [34]. For gigahertz pumping, Blumenthal used a GaAs/AlGaAs tunable-barrier
quantum dot electron pump to generate current 87.64 at the frequency 547 MHz.
with an error rate of 100 ppm in 2007. Significant improvements has been made
since the device first demonstrated by Blumenthal et al. in 2007 [2]: currently state
of art error rates are 0.16 ppm at 600 MHz (96.1 pA) [7] and 0.3 ppm at 1 GHz
(160.2 pA) [8]. However even better accuracy, a current of at least 100 pA with error
rate less than 1 part in 107, is required to redefine the electrical standards. More
details about the pumping mechanism are described in Chapter 6. Single-electron
turnstiles and pumps have also been demonstrated based on graphene [35], hybrid
normal-metal-superconductor structures [36] and carbon nanotubes [37].

Parallel pumping could increase the total output current and enable a higher
accuracy current measurement [12, 13, 38]. Figure 2.6 shows two parallel pumps
demonstrated by Wright et al. [38] and three parallel pumps demonstrated by Mirovsky
et al. [12].

Figure 2.6: Parallel pumping. (a) Two parallel pumps demonstrated by Wright et al.
Taken from [38]. (b) Three parallel pumps demonstrated by Mirovsky et al. Taken
from [12].
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Apart from the application in metrology, single-electron turnstiles and pumps can
also be used as an on-demand emitter of single electrons. These turnstiles and pumps
operate at high frequency, which are highly desirable for fast quantum information
processing [39–41]. Besides, if the emitting electrons enter a p-type material and
combine with holes, photons will be emitted. Therefore single-electron turnstiles and
pumps are promising for acting as single-photon emitters [42, 43]. Electron pumps also
can emit electrons into quantum Hall edge states, which act like waveguides. And 1D
channels can be used like beam splitters to do experiments like the Hong-Ou Mandel
test [44].

2.3 Quantum multiplexer

The cryogenic quantum multiplexer is an on-chip architecture using the limited number
of available cryogenic measurement wires to increase the number of measurable devices
on a single chip. This technique can be used to study the statistics of device fabrication
yield, reproducibility and quantum effects. This section will introduce the theory,
design and application of the quantum multiplexer.

In electronics, a multiplexer, commonly shortened to ‘MUX’, is a device selecting one
signal among several input signals and forwarding the selected signal to the output line.
The biggest advantage of the multiplexer is that within a certain time or bandwidth the
multiplexer can increase the amount of data to be sent. In contrast, a demultiplexer
is a circuit than can send an input signal to many output lines. Multiplexers and
demultiplexers normally work in pairs. Figure 2.7 shows diagrams of a 2-to-1 multiplexer
and 1-to-2 demultiplexer.

Figure 2.7: Schematic of multiplexer and demultiplexer.(a) 2-to-1 multiplexer. (b)
1-to-2 demultiplexer. Taken from [45].

The quantum multiplexer uses a similar principle, which can exponentially increase
the number of electrical gates that can be contacted to different quantum devices such
as split gates or single-electron pumps. The quantum multiplexer is able to measure
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up to thousands of devices depending on the number of contacts on the chip carrier,
which is hard to achieve without a multiplexer.

The quantum multiplexer studied in this thesis is a multilayer structure developed
on a GaAs/AlGaAs heterostructure. Figure 2.8 (a) shows the schematic diagram of
the quantum multiplexer structure. Figure 2.8 (b) describes how the multiplexer is
controlled to transmit the input voltage V to the selected path 1. The mesa has a
binary tree-like structure, and each level of the mesa is controlled by two addressing
gates. There are six addressing gates (G1 to G6) to determine the path in this structure.
When we want to pinch off one path, we need to apply some negative voltage (typically
-0.3 V) to the corresponding addressing gate. The negative voltage should be large
enough to pinch off the mesa path without polyimide, however, it should not be too
large to pinch off the mesa path with polyimide insulator. In Fig. 2.8 (b) when -0.3 V
is applied to the addressing gates G2, G4, G6, the mesa under the G2, G4, G6 gates
without polyimide will be pinched off, therefore the input voltage V will reach path 1.

Figure 2.8: Schematic diagram of quantum multiplexer structure. (a) Schematic
diagram of the multiplexer structure. (b) Negative voltage applied to the addressing
gates G2, G4 and G6 to pinch off the other paths except path 1. Taken from [9].

If we have n contacts for the multiplexer structure, one contact is for the input V
and the total number NMUX of output paths the multiplexer is given by:

NMUX = 2(n−1)/2 (2.8)

Since the quantum multiplexer was first introduced, many applications have been
demonstrated [9, 10, 46–50]: for example, using the standard LCC chip carrier which
has 20 contacts, 256 split-gate devices were measured in a single cool-down by Al-Taie
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et al. [9]. Puddy et al. used multiplexed charge-locking system (Fig. 2.9) to measure
the Coulomb-blockade peaks of a single quantum dot [11]. A statistical study of
conductance properties in one-dimensional quantum wires focusing on the 0.7 anomaly
using a multiplexer as presented by Smith et al. [10]. In summary, the quantum
multiplexer is an architecture that can measure large numbers of devices using limited
contacts on a chip in a single cool down. Our aim is to extend its applications to MUX
single-electron pump arrays.

Figure 2.9: Schematic of charge-locking system based on the quantum multiplexer:
more details are shown in [11]. Taken from [11].

2.4 Conclusion
This chapter has presented the background theory of low-dimensional semiconductor
structures required to understand the work in the following chapters. Then we described
how the single-electron pump promises to realise a quantum current standard, and
presented a literature review of single-electron turnstiles and pumps. Finally, we have
introduced the quantum multiplexer technique which can measure a large number of
devices in a single cool-down.



3
Device Fabrication and Measurement

Methods

This chapter presents the semiconductor processing techniques used to fabricate the
devices and the measurement methods used in this thesis. Devices were designed
with assistance from Dr Joanna Waldie (University of Cambridge), Dr Luke Smith
(University of Cambridge), Dr Reuben Puddy (now at the University of Sussex) and
Dr Patrick See (National Physical Laboratory). The single-electron pump devices
with polyimide were fabricated by Dr Patrick See. Fabrication of devices has to be
implemented in an orderly manner: etch a mesa, deposit ohmic contacts, e-beam
patterned etch if necessary, e-beam gates evaporation if necessary, spin-on insulator,
optical gates and bonding and device packaging.

In more detailed, the order of the fabrication steps is different for the different
types of devices. For rectified current devices (see Fig 3.1) and MUX bar gates (see
Fig 3.2) the order is mesa, ohmics deposition and annealing, EBL gates, polyimide,
optical gates. For the pump with polyimide devices the order is optical mesa, ohmics
deposition, EBL etch, ohmics annealing, EBL gates, polyimide, optical gates. We also
tried doing the EBL gates after the polyimide and the optical gates (see Fig 3.3).
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Figure 3.1: Device layout for wide-channel electron pump device. (a) Optical image.
(b) The optical image of the e-beam gates area. (c) Fabrication order.

3.1 Wafer selection and preparation

The semiconductor material used for the devices is the high-electron-mobility transistor
HEMT GaAs/AlGaAs structure grown on a (100) GaAs substrate by Molecular Beam
Epitaxy at the Cavendish Laboratory by Dr Ian Farrer and Dr Christine Nicoll. These
wafers contain a 2DEG 90 nm below the surface, which forms due to a narrow potential
well in the conduction band profile in the z-direction between the GaAs and AlGaAs
layers. Figure 3.4 is a schematic of the wafer we used to fabricate devices. We select
wafers whose 2DEG has an electron density in excess of 1.5 × 1011 cm−2 and mobility
greater than 106 cm2V−1s−1. Three wafers are used for this work: W0261 is used for
MUX bar devices; W0546 is used for rectified current devices and W1077 is used for
single-electron pumps with polyimide (W0261 and W1077 wafers were grown by Dr
Ian Farrer and W0546 by Dr Christine Nicoll). Their characteristics at 1.5 K are listed
in Table 3.1. Here ns is the sheet carrier density of the 2DEG and µs is the electron
mobility.

The selected wafer is cleaved into rectangular chips using a diamond scribe. On
each chip an array of several devices (usually 2 × 3) can be pattered. These devices are
only separated from each other just before bonding. During scribing of the wafer, we
orientate the wafer to make the etched channel can be patterned parallel to the [011]
crystallographic direction to enhance the mobility. Before processing, chips are usually
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Figure 3.2: Device layout for MUX bar devices. (a) Optical image of MUX bar devices.
(b) The optical image of the e-beam gates area. (c) Fabrication order of MUX bar
devices.

Table 3.1: 2DEG assessment characteristics at 1.5K for HEMT wafers used in this
work. ‘Dark’ is without any illumination. ‘Light’ is measured after the cooled device
has been illuminated for 180 s with a red LED.

Wafer I.D. ns in dark ns in light µs in dark µs in light
[m−2] [m−2] [m2/Vs] [m2/Vs]

W0261 1.894 × 1011 3.482 × 1011 2.091 × 106 4.52 × 106

W0546 1.722 × 1011 3.272 × 1011 1.36 × 106 2.956 × 106

W1077 2.022 × 1011 3.575 × 1011 2.655 × 106 4.752 × 106

put in a beaker of Acetone in an ultrasonic bath for 2 minutes, cleaned in Acetone,
rinsed in IPA and then dried in N2 gas.

3.2 Mesa Fabrication

Optical photolithography is used to pattern the features that are larger than 10
µm. Single electron pump with polyimide devices needed to be etched in two stages:
large features patterned by optical photolithography and small features by electron-
beam lithography (EBL). For wide-channel pumps and MUX bar devices, the mesa is
patterned using just optical photolithography.
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Figure 3.3: Device layout for single electron pump with polyimide devices. (a) Optical
image of single electron pump with polyimide devices. (b) The optical image of the
e-beam etching area. (c) The optical image of the e-beam gates area. (d) Fabrication
order of part of single electron pump with polyimide devices. (e) Fabrication order of
the other part of single electron pump with polyimide devices.

3.2.1 Optical lithography etch

Firstly, Shipley Microposit 1813 was spun onto the surface of the chip at 5500 rpm for
30 s to give resist thickness about 1.3 µm. Then the chip was baked at 115◦C for 60s
to harden the photoresist and bake out the solvent.

The chip was subsequently exposed to UV radiation for 6.5 s at power of 350 W
in an optical mask aligner. The glass mask with the mesa pattern was fixed into the
optical aligner above the chip. Then a controlled amount of ultra violet radiation was
used to expose the photo-resist outside of the mesa.

The exposed photo-resist was dissolved away by placing the chip in MF319 developer
for 40s. Then the chips are washed in de-ionised (DI) water and dried in N2 gas. In
this way, the mesa pattern, which is defined by the regions of leftover photo resist, has
been transposed from the mask to the surface of the chip.

To etch the wafer to the required depth (the ideal etch depth is 110-120 nm, if the
etch is deeper then the metal gates deposited later may not climb continuously up the
mesa sidewalls easily). The height of the photoresist was measured using a Dektak
surface profiler. The chips are dipped in a solution of 10% HCl for 30 s, to remove the
surface oxide and any remain photo-resist in the exposed area, then rinsed in DI water.
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Figure 3.4: A schematic diagram of the cross section of the GaAs/AlGaAs heterostruc-
ture wafers used to fabricate rectified current devices, mux bar gate devices and single
electron pump with polyimide devices. Adapted from [15].

Then the chip was placed in a solution of 1:8:120 H2SO4 : H2O2 : H2O for about 15
seconds. The chip was subsequently rinsed in a weir of flowing DI water. The chip
was measured again to get the required depth (etch again if necessary). The remaining
photoresist is removed from the surface of the chip by cleaning in Acetone and IPA and
drying in N2 gas. Figure 3.5 (a) to (d) shows a schematic illustration of the etching
process.

3.2.2 EBL-pattern etch

The electron beam lithography (EBL) in this work was done by Jon Griffiths and Tom
Mitchell, at the Cavendish Lab. For the single-electron pump with polyimide, in the
centre the mesa narrows to a 2-µm-wide channel, which needs to be patterned by EBL.
The Leica EBL machine in the SP Group was used to pattern a thin layer of acrylic
known as polymethy-methacrylate (PMMA)-based resist.

The PMMA (A4 950k) is spun onto the surface of the chip in a similar way to the
photo-resist. PMMA (A4 950k) is spun onto the chips at 3000 rpm to give a thickness
of about 400 nm. Then the chip was placed in an oven and baked at 150◦C for 50
mins to harden the PMMA and bake out the solvents. The areas to be etched are
exposed to an electron beam to breaking the PMMA. Then the PMMA is developed
in a solution of 1:5:15 methyl-ethyl-ketone(MEK):methy-isobutyl-ketone(MIBK):IPA
for 8-9 s, then chip is rinsed in IPA for 60 s and dried in N2 gas.
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Before etching the narrow channel, the chip was dipped in 10% HCl for 30 s to
remove any oxides and rinsed in DI water for a few seconds. The etching solution is
1:8:1600 H2SO4 : H2O2 : H2O. As the EBL-patterned gates need to run continuously
up the sidewall of the etch, the etch must be relatively shallow. From the fabrication
experience of Dr Patrick See and others, etching 30-40 nm is sufficient to prevent the
2DEG conducting [24, 51]. An atomic force microscope (AFM) was used to determine
the etch rate of the solution using several test chips (the time calibrated is usually
around 70 to 80 s). The chips are washed in DI water and dried in N2 gas after etching.
The PMMA was removed from the surface of the chip in Acetone, rinsing in IPA, and
drying with N2 gas.

3.3 Ohmic contacts

A contact between a metal and a semiconductor which has a low resistance, linear
current-voltage (I-V) characteristic that obeys Ohm’s law is called an ohmic contact.

To realize ohmic contacts, firstly S1813 is spun on the chip and baked at 90◦C for 1
minute. Then the chip is exposed to UV radiation for 6.5 s at a power of 350 W in an
optical mask aligner. After that the chip is submerged in chlorobenzene (C6H5Cl) for
3 minutes to harden the unexposed resist, which can make the removal of unwanted
metal in the lift-off procedure easier. Then the chip is developed in MF319 for at least
1 minute. The chip should be etched with a RF plasma asher for 45 seconds to remove
any residual resist on the ohmic targets before evaporation. Ashing is a process where
organic matter is removed using oxygen plasma. As the device has been exposed to
oxygen, the chip then needs to be immersed in the 20 % HCl solution for 30 seconds
and dried with dry N2 gas to remove the oxide layer.

To get ohmic contacts, a ∼150 nm thick gold-germanium-nickel (AuGeNi) layer
is deposited in a thermal evaporator in a low-pressure (2 × 10−6 mbar) environment.
Then we remove the resist to lift off the metal using acetone to leave the patterned
ohmic contacts on the chip. The samples are annealed at 430C for 80 s in a rapid
thermal annealer. The expected measured resistance of the devices should be less than
40 kΩ at room temperature and less than 10 kΩ at liquid nitrogen temperature (77 K).
The process of depositing Ohmic contacts is shown in Fig 3.5 (e) to (h).
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Figure 3.5: Illustration of fabrication processes. (a) to (d) Mesa etching. (e) to (h)
Ohmic contact deposition. Adapted from [9].

3.4 Insulators deposition

Polyimide is an organic polymer which can be spun on to the chip and then cured
to remove solvents, leaving a solid insulating film, which has high thermal stability
and chemical resistivity. At the Cavendish Lab, we use polyimide coatings consisting
of HD Microsystems HD4104 polyimide and T9039 (2:1) as an insulator between the
leads and the mesa. As water-polymer interaction may impair the insulating effect,
the device needs to be baked at 125◦C for 3 minutes to remove any moisture on the
sample surface and also to strenghten the polyimide adhesion. By flushing the spinner
cabinet with N2, the humidity of the spinner enviroment is controlled to be dry and
have less than 50% humidity.

In the spinning step, the rotation speed is first set at 5000 rpm for 50 seconds and
then gradually increased to 7500 rpm within the first 10 seconds. Then we bake the
sample at 65 ◦C for 120 seconds, 90 ◦C for 180 seconds and expose to UV radiation for
70 seconds. Subsequently we wait for at least 5 minutes and bake again at 80◦C for 1
minute. Next is the developing step: the sample is put into HD Microsystems PA401D
developer for about 15 seconds to dissolve the unexposed polyimide, and then rinsed
in PA400R solution. Afterwards RF ashing is utilized for 120 seconds to remove the
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residual unexposed polyimide. The last step is curing which is baking the sample in a
temperature-controlled oven in inert N2. The oven temperature ramps up slowly to
270 ◦C for 60 minutes and then decreases slowly to room temperature.

3.5 Surface gate deposition

Nanometre-scale gate patterns were written by EBL after the ohmic-contact deposition.
The EBL defined gates are metal right on top of the surface of the chip (not on top of
the insulator). The large-scale gates like the multiplexer addressers and the leads from
the EBL-defined gates to the bond pads defined by optical lithography were made to
contact the EBL-defined gates by overlapping them.

3.5.1 Optically-patterned gates

Optical photolithography is used to pattern features larger than a few micrometers.
Here we use a two-layer resist process: In order to achieve a more robust deposition
and lift-off of unwanted metal, Lift-Off Resist (LOR 7B) is initially spun onto the chip
at 3000 rpm for 50 seconds, followed by a 10 minute bake at 175℃. Then a standard
positive resist (Shipley 1805) is spun on it at 5500 rpm for 30 seconds and baked at
115℃ for 1 minute to create an undercut profile. The dual-layer resist results in a
steep undercut in the developed parts and reliable lift off. The gates pattern is exposed
to UV radiation for 3.5 s at 350W and developed in MF319 developer. Then the
sample is mounted on a rotating stage angled at 45° to the horizontal in the thermal
evaporator to make sure the metal is continuous over the mesa and insulator regions.
Typically a 10/100 nm titianium/gold (Ti/Au) multi-layer is deposited at low-pressure
which is ideally about 2 × 10−7 mbar for large metal gate contacts. Here gold is used
for low-resistance bonding and Titanium acts as ’wetting layer’ for good adhesion to
the wafer. After the evaporation, we lift-off the resist and unwanted metal using hot
SVC-14 photoresist stripper (about 50 ◦C). Figure 3.5 (e) to (g) shows the schematic
illustration of the lift off process.

3.5.2 EBL-patterned gates

EBL is used to pattern the nanometre-scale features which can confine the electrons to
zero dimensions by forming QDs. We use a two-layer PMMA-based resist to ensure
good lift-off of unwanted metal after deposition. Firstly, a solution of 1:1 PMMA (A6
100k):anisole is spun at 5000 rpm for 60 seconds to give a thickness of about 100 nm,
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then baked in a 150◦C oven for 15 minutes. Secondly, a solution of 5:1 PMMA (A11
950k):MIBK is spun at 7000 rpm to give a thickness of of about 40 nm, then baked at
150◦C for 15 minutes.

The chips are subsequently sent to the e-beam suite to write the desired patterns.
After exposure, the PMMA is developed for 8-9 in 1:5:15 MEK:MIBK:IPA, then the
chips are rinsed in IPA for 60s and dried in N2 gas. Then the layers of metal were
evaporated in the same way as the optical gates, except that the thickness of the metals
here is 81 nm in total. To ensure successful lift-off, the gates must be thin. After
lift-off overnight in Acetone, the metal on the surface of the PMMA is removed. As
the film-thickness monitor inside the evaporator is not sufficiently precise for these
small thickness, we use the AFM to find the actual thickness of metal deposited by
calibrating using test chips.

After the deposition, to reduce any ageing due to oxidation, we often spin a layer
of PMMA onto the surface at 3000 rpm for 50s and bake it at 150◦C for about one
hour, which acts as a protective coating on the surface of the devices.

3.6 Wire bonding

Once all the required patterns have been etched or patterned, the chips are ready to
be cleaved into individual devices. The protective PMMA was removed by submerging
the device in acetone. The acetone was then washed away with IPA and the device
was dried with N2 gas.

Next, the device needs to be bonded and packaged in order to perform cryogenic
measurements. The devices are glued to the sample holders using GE varnish. To
prevent the ESD damage, we use a wedge bonder rather than a ball bonder to connect
the ohmic contacts and gates to the electrical connections on the sample holder. As
the devices are very sensitive to ESD damage, when we are bonding the devices, we
always keep the bonder, user and any tweezers connected to the same ground potential.

3.7 Low-temperature measurements

3.7.1 4 K 4He dip station

Measurements must be performed at very low temperatures to study quantum transport,
which ensures that the electron pumping or other quantum effects can be observed. All
the measurements in this work, including the rectified current, multiplexer bar gates,
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and single-electron pump with polyimide measurements are performed in a 4He dip
station. Only the 4 x 32 multiplexed wide-channel pump devices were measured at
lower temperature in a dilution fridge.

We use a custom-made PCB sample holder [see Fig. 3.6(b)], which has a 21-way
dc connector and two SMP connections for RF signals to measure the devices. Figure
3.6(a) shows the basic room-temperature measurement electronics for mux bar-gate
devices. The dc voltages were applied to the gates using Stanford Research systems
SIM928 isolated voltage sources. The current coming out of the device was amplified
using a Femto DDPCA-300 current-to-voltage (I-V) converter. When we do differential
conductance measurements with a lock-in amplifier using an ac voltage bias, a gain
of 106 V/A was used. When we do dc current measurements, a gain of 1010 V/A was
used. We use a lock-in detection technique to measure the differential conductance
(G = dI/dV ) to characterise the devices initially and then do the AC measurements or
DC measurements as required.

3.7.2 Electrostatic discharge precautions

The EBL-patterned gates are vulnerable to damage during fabrication and measurement.
And electrostatic discharge (ESD), which is a sudden flow of electricity from a charged
object to the device resulting in sparking and dielectric breakdown, is one common
cause.

Figure 3.6: Electrical circuit for measurement set up. (a) Schematic of the measurement
circuits. (b) The sample holder, GF is the gate filter. Adapted from [15].
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We take the following precautions to protect the devices from the ESD damage:
we use the ultrasonic wedge bonder instead of a ball bonder for bonding the device.
After bonding, the devices were always transported in conducting, anti-static sample
boxes. The grounding wrist straps were always worn when bonding, handing devices or
performing electrical measurements. All the instruments connected to the device are
powered through a uninterruptible power supply (UPS). The UPS also smooths out
spikes in the power supply. The instrument rack/shelves are gounded by connecting
them to the case of one of the instruments. We use the rack to ground ourselves (by
the wrist strap) and the dewar. A shorting plug is fitted to the 21-way dc connector
which connects to the gates and ohmic contacts to keep the same potential as the brass
case of the sample holder except when measuring. We also use a variable attenuator
to connect the inner conductor to the outer conductor of the RF cable going to the
bias tee when we are not applying an RF signal. When we were doing the pumping
measurement, we needed switch the gain of the amplifier from 106 V/A to 1010 V/A.
During this gain changing process, the DDPCA-300 can send a voltage spike to the
device which could damage this device. To solve this problem, a variable potential
divider designed by Dr Masaya Kataoka (NPL) was added between the device and the
amplifier. The electrical circuit for the measurement set up is shown is Fig 3.6(a).

As the devices are most sensitive to the ESD damage at low temperatures, therefore
we always configure the set up for electrical measurements at room temperature before
cooling down.

3.8 Summary
This chapter presented the clean-room processing techniques we use to fabricate devices
in this work. Also, the low temperature measurement set-up and how the devices are
protected from electrostatic discharge damage has been discussed.
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Wide-channel electron pumps and

rectified current

Most semiconductor electron pumps are based on narrow etched wires (a few microns
wide or less). As we aim to achieve multiplexed electron pumps, a big problem is
that the narrow channel can become non-conducting at low temperature due to ESD
damage, which might be because the surface states on the channel side walls become
charged up. The channel could also become non-conducting if there is a semiconductor
defect in the channel. This is a big problem for the multiplexed electron pumps sample,
because one non-conducting channel means we will lose the whole column (row) of
electron pump devices. As a way to remove this problem, we could use wide-channel
devices to improve yield and also save an e-beam step (patterning the narrow channel
etch) in the fabrication process. Also, the device fabrication is a lot easier without
having to etch the narrow channel, because if we etch the narrow channel then the thin
e-beam gates (about 50 nm wide) have to climb up the sidewall, which is difficult to
achieve without the metal breaking. However, instead of showing a pumping current,
these wide-channel devices introduced an interesting issue: they produced a DC current
much bigger than the expected pumping current. An example of this current is shown
as a function of the entrance and exit gate voltages in Fig. 4.1. The peak current here



28 Wide-channel electron pumps and rectified current

is about 100 µA, but the expected pump current e× f (here e is the electron charge)
at this frequency is only about 18 pA. As this is a DC current generated by an AC
voltage, we call it rectified current.

Figure 4.1: (a) A typical colourmap of rectified current vs exit gate voltage and entrance
gate voltage with 110 MHz, -5 dBm RF signal applied to the entrance gate. (b) A
schematic of the measurement circuit.

Rectified current has been seen in many previous studies. The rectified current
is small in narrow-wire pumps and is much larger in wide-channel pump devices and
standard top-gated Hall bars. Giblin et al. 2012 [3] researched rectified current in
pump devices, and showed that it occurs because the RF signal on the entrance gate
is parasitically capacitively coupled to the 2DEG. He suggested that the asymmetric
pick-up on the source and the drain 2DEG generates the rectified current. The electron
pumps used by Giblin etal. are narrow-channel pump devices and the rectified current
is only 1 part in 1012 of the pumped current. However, in our devices the rectified
current is much larger which swamps any single electron features. Howe et al. [52] also
researched the rectified current, but he only studied a Hall-bar device with a single
gate, which is simpler than the wide-channel electron pump device.

Here we want to research the origin of the rectified current in wide-channel electron
pump devices so that we can suppress it to observe pumping current. In this chapter,
I present our results from a 4 x 32 multiplexed wide-channel electron pump array
and single wide-channel-electron pump devices. Then we develop a model to explain
the rectified current in the wide-channel electron-pump device and investigate the
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effects of changing the RF frequency, RF amplitude, entrance-gate voltage and DC
bias connected between the source and drain.

4.1 4 x 32 multiplexed wide-channel electron pump
array

We designed a 4 x 32 multiplexed wide-channel electron pump array using wide channels
(shown in Fig. 4.2). These devices were tested in a Bluefors dilution refrigerator at
about 30 mK. However, instead of observing a pumping current, we just observed a
large rectified current, which was much bigger than the expected pumping current.
Figure 4.3 shows the comparison of the current colourmap between no RF and 100
MHz -18 dBm RF applied on the RF gate. The coloured area is the positive current
running from the source to the drain. The black area is negative current. We can
learn from Fig. 4.3 (a) that with no RF signal applied at Vexit = 0 V, 100 nA positive
current flows because of the small voltage offset on the current amplifier input terminal.
This current is decreasing as more negative voltage Vexit is applied and is pinched off
for Vexit ≈ -0.26 V. As the entrance gate does not run across the whole channel (Fig.
4.2 (b)), the entrance gate voltage has almost no effect. From Fig. 4.3 (b) when the
RF signal is applied to the entrance gate, there is additional current flowing close to
the pinch off voltage of Vexit, and the current can be positive or negative depending on
the entrance gate voltage Ventrance. This current is rectified current.

Having observed this behaviour, we want to know whether it is the multiplexer
that causes the problem of rectified current or whether it is just the wide-channel
electron pump causing the problem. The following measurements were designed to
see if we control observe a pumping current in a wide-channel pump design without a
multiplexer. If yes then the rectified current could be because of the multiplexer. If not
then the wide-channel electron pump design itself could be the cause of the problem
and maybe we should use a narrow-channel design for the next steps of developing
multiplexed electron pump arrays.

4.2 Single wide-channel electron pump device

We designed and fabricated several sets of wide-channel devices to analyse the effects
of changing parameters such as amplitude, frequency and the design of the entrance
and exit gates. The design of these devices is shown in Fig. 4.4. The measurement
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Figure 4.2: A schematic of the 4 x 32 multiplexed wide-channel electron pump array
design. (a) The optical mask design. (b) A zoomed in version of the e-beam gates area.
The blue is the 2DEG mesa, the yellow parts are the optical gates, the orange parts
are the ebeam gates, the grey is the polyimide layer.

setup we use to measure wide-channel electron pump devices is shown in Fig. 4.5. We
added some ESD protections such as adjustable dividers and attenuators to protect
the devices from voltage spikes; full details are given in the Methods chapter 3. All our
devices are fabricated using W0546 GaAs/AlGaAs HEMT wafer. All the measurements
were carried out at 4K.

The entrance gate was driven by a sinusoidal signal from an RF source. The output
of the RF generator was added to a DC bias and applied to the gate through a room
temperature bias-tee. The exit gate was connected to a DC voltage source. The drain
lead was connected to a current-to-voltage amplifier. The output of this amplifier was
measured by a digital multimeter or a lock-in amplifier.

For each device, firstly we need to make sure the device conducts well both at
room temperature and at 4 K. For this the lock-in amplifier is used to measure the
low-frequency AC conductance while we are sweeping the gate voltages. After that, we
apply an RF signal to the entrance gate and sweep the exit gate voltage from 0 V to
-0.8 V for different entrance-gate voltages from 0 V to -0.57 V. The DC current output
was measured by the current-to-voltage amplifier with the digital multimeter. Typical
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Figure 4.3: Measurement results of the 4 x 32 multiplexed wide-channel electron
pump array. (a) The current colourmap of one single pump in the array when no RF
excitation is applied. (b) The current colourmap of the same pump when 100 MHz -18
dBm RF is applied. The power applied here is limited by the wiring of the dilution
fridge. This figure is drawn by Dr Joanna Waldie.

Figure 4.4: A schematic of the-wide channel pump design. (a) The optical microscope
image of a device with polyimide, Pattern B. (b) A zoomed in version of the e-beam
gates area. The blue is the 2DEG mesa, the yellow part is the optical gate, the orange
part is the ebeam gate.
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Figure 4.5: A schematic of the measurement setup for wide-channel electron pump
devices.

pinch off curves are shown in Fig 4.6. Finally, we vary the power and frequency of
the RF signal to study how the amplitude and frequency of the RF signal affect the
rectified current.

4.3 Results: measurements of different e-beam pat-
terns of wide-channel electron pumps

The devices we have can be divided into two types, which are devices with polyimide
(these devices have the same gate geometry as the pumps in the multiplexed electron
pump device) and devices which do not have polyimide.

Both kinds of device have four e-beam designs. For the devices without polyimide,
Pattern A is the same design that was on the multiplexed wide-channel pump arrays.
In Pattern B we make the entrance gate run all the way across the wide channel. In
Pattern C we make the gap between the entrance gate and exit gate near the edge of
the channel much smaller in case electrons are being trapped in this region. In the
Pattern E designs we move the entrance gate and exit gate further apart (by about 7
µm), to see if this will still produce the rectified current.
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Figure 4.6: Typical plot of current vs gate voltage showing the typical pinch off curves
with rectified current. 110 MHz, -10 dBm RF signal is applied and entrance gate
voltage is 0V (black), -0.1V (red), -0.2V (blue) and -0.3V or less (other traces).

For the devices with polyimide, Patterns A are very similar to those devices without
polyimide. In the devices with polyimide there are connection gates going all the way
across the channel on top of polyimide, as in the MUX devices. In the devices without
polyimide we do not have this. We also measured a device which has a smaller RF
gate, to decrease the capacitance between the gate and the 2DEG to reduce the RF
coupling.

We never observed pumping current in these devices, even with RF powers up
to -2 dBm (which was sufficient to give pumping in the narrow-channel pumps we
present in Chapter 6). Instead we observe rectified current which is much bigger than
expected pumping current. Figure 4.7 to 4.11 show typical rectified current colourmaps
for devices of each pattern. The measurement results for the devices with polyimide
are similar to the devices without polyimide, so here we only present results for a
Pattern A device with polyimide in Fig 4.12. For all these devices the rectified current
colormaps all look similar: the biggest rectified current happens near the exit gate
pinch-off voltage; the rectified current is small with small negative voltage applied to
the exit gate; with large negative voltage applied to the entrance gate (even for pattern
A and pattern C whose entrance gates do not reach across the channel) the rectified
current disappears.
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Figure 4.7: Device without polyimide, Pattern A. (a) Device layout. (b) The current
colourmap of the current as a function of entrance and exit gate voltage with 110 MHz
-5 dBm RF applied to the entrance gate; the unit for current is pA.

Figure 4.8: Device without polyimide, Pattern B. (a) Device layout. (b) The current
colourmap of the current as a function of entrance and exit gate voltage with 110 MHz
-5 dBm RF applied to the entrance gate; the unit for current is pA.

From the measurements of Pattern A and Pattern C, we find that the entrance
gate does not have to go all the way across the channel to give the rectified current.
From Patterns Ei and Eii, we learnt that the rectified current happens no matter how
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Figure 4.9: Device without polyimide, Pattern C. (a) Device layout. (b) The current
colourmap of the current as a function of entrance and exit gate voltage with 110 MHz
-5 dBm RF applied to the entrance gate; the unit for current is pA.

Figure 4.10: Device without polyimide, Pattern Ei. (a) Device layout. (b) The current
colourmap of the current as a function of entrance and exit gate voltage with 110 MHz
-5 dBm RF applied to the entrance gate; the unit for current is pA.

close together the gates are. This proves that the current cannot be coming from any
type of pumping.
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Figure 4.11: Device without polyimide, Pattern Eii. (a) Device layout. (b) The current
colourmap of the current as a function of entrance and exit gate voltage with 110 MHz
-5 dBm RF applied to the entrance gate.

Figure 4.12: Device with polyimide, Pattern A. (a) Device layout. (b) The current
colourmap of the current as a function of entrance and exit gate voltage with 110 MHz
-5 dBm RF applied to the entrance gate.

4.4 Model of the rectified current
We begin by introducing the rectification model built by Giblin et al. [53]. Figure
4.13 describes their narrow-channel (2 µm) bar-gate device and the schematic of
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their measurement circuit. The simplified circuit is shown in Fig. 4.14. The 2DEG
conductance under the gate Gbar(VGbar) is dependent on the gate voltage VGbar. The
DC source-drain voltage VB0bar is caused by the offsets including the pre-amplifier
and deliberately applied bias from a voltage source. An AC signal added to a DC
voltage was applied to the gate: VGbar(t) = VG0bar + VACbarsin(2πft). Because of the
capacitance between the RF gate and the 2DEG, there exists a pick up voltage both
on the source and drain sides. There is impedance between source 2DEG or drain
2DEG and ground, and the impedance and capacitance forms a potential divider. But
the device is not perfectly symmetric, so the RF voltage reaching the source and drain
end is not divided the same. As the AC voltage applied to RF gate the conductance
of the 2DEG under the gate is also oscillating. The instantaneous current equals the
oscillating voltage times the oscillating conductance, so the instantaneous current in
one cycle is asymmetrical, which generates DC rectified current, and the total bias
voltage can be described as:

VBbar(t) = VB0bar + kVACbarsin(2πft+ Φ) (4.1)

Figure 4.13: (a) Illustration of the narrow-channel bar gate device studied by Giblin
et al. [53]. (b) Optical microscope image of the device and schematic of the measurement
circuit. Taken from [53].

Here k and φ are amplitude and phase coupling constants that depend on the
frequency. Figure 4.14 (b) describes the conductance as a function of VG0bar with no
AC voltage applied. When VG0bar = −0.3 V and VACbar = 0.1 V is applied to the gate,
the gate voltage change and conductance changes in one AC cycle are as shown in
Fig. 4.14 (c) and (d). Assuming VB0 = −100µV and phase coupling constant Φ = π,
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Fig. 4.14 (e) describes the time-dependent bias voltage. The instantaneous current is
plotted in Fig 4.14 (f). The rectified current can be described as:

IRbar = f
∫ 1/f

0
VBbar(t)Gbar(t)dt (4.2)

Then Eq. 4.1 was substituted into Eq. 4.2, and Eq. 4.2 can be simplified as

IRbar = f

[∫ 1/f

0
VBbar(t)Gbar(t)dt+ VACbar(t)kcos(Φ)

∫ 1/f

0
Gbar(t)sin(2πft)

]
(4.3)

Here the term kcos(Φ) was treated as a fitting parameter, and then the rectified
current was simulated to compare with the measurement data. Since both the con-
ductance Gbar and the source-drain bias VBbar are oscillating in time, the average DC
current can be positive or negative.

Figure 4.14: (a) The simplified model of the narrow-channel bar gate device studied
by Giblin et al. [53]. (b) Conductance as a function of gate voltage when no RF is
applied. (c) Instantaneous gate voltage change in one cycle when RF is applied. (d)
Instantaneous conductance change in one cycle when RF is applied. (e) Instantaneous
bias voltage change in one cycle when RF is applied. (f) Instantaneous rectified current
change in one cycle when RF is applied. Taken from [53].



4.4 Model of the rectified current 39

Our device is more complex than Giblin’s device. Figure 4.15 describes the schematic
of the measurement circuit. The entrance gate is connected to a RF signal with a DC
offset: VEntrance(t) = VEntrance + VACsin(2πft). The pre-amplifier has a DC voltage
offset VB0 which is about 300 µV. As in Giblin’s model, we also have an RF pick-up
voltage on the source and drain 2DEG. We can describe time-dependent bias voltage
between the source and drain as:

VB(t) = VB0 + k1VACsin(2πft + Φ1) (4.4)

where k1 is the amplitude coupling constant and Φ1 is the phase coupling constant,
which are both dependent on RF frequency f . However, the mechanism of the 2DEG
conductance variation under the gates is very different from Giblin’s model: the DC
voltage applied to the entrance gate will not affect the conductance of the 2DEG much,
as when we sweep the entrance gate voltage the conductance only drops by about 5%
(Fig 4.16). This is because the entrance gate does not reach across the 2DEG channel.
However, the RF signal of the entrance gate couples to the 2DEG under the exit gate
which will cause the 2DEG Fermi level to oscillate. The conductance under the exit
gate will be determined by the relative voltage difference between the exit gate and
2DEG. The relative voltage difference can be described as

VExitdiff (t) = VExit + k2VACsin(2πft + Φ2) (4.5)

where VExit is the DC voltage we apply to the exit gate, k2 and Φ2 are the amplitude
coupling constant and phase coupling constant of the 2DEG under the exit gate
respectively, which are both a function of frequency.

The DC rectified current over one cycle of the applied gate voltage can be calculated
from the following equation

IR = f
∫ 1/f

0
VB(t)G(t)dt (4.6)

Here G(t) is changing with time depending on VExitdiff (t). We have tried substituting
Eq. (4.4) and Eq. (4.5) into Eq. (4.6) and building the model of our devices
quantitatively, but we find it is very difficult to achieve. There are two reasons: first,
there are twice as many coupling constants as in Giblin’s model, so fitting to the data
is much more complex. Second, the impedance between the source/drain 2DEG and
ground depends on both frequency and on Vexit. From Eq. 4.5 we can learn that the
VExitdiff is dependant on Vexit and VExitdiff will determine the exit gate resistance.
Here we make one assumption: we assume the phase constant Φ1 in Eq. (4.4) and Φ2
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Figure 4.15: Schematic circuit elements used to model rectification. (a) Layout of
pattern A device without polyimide. (b) Schematic of the measurement circuit. CS

and CD are stray capacitances from the source and drain, ZS and Zd are impedances
from the source and drain leads to ground.

Figure 4.16: Conductance as a function of gate voltage Vgate. The conductance only
changes by 5 % when sweeping the entrance gate voltage.

in Eq. (4.5) is irrelevant. Because we can learn from Fig. 4.16 the entrance gate does
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not affect the conductance so we think that the phase of the pick-up relative to the
entrance gate should not matter. Then we can simplify Eq. (4.4) as follows:

VB(t) = VB0 + k1VACsin(2πft) (4.7)

The value of k1 has to be between -1 and 1. Also the value of k2 in Eq. (4.5) has
to be between -1 and 1. Then we substitute Eq. (4.7) and Eq. (4.5) into Eq. (4.6) and
build the model to fit the measurement data. The result is as follows:

Figure 4.17: Comparison of the rectified current measurement data and quantitative
model fitting of a device without polyimide, Pattern A. (a) The rectified current as a
function of exit gate voltage VExit for RF amplitude between -20 dBm and -5 dBm,
with RF frequency at 110 MHz and entrance gate DC voltage VEntrance = 0 V. Blue
lines are the measurement data and green lines are the model fitting. (b) The model
fitting parameters k1 and k2 for RF amplitude between -20 dBm and -5 dBm.

From Fig. 4.17 to Fig. 4.18 we learn that the quantitative model does not fit
the measurement data perfectly. This is because in our experiment, on one hand the
conductance is dependent on the source-drain bias voltage which is mainly caused
by the RF pick-up, and on the other hand, from Eq. (4.7), we can learn that the
RF pick-up is also affected by VExit and the conductance. This will make the perfect
quantitative model difficult to build and we choose a qualitative model to explain this
rectified current.

In the following part we will explain qualitatively how our model fits the measured
results.

We measure the rectified current against exit gate voltage for RF amplitudes
between -20 dBm and -5 dBm [Fig 4.19 (a)], at zero source-drain bias and entrance
gate DC voltage VEntrance = 0 V. We can see that the peak rectified current increases
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Figure 4.18: Comparison of the rectified current measurement data and quantitative
model fitting of a device with polyimide, Pattern A. (a) The rectified current as a
function of exit gate voltage VExit for RF frequency of 10 MHz, 50 MHz, 70 MHz and
110 MHz, with RF power at -10 dBm and entrance gate DC voltage VEntrance = 0 V.
Blue lines are the measurement data and red lines are the model fitting. (b) The model
fitting parameters k1 and k2 for RF frequency of 10 MHz, 50 MHz, 70 MHz and 110
MHz.

with amplitude, and the peak current happens near pinch-off voltage of the exit gate
voltage.

We measure the rectified current against exit-gate voltage for RF frequency at 10
MHz, 50 MHz, 70 MHz, 90 MHz, 110 MHz [Fig 4.19 (b)], for fixed RF amplitude -10
dBm. We took measurements at zero source-drain voltage bias and entrance gate DC
voltage VEntrance = 0 V. We can see from the graphs that the peak rectified current
also increases with frequency, and the peak current happens near pinch-off of the exit
gate.

Figure 4.20 describes how our model explains the measurement data. Figure 4.20
(a) presents the schematic of our model: when RF is applied to the entrance gate, the
entrance gate to the 2DEG acts like a capacitor. The 2DEG under the exit gate is like
a variable resistor depending on the DC voltage applied to the exit gate. The source
and drain ohmic contacts act as resistors (several kΩ). The electrometer is connected
between the source and drain to measure the current.

When the exit gate is near pinch-off, the 2DEG resistance under the exit gate
RExitGate ≫ RSO (source ohmic resistance), the drain ohmic side acts like an open
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Figure 4.19: (a) The rectified current as a function of exit gate voltage VExit for RF
amplitude between -20 dBm and -5 dBm, with RF frequency at 110 MHz and entrance
gate DC voltage VEntrance = 0 V. (b) The rectified current as a function of exit gate
voltage VExit for RF frequency between 10 MHz and 110 MHz, with RF amplitude at
-10 dBm and entrance gate DC voltage VEntrance = 0 V.

Figure 4.20: (a) Schematic of the measurement circuit. (b) Simplified schematic of
measurement circuit when the DC voltage on exit gate is near pinch off voltage. (c)
Simplified schematic of measurement circuit when the DC voltage on exit gate is small.

circuit and the RF current will only flow through the source path [Fig 4.20 (b)]. Then
the capacitor C and RSO act like a potential divider, and we can write the voltage
applied to the source ohmic:

Vsource = VRF × RSO

ZC +RSO

(4.8)

here ZC = 1
2πjfC

is the impedance of the capacitor. As the frequency f increases, ZC

decreases, so Vsource increases. This can explain our frequency-dependent measurements
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Total conductance (uS) Total resistance (Ω) Source and drain resistance (Ω) Exit gate resistance (Ω)
40 25000 20000 5000
30 33000 20000 13000
20 50000 20000 30000
10 100000 20000 80000

Table 4.1: The total resistance, source and drain resistance, exit gate resistance vs the
total conductance. The data is from Fig. 4.16.

well. This model can explain our power dependent measurements well, Vsource will
become larger as VRF increases, causing the rectified current to increase.

When the negative DC voltage added to the exit gate is small, the 2DEG resistance
under the exit gate RExitGate ≪ RSO (source ohmic resistance). We can neglect the
resistance caused by the exit gate voltage. The RF current will flow through both
paths [Fig 4.20 (c)]. The voltage pick up on the source and drain will be similar. The
electrometer measures the net DC current travelling through, so the rectified current
will be small.

When large negative voltage is applied to the entrance gate, the electrons under the
entrance gate will be depleted and there is little capacitance between the RF source
and the 2DEG any more. This means RF signal cannot reach the 2DEG, therefore no
rectified current will be generated. This explains our observation in Fig. 4.6 that the
rectified current is small when Ventrance < −0.3 V.

Based on this qualitative model, we can also explain why the quantitative model is
hard to build. From Fig. 4.16 we can learn that without applying any voltage to the
entrance gate, the conductance is about 50 µS. If we assume that the resistances of
source and drain are equal, then we can get the resistance of the source or drain as
10000 Ω. When we applied negative voltage to the exit gate, the total resistance of the
circuit will be the sum of the resistance of the source, drain and the exit gate. The
resistance of the exit gate vs conductance is shown in Table 4.1.

Then we can learn from the circuit in Fig. 4.20 (a) that the parallel resistance of
source ohmic resistance and sum of exit gate resistance and drain ohmic resistance can
be described as follows:

RP arallel = RSO × (RExitgate +RDO)
RSO + (RExitgate +RDO) (4.9)

The capacitor and the parallel resistance act as a voltage divider in Fig. 4.20 (a) ,
then the voltage connected to the source ohmic can be written as:

Vsource = VRF × RP arallel

ZC +RP arallel

(4.10)
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Total conductance (uS) Entrance gate impedance (Ω) Parallel resistance (Ω ) k1
40 3593.8 6000 0.6254
30 3593.8 6970 0.6598
20 3593.8 8000 0.69
10 3593.8 9000 0.7146

Table 4.2: The entrance gate impedance, parallel resistance, ratio of the voltage
connected to the source ohmic and RF voltage connected to the entrance gate vs
conductance. The data is from Fig. 4.16.

where ZC = 1
2πjfC

is the impedance of the capacitor, then the capacitance can be
calculated as

C = εA/d, (4.11)

Here, ε = 12ε0 because of 33 % AlGaAs [10]. The area A can be the obtained from Fig.
4.21 as 176µm2, and the separation between the surface and 2DEG d = 90 nm. Then
we can get the capacitance for entrance gate is 2.01 × 10−13 F. When the frequency is
110 MHz, we can get the ratio (which is k1 in Eq. 4.4) of the voltage connected to the
source ohmic and RF voltage connected to the entrance gate in Table 4.2.

In Table 4.2 we can find that the ratio of the voltage connected to the source ohmic
and RF voltage connected to the entrance gate is above 0.5, which means even at -20
dBm (peak-to-peak voltage is 63.2 mV) the oscillating source-drain bias will be more
than 30 mV. This will cause the exit gate resistance RExitgate to vary a lot during the
RF cycle. This bias is so big that the device will be in the non-linear regime. Then
we cannot even use Ohm’s law I = G × V to build the quantitative model. This is
another reason that the quantitative model is hard to build.

We learn that in terms of rectification the wide-channel pump device is worse than
narrow-channel pump device: in our device (shown in Fig. 4.6) the maximum current is
about 2000 nA for an RF power of −10 dBm and frequency 110 MHz, while in Giblin’s
narrow-channel device the maximum current is about 7 nA for an RF power of −11dBm
and frequency 200 MHz [54]. The rectified current in the wide-channel device is about
1000 times that in Giblin’s device. This may be because the overlap area between the
2DEG and the RF gate in our device is much bigger than in Giblin’s narrow-channel
device. The overlap area in wide-channel device is about 15.03∗9+15.03∗11/4 = 176.6
µm2 (shown in Fig. 4.21) and the narrow-channel device is about 2 ∗ 0.17 = 0.34 µm2.
This means that the capacitance of wide-channel device is about 520 times bigger than
the narrow-channel device and the RF pick-up on the source and drain 2DEG will be
much bigger in our device, and explains why the wide-channel devices show so much
rectified current.
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Figure 4.21: Overlap area calculation between the 2DEG and the RF gate in wide-
channel device. (a) The optical image of the e-beam gates area. (b) The overlap area
dimension.

4.5 Summary
In this chapter, we begin with the reason for designing the wide-channel electron
pumps and how we observe rectified current. We present our work on the 4 x 32
multiplexed wide-channel electron-pump array, where instead of observing pumping
current we observe rectified current, which is much bigger. We design several different
types of single wide-channel electron pump devices and find that it is the single wide-
channel electron pump itself that gives rectified current without pumping, and not
the multiplexer. From these devices, we learn that the entrance gate does not have
to go all the way across the channel to give the rectified current. And no matter how
close together are the entrance and exit gate, we can observe rectified current. Then
we explain the origins of the rectified current and build a model circuit to explain the
measurement data of these devices. For future MUX pump arrays, we need to switch
to a narrow-channel electron-pump design to make MUX pump arrays.



5
Transmission of radio-frequency

signals through a quantum multiplexer

In this chapter we characterise the transmission of RF voltage signals through the
quantum multiplexer using an array of bar gates. And we use multiplexers to do a
statistical study of bar gates with different gate widths. Data are obtained from three
kinds of devices: two different versions of multiplexed bar gate arrays and a single
multiplexer structure to measure the resistance through each path.

5.1 MUX bar-gate devices

To multiplex electron-pump devices, we will need to pass an RF signal of about 100-1000
MHz frequency and peak-to-peak amplitude of at least 0.5 V (measured from Chapter 6)
at 4 K through the multiplexer to reach the entrance gate of each electron pump. It will
be important to test how an RF signal is transmitted through a multiplexer to the gates
of a device. We decided to do relatively simple experiments on multiplexed bar-gate
arrays to see if we can get enough RF voltage through the quantum multiplexer on to
the entrance gate of the single-electron pump that modulates the 2DEG conductance.
We have done both AC measurements and DC measurements to test this. All these
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measurements in this section were carried out at 4 K in the Pump Dip Station at
Cavendish Lab.

The multiplexed bar gate arrays layout is shown in Fig 5.1 (a). There are two
multiplexers on the chip which are located on the bottom and left of the chip. The
bottom multiplexer is used to choose 2DEG channel the source-drain current flows
through, and the left multiplexer is to choose which row of the bar gate device the RF
voltage reaches. Figure 5.1 (b) presents the single bar gate device within the array.
There are 256 bar gate devices of 16 different widths on the chip. We fabricated the
multiplexed bar gate devices in the order of mesa, ohmic, e-beam gates, polyimide and
optical gates [see Fig 5.1 (c)]. This section will introduce the pinch-off voltage analysis,
maximum dG/dVg analysis, AC and DC measurements on a single bar-gate device and
rectified current of the MUX bar gate devices in parallel. The bar gate width of each
bar gate device is shown in Fig 5.2. The widths of all the bar gates in the same column
are equal, and the widths of each column range from 0.1 µm to 2 µm. The length of
all bar gate devices is 2.4 µm. The gate width and gate length are described in Fig.
5.1 (d) and Fig. 5.1 (e) respectively.

Figure 5.1: Multiplexed bar-gate arrays. (a) Optical image of the multiplexed bar-
gate device. (b)Optical image of a single bar-gate device within the array. (c) The
fabrication order. (d) The gate width. (e) The gate length.
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Figure 5.2: The bar gate width of each bar gate device on the multiplexed bar gate
arrays.

5.1.1 Pinch-off voltage analysis of all 256 gates

Firstly, the pinch-off voltages of all the 256 gates are measured. Figure 5.3 (a) shows a
typical conductance vs voltage trace for a device, here we choose the device in the first
column and first row, which is 0.1 µm wide. Figure 5.3 (b) shows a colormap of the
pinch-off voltage of all 256 gates. Among the 256 gates, only the first row gate of the
0.2 µm column does not pinch off, all the other 255 gates work. The yield of this chip
is 99.6%.

We studied how the pinch-off voltages changes with gate width. Figure 5.4 shows
the average pinch-off voltage as a function of the gate width. Table 5.1 shows the mean
and error of each width. We estimate our uncertainty to be the standard deviation
divided by the square root of the number N = 16 of bar gates we measure, which is
sd/sqrt(N ).

We can learn from here that there is a big difference between the 0.1 µm and 0.2
µm wide or larger. We need more negative voltage to pinch off 0.1 µm wide bar gates
(-0.4 V) than the 0.2 µm wide or larger bar gates (-0.32 V to -0.3 V). This is because
for 0.1 µm wide bar gates, the bar gate width is comparable to the distance between
the 2DEG and the GaAs surface (90 nm), so the bar gate is not wide enough to make
the electric field uniform under the gate. For 0.2 µm wide or larger gates, as the bar
gate width is much larger than the 2DEG depth, so the electric field under the gates is
uniform. In this case, at the centre part under the gate the electric field would be the
same we apply the same voltage to 0.2 µm wide or larger gates. The carrier density of
the 2DEG is dependent on the electric field. So for 0.2 µm wide or larger gates, the
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Figure 5.3: (a) Conductance as a function of gate voltage Vg. (b) Pinch-off voltage as
a function of device location. The colour scale shows the pinch-off voltage.

pinch off voltages are very similar here. When the same voltage is applied for 0.1 µm
wide bar gates the carrier density change of the 2DEG is smaller than that for 0.2 µm
wide or larger gates, this is why more negative voltage is needed to pinch off 0.1 µm
wide bar gates. Figure 5.5 describes a schematic of these two different electric field
cases.

Gate width (µm) Mean (V) Error (mV) Gate width (µm) Mean (V) Error (mV)
0.1 -0.4003 2.9 0.9 -0.3049 1.7
0.2 -0.3129 2.0 1.0 -0.3046 1.4
0.3 -0.3138 2.0 1.1 -0.3001 1.5
0.4 -0.3158 1.9 1.2 -0.2989 1.2
0.5 -0.3178 1.6 1.4 -0.2964 1.9
0.6 -0.3174 2.2 1.6 -0.2971 1.9
0.7 -0.3110 2.5 1.8 -0.2961 1.5
0.8 -0.3079 1.4 2.0 -0.2973 1.9

Table 5.1: Mean and error of the pinch-off voltage for bar gate widths from 0.1 to 2
µm.
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Figure 5.4: Average pinch-off voltage as a function of gate width from 0.1 to 2 µm.

Figure 5.5: The sketch of the electric field for two cases: here 0.1 µm gate is narrow
gate, 0.2 µm to 2 µm gate is wide gate

5.1.2 Transconductance with gate voltage (dG/dVg)

The maximum transconductance value with gate voltage is the biggest dG/dVg for
each device. Figure 5.6 (a) is a dG/dVg plot for 16 devices in Row 2 and the gate
width ranges from 0.1 µm to 2 µm. Here we want to study if there is any correlation
between the biggest dG/dVg and gate width of the devices. Figure 5.6 (b) and Figure
5.7 (b) are the color map and a plot for different gate widths for the maximum dG/dVg

respectively. The maximum dG/dVg is the point where the conductance depends most
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strongly on Vg. We found that for the maximum dG/dVg analysis, the 0.1 µm wide bar
gate gives a smaller value than the other bar gates which are 0.2 µm wide or larger.
Also, there are two maximum values for the 0.1 µm wide bar gate [Fig. 5.7 (a)], which
is because the wide part of the bar gate [Fig. 5.1 (e)] pinches off the 2DEG firstly and
the narrow part pinches off the 2DEG secondly. Besides, we can also learn from Fig
5.7 that the maximum dG/dVg has an increasing trend as the gate width increase. We
believe this is because when the same voltage is applied the electric field strength at
the centre of the gates is generally increasing as the bar gate width becomes larger
(the electric field at the centre is the superposition of contributions from across the
whole width of the bar gate.). This means the conductance trace becomes steeper and
has bigger dG/dVg.

Figure 5.6: Maximum dG/dVgate analysis of the multiplexed bar gate arrays. (a)
dG/dVgate as a function of Vgate for 16 bar gates from a single row (Row 2), the gate
width ranges from 0.1 µm to 2 µm. (b) The maximum dG/dVgate colour map of 256
gates. The colour scale shows the maximum dG/dVgate.

5.1.3 Pinch-off voltage shift of all 256 gates with radio fre-
quency signal added

As you apply an RF signal to the bar gate device, the positive half cycle which is
the mid-to-peak amplitude of the AC voltage will increase the conductance. This will
cause when RF signal is applied the conductance in the positive half-cycle to be larger
than when no RF signal applied. The conductance in the negative half-cycle will be
smaller than when no RF signal is applied, and the pinch-off voltage will shift to more
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Figure 5.7: Maximum dG/dVgate analysis. (a) The voltage VmaxdG/dVg at maximum
dG/dVg as a function of gate width from 0.1 to 2 µm, the green square is the second
maximum dG/dVg point of 0.1 µm bar gate devices. (b) The maximum dG/dVg as a
function of gate width from 0.1 to 2 µm.

negative values when RF is applied on the bar gate device [53]. The pinch-off shift is
the AC amplitude of the RF voltage on the gate. This was explained in Chapter 4. So
measuring the pinch-off voltage shift allows us to estimate how much RF voltage is
getting to the bar gate. Figure 5.8 shows the schematic of the pinch-off voltage change
in one AC cycle of an RF signal.

Figure 5.8: Pinch-off voltage change when RF signal applied. (a) The pinch-off voltage
change when RF applied. (b) Conductance change through one AC cycle, the green
dashed line is the conductance without RF signal applied.
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We measured the pinch-off voltage of all 256 gates with two particular RF signals
(110 MHz, -10 dBm and 10 kHz, -10 dBm). We compare this to the voltages when no
RF signal is added to see the RF transmission throughout the sample.

Figure 5.9 (a) shows the pinch-off voltage change after a 10 kHz, -10dBm RF signal
is applied. Figure 5.9 (b) is the average value for different gate widths. We can learn
from the measurements that the pinch-off voltage will go about -0.186 V more negative
when a 10 kHz, -10dBm RF signal is applied. If we set -10 dBm RF signal on the
signal generator, it will deliver 0.1 mW to a 50 Ω load. The peak voltage here is
sqrt(2) * sqrt(0.1 mW * 50 Ω) = 0.1 V. As the bar gate device is an open circuit, the
AC voltage amplitude reaching the device will be the sum of the incident wave and
reflected wave. It increases by factor of 2 because of the standing wave. So in the
case of no attenuation the voltage shift here should be -0.2 V. Here 10 kHz RF signal
transmits to the bar gates very well (0.186/0.2=93%).

Figure 5.10 shows the pinch-off voltage change after a 110 MHz, -10 dBm RF signal
is applied. Figure 5.10 is the average and error plot of the pinch-off voltage change
with gate width. We can learn from the measurements that for all the bar gate devices
the pinch-off voltage shift is between -0.01 V and -0.08 V when a 110 MHz, -10 dBm
RF signal is applied. The voltage signal is attenuated by between 60 % and 95 %.
The pinch-off voltage change is much smaller when a 110 MHz, -10 dBm RF signal is
applied than when a 10 kHz, -10dBm RF signal is applied.

From the results above, we can prove that the gate multiplexer transmits some RF
signal to the bar gates, but there is more attenuation at high frequency. We believe this
is because that there is capacitance in the measurement circuit. So at high frequency
the attenuation is larger than at low frequency.

5.1.4 AC measurements on a single bar gate device

We wanted to explore whether the attenuation of the RF signal will depend on the
position of the bar gate in the array. So we chose four different devices (Column 1, Row
6; Column 1, Row 16; Column 16, Row 12; Column 16, Row 16) which are at different
locations on the sample, to do more detailed frequency and amplitude dependence.
Figure 5.11 shows the pinch-off voltage as a function of frequency for an RF power
of -10 dBm on Column 1 Row 6 (C1R6, 0.1 µm wide) device and Column 1 Row 16
(C1R16, 0.1 µm wide) device respectively. Figure 5.12 shows the pinch-off voltage as a
function of frequency for an RF power of -10 dBm on Column 16 Row 12 (C16R12,
2 µm wide) device and Column 16 Row 16 (C16R16, 2 µm wide) device respectively.
Here we set the colour scale zero to 1 µS because this will help us to see the pinch off
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Figure 5.9: Pinch-off voltage change with 10 kHz -10dBm RF applied. (a) The colour
map of pinch-off voltage change as a function of device position. (b) The average
pinch-off voltage change for different gate widths.

Figure 5.10: Pinch-off voltage change with 110 MHz -10dBm RF applied. (a) The
colour map of pinch-off voltage change as a function of device position. (b) The average
pinch-off voltage change for different gate widths.

voltage clearly. Figure 5.13 shows pinch-off voltage shift as a function of RF frequency
for all the four gates we measured.

From the results, we can learn that the pinch-off voltage shift is heavily dependent
on the frequency: At high frequency the pinch-off voltage shift is normally larger
than at low frequency. Also the pinch-off voltage change is different for each bar
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Figure 5.11: Conductance as a function of frequency and voltage when RF is applied
at -10 dBm. (a) Column 1 Row 6 Device, 0.1 µm wide. (b) Column 1 Row 16 Device,
0.1 µm wide. The blue line is the pinch-off voltage when no RF signal is applied.

Figure 5.12: Conductance as a function of frequency when RF is applied at -10 dBm.
(a) Column 16 Row 12 Device, 2 µm wide. (b) Column 16 Row 16 Device, 2 µm wide.
The blue line is the pinch-off voltage when no RF signal is applied.

gate device. However, we cannot see a quantitative relationship between the pinch-off
voltage change and device location. There are some very rapid variations of pinch off
voltage with frequency (lots of spikes in the traces in Fig. 5.13). This also happens
when we measure the pinch-off shift versus frequency in more simple devices. This
might be because of multiple reflections in the RF cables.
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Figure 5.13: Pinch-off voltage shift as a function of RF frequency when -10 dBm RF
power signal applied, for four different bar gates from Fig 5.11 and Fig 5.12.

We increase RF power to explore whether we can get enough RF voltage through
the multiplexer to the pump devices. We choose the Column 16 Row 16 device to
do RF power-dependent measurements at 110 MHz. Figure 5.14 (a) shows how the
pinch-off voltage changes as a function of RF power. The red line is the pinch-off
voltage without RF applied, and the blue line is the pinch off with different RF powers
applied. This indicates that the pinch-off voltage becomes more negative from -15 dBm
to -3 dBm, saturates from -3 dBm to 9 dBm and increases to 12 dBm. Figure 5.14 (b)
shows the exact pinch-off voltage value at different RF power applied. However, we find
that the pinch-off voltage shift is saturating at -3 dBm RF power and the maximum
pinch-off voltage shift is about 120 mV which is not enough for the electron pumping.
We also tried some other frequency like 10 kHz, and we met a similar situation.

We found this saturation problem is because of how we are controlling the mul-
tiplexer. We normally apply some negative voltage (-0.5 V) to the addressing gates
to choose a particular 2DEG channel, and keep the other addressing gates grounded.
Then when we do measurements, we sweep the addressing gate and input voltage at
the same speed to do the DC experiments. Figure 5.15 describes the schematic of how
quantum multiplexer works.

For example in Fig 5.15, in DC measurements if we want the input V (for example
−0.3 V) to each path 1, normally we need to apply −0.5 V to the addressing gates G2,
G4, G6 to pinch off the other paths except path 1. Then we sweep the other addressing
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Figure 5.14: Power dependence of pinch-off voltages as a function of RF power at 110
MHz. (a) Pinch-off voltage changes as a function of RF power applied. (b) Exact
pinch-off voltage value with different RF power applied.

gates (G1, G3, G5) and input V to −0.3 V at a given rate (such as 50 V/hour). At
the same time, we sweep further −0.3 V on the addressing gates G2, G4, G6 to −0.8
V (−0.5 V −0.3 V =−0.8 V) at the same rate. Then the input V is connected to path
1. Figure 5.15 (c) describes the voltage change of these gates as a function of time.
After measurements are finished, firstly we sweep back input V, G1, G3, G5 gates to 0
V and at the same time sweep G2, G4, G6 gates to −0.5 V. Then we sweep the G2,
G4, G6 back to 0 V.

To solve the saturation problem, we find that we need to control the multiplexer
differently in the AC measurements. For example, if we want the input V (-0.3 V)
+ AC (RF) to go to path 1: firstly we need to apply some positive voltage (such as
+0.2 V when we want to apply -10 dBm RF signal) to the addressing gates G1, G3,
G5. This will ensure the positive half cycle of the RF signal is not pinched off by
gates G1, G3, G5 and will reach the device connected to path 1. We can learn from
Fig 5.8 that this positive half cycle is the main reason to cause the pinch-off voltage
shift. In the positive half cycle, the conductance will be larger than when no RF is
applied. The pinch-off voltage becomes more negative, by an amount equal to the AC
voltage amplitude. Then we need to apply some negative voltage such as -1 V (this
voltage should be large enough to pinch off the AC negative cycle) to the addressing
gates G2, G4, G6 to pinch off the other paths except path 1. Then we sweep the other
addressing gates (G1, G3, G5) to -0.1 V and input V to -0.3 V at a given rate (such
as 50 V/hour). At the same time, we sweep a further -0.3 V on the addressing gates
G2, G4, G6 to -1.3 V (-1 V -0.3V = -1.3 V) at the same rate. The input V (-0.3 V)
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Figure 5.15: A schematic of the quantum multiplexer working principle. (a) Schematic
diagram of the multiplexer structure. (b) Negative voltage applied to the addressing
gates G2, G4 and G6 to pinch off the other paths except Path 1. (c) The addressing
gates’ and input voltage change as a function of time during DC measurements. (d) The
addressing gates and input voltage change as a function of time for AC measurements.
(a) and (b) are from [9].

and AC signal are now applied to the devices connected to path 1. Figure 5.15 (d)
describes the voltage change of these gates as a function of time. After measurements
are finished, firstly we sweep back input V to 0 V, G1, G3, G5 gates to 0 V (firstly
+0.2 V then 0 V) at the same time sweep the G2, G4, G6 gates to -0.5 V. Then we
sweep the G2, G4, G6 back to 0 V.

Figure 5.16 shows the pinch-off voltage shift as a function of RF power at 110 MHz
after we apply some positive voltage such as +0.2 V or +0.3 V to the addressing gates
which are not pinching off the 2DEG. We can learn from Fig. 5.16 that with +0.2 V
applied the pinch-off shift saturates about 8 dBm. Compared with no positive voltage
applied to the addressing gates (Fig 5.14), the saturating RF power enhance from -3
dBm to 8 dBm. When we increase the positive voltage to +0.3 V, we can find that the
pinch-off voltage shift can be enhanced even more.
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Figure 5.16: Power dependent measurements of pinch-off voltages as a function of
RF power at 110 MHz. (a) Pinch-off voltages with RF and without RF applied. (b)
Lin-log scale plot of the pinch-off voltage shift when RF is applied.

We do not want to apply too much positive voltage on the addressing gates, and
this will cause leakage to the 2DEG. For example if we apply -5 dBm RF signal we
would expect the most negative voltage of the AC cycle to be -0.36 V. If we apply
+0.5 V to the addressing gates then the addressing gates will be +0.86 V more positive
than the 2DEG which will probably damage the device. To protect the device, the
maximum positive voltage we apply to the addressing gates is +0.4 V. Using this
technique we have got about 300 mV pinch-off voltage shift on the bar gate device (see
Fig 5.17). This pinch off shift could be enough to achieve electron pumping.

5.1.5 Rectified current on a single bar gate device

We also did rectified current measurements to see how RF would work with the device
which is addressed by the multiplexer. Rectified current measurements are introduced
in Chapter 4. We choose two different devices which are Column 16 Row 12 device (2
µm wide) (Fig 5.18) and Column 16 Row 16 device (2 µm wide) (Fig 5.19) to study
how the rectified current changes with different RF power and RF frequency signals.

For power dependent measurements, we measured the rectified current against
gate voltage for RF amplitudes between -30 dBm and -5 dBm in steps of 5 dBm. We
chose a frequency of 110 MHz which we usually use for our pump operation. We took
measurements at 0 source-drain voltage bias. Figure 5.18 (a) and Fig 5.19 (a) shows
the measured data for RF amplitudes between -20 dBm and -5 dBm. We can see from
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Figure 5.17: The pinch-off shift after 110 MHz RF signal is applied with different RF
power. (a) Pinch-off voltage shift with different addressing gate voltages. (b) Lin-log
scale plot of the pinch-off voltage shift for different addressing gate voltage applied.

the pictures the data share some features: The rectified current increases with RF
power; the pinch-off voltage becomes more negative as the RF power increases; and
the rectified current does not change significantly for small RF Power. These features
are similar to our results on a single wide-channel electron pump device in Chapter 4.

For frequency dependent measurements, we measured the rectified current against
gate voltage for RF frequency from 10 MHz to 110 MHz in steps of 10 MHz. We took
measurements at 0 source-drain voltage bias. Figure 5.18 (b) and 5.19 (b) shows the
measured data for RF frequency between 10 MHz and 110 MHz. We can see from
the pictures the data share some features: The rectified current IR is not linear with
frequency and we believe this is because the attenuation does not change smoothly
with frequency (Fig. 5.13). At the frequency such as 90 MHz where the attenuation is
small the rectified current is larger.

5.1.6 Rectified current study gates in parallel

We studied the rectified current in parallel bar gate devices. We measured the rectified
current in one device for a particular frequency and amplitude (-10 dBm and 110 MHz).
Then we use the multiplexer to open a second column so two devices are measured
in parallel. Then we open the other channels till 16 channels are open, and we found
the rectified current increases as we open more channels (see Fig. 5.20). We also hope
that in the future MUX pump array devices we can increase the total pumping current
when we open up channels to achieve parallel pumping there. From Fig. 5.20 (b) we
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Figure 5.18: Rectified current study on a single bar gate device (Column 16 Row 12)
with RF signal applied. (a) Rectified current as a function of gate voltage Vgate for
different RF power with RF frequency at 110 MHz. (b) Rectified current as a function
of gate voltage Vgate for different RF frequency with RF power at -10 dBm. (c) The
maximum rectified current as a function of frequency with RF power at -10 dBm.

Figure 5.19: Rectified current study on a single bar gate device (Column 16 Row 16)
with RF signal applied. (a) Rectified current as a function of gate voltage Vgate for
different RF power with RF frequency at 110 MHz. (b) Rectified current as a function
of gate voltage Vgate for different RF frequency with RF power at -10 dBm. (c) The
maximum rectified current as a function of frequency with RF power at -10 dBm.

can learn that the rectified current is not proportional to the number of channels that
are open.

5.2 New version mux bar gate device
In order to achieve larger pinch-off voltage shifts, we redesigned the multiplexer that
modulates the RF signal to reduce the capacitance from the gate to the 2DEG. For
the new version MUX bar gate devices we also use wafer W0261, the same wafer as
old version MUX bar gate devices. Figure 5.21 shows the comparison between the
old version multiplexer and new version multiplexer. In the old multiplexed bar gate
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Figure 5.20: Rectified current in parallel in the multiplexed bar gate arrays. (a)
Rectified current as a function of gate voltage Vgate. (b) The peak rectified current as
a function of the number of open channels.

array design, the channel under the addressing gates is 50 µm wide. In the new version
multiplexer design, the channel under the addressing gates is reduced to 20 µm wide.
The bar gates of different widths are located on the chip (see Fig. 5.22). On this chip
we want to study how the pinch-off voltage shift is affected by the distance of the
device from the RF source so we have placed bar gates of the same width in different
columns.

Figure 5.21: Comparison between the old version multiplexer and new version multi-
plexer. (a) old version multiplexer design, the channel under addressing gates is 50 µm
wide. (b) new version multiplexer design, the channel under addressing gates is 20 µm
wide.
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Figure 5.22: The bar gate width of each bar gate device on the new multiplexed bar
gate arrays.

5.2.1 Pinch-off voltage shift of all 256 gates with radio-frequency
signal added

Firstly we measured the pinch-off voltage of the bar gate devices without RF signal
and with 110 MHz -10 dBm RF signal applied (see Fig 5.23). The measured pinch-off
voltages of the 256 devices are as we expected: the pinch-off voltages of 0.1 µm devices
are a bit more negative than the other width devices. The pinch-off voltages of all
other devices with 0.2 µm or wider are very similar.

Figure 5.23: (a) Pinch-off voltages of 256 devices with no RF signal applied. (b)
Pinch-off voltages of 256 devices with 110 MHz -10 dBm RF signal applied.
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We want to study if the distance between the device and the RF source affects the
pinch off shift on this new MUX bar gate arrays. Figure 5.24 and Fig. 5.25 show the
pinch-off voltage change when 10 kHz -10 dBm RF signal and 110 MHz -10 dBm RF
signal is applied respectively. Figure 5.26 shows the pinch off shift for 0.2 µm wide bar
gate devices with -10 dBm RF applied on the old and new MUX bar gate arrays. We
find there is no clear relationship between the distance and pinch-off shift. The results
are very similar for the other width devices which are shown in the Appendix. We can
also learn from here that at 110 MHz the pinch off change on the new version MUX
bar gate is smaller than that on the old version MUX. This means at high frequency
the RF signal is transmitted better in the old version than the new version.

Figure 5.24: Pinch-off voltage change with 10 kHz -10 dBm RF applied on the new
MUX bar gate arrays. (a) The colour map of pinch-off voltages change as a function of
device position. (b) The average pinch-off voltage change for different gate widths.

We also did frequency-dependent measurements on a single device: -5 dBm RF
signal is applied to a 0.1 µm wide bar device (Fig. 5.27). As we expected, the pinch-off
shift decreases as the frequency increases. Compared with Fig. 5.11 and Fig. 5.12,
we find there are many more dips of the pinch-off shift in the old MUX than the new
MUX. It looks like RF transmission in the new MUX does not have as many random
variations with frequency as in the old MUX. This may be a benefit of the new MUX
design. Also as when we do this measurement, a -3 dBm attenuator was added. This
may also reduce the reflections and RF transmission variations.
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Figure 5.25: Pinch-off voltage change with 110 MHz -10 dBm RF applied on the new
MUX bar gate arrays. (a) The colour map of pinch-off voltages change as a function of
device position. (b) The average pinch-off voltage change for different gate widths.

Figure 5.26: Pinch-off voltage change of 0.2 µm wide bar gate devices with -10 dBm
RF applied on the old and new MUX bar gate arrays. (a) At 10 kHz frequency. (b) At
110 MHz frequency. The black line is the pinch-off shift as a function of the vertical
location of each row on the old MUX bar gate array, the distance between each row is
100 µm. The red line is the pinch-off shift as a function of the distance from RF MUX
in the new MUX bar gate array, the distance between each row is 130 µm.

5.2.2 Results: Comparison of the pinch-off voltage shifts be-
tween new MUX and old MUX

The most important test of this new version MUX bar gate array is to check the
pinch-off voltage shift when we applied RF to see if the RF transmission improves in
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Figure 5.27: Pinch-off voltage as a function of frequency when RF applied at -5 dBm
(Column 1 Row 1 device 0.1 µm wide). The blue line is the pinch-off voltage when no
RF signal applied.

this new design. Figure 5.28 is the mean pinch-off voltage shift as a function of the
bar gate width when -10 dBm RF is applied on the old and new MUX bar gate arrays.
The whole 256 devices are similar (see Appendix). We found that the new MUX bar
device RF transmission is a bit better than the old bar device at 10 kHz. However, the
old device performs better at 110 MHz. We found that the RF transmission of the
new design MUX seems does not improve much at high frequency. We will discuss the
reason in Subsection 5.2.3.

5.2.3 Discussion: limitations of the new MUX design

On MUX bar gate arrays, the capacitance is mainly made of two parts: the capacitance
of the ebeam gates with the 2DEG and the capacitance of the multiplexer addressing
gates with the 2DEG. We calculate the ebeam-gate area and multiplexer gate area,
which are 1230.3 µm2 and 200 µm2 for new MUX (see Fig 5.29). We can see that the
area of the e-beam gates is much bigger than the area of the MUX gates on the mesa.
There are 16 e-beam gates and 4 multiplexer addressing gates without polyimide in
the measurement circuits for one path. So in the new version MUX the total area
is 1230.3 ∗ 16 + 200 ∗ 4 = 20485 µm2. In the old version MUX design the area of a
single multiplexer addressing gate crossing the mesa without polyimide is about 3012.5
µm2. The ebeam area is the same with the new version MUX. In the old version the
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Figure 5.28: The mean pinch-off voltage shift as a function of the bar gate width when
-10 dBm RF applied on the old and new MUX bar gate arrays. (a) At 10 kHz frequency.
(b) At 110 MHz frequency. The black line is the pinch-off shift on the old MUX bar
gate array. The red line is the pinch-off shift on the new MUX bar gate array.

total area is about 1230.3 ∗ 16 + 3012.5 ∗ 4 = 31735 µm2. The total area has been
decreased by about 35.5% ((31735 − 20485)/31735 = 35.45%). We can see the total
area has been decreased a lot, but maybe we need to reduce the total area more in
the next version design, particularly in the e-beam gate area. As we decrease the
capacitance by reducing the channel width on the MUX where the addressing gates
cross, we increase the resistance of 2DEG in the path. This may be another reason
why the RF transmission does not improve much.

Figure 5.29: Capacitance comparison between ebeam gates and multiplexer gates.
(length unit: µm) (a) E-beam gate area. (b) The multiplexer addressing gate area.
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5.3 MUX resistance check devices

We also designed the MUX resistance check devices (see Fig 5.30) to check the resistance
of some of the paths like when we are using the MUX to choose a particular gate. If we
assume the MUX acts as a low pass filter, for this device we can measure the resistance
and the RF power transmission through multiplexer to calculate the capacitance of the
multiplexer. The MUX resistance check device is exactly the same multiplexer design
as we use on the new version MUX bar gate device introduced in the last section.

Figure 5.30: MUX resistance check device. (a) The AUTOCAD design mask. The
number labelled is the current path we measured. (b) The optical microscope image of
the device bonded in an LCC package. (c) The optical microscope image of the device.

Firstly we use the gates to select just one path though the MUX and measure the
conductance through that path. Table 5.2 shows the results. Here as the wires of
sample holder are limited, we have only measured the conductance of 11 paths. There
is one small ohmic contact (Drain) is broken on the first device (Table 5.2).

We think it will be useful to measure the resistance as when we use the MUX to
choose a particular gate. We measure the conductance when we biased the four levels
of addressing gates one by one. The results are shown in Fig 5.31 (a). We found locking
the addressing gate did not make very much difference to the conductance, because
the selected path is protected by the polyimide from being depleted by the negative
voltage on the addressing gates.
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Conductance (µS)
Path 1 2 3 4 5 6 7 8 9 10 11

Device 1 1568 1658 919 913 1675 1692 1545 0 1500 1578 1542
Device 2 1513 1511 1610 1173 1034 1200 1440 1531 1288 1311 1186

Table 5.2: Conductance value of MUX resistance check devices, current paths are
shown in Fig 5.30. The conductance was measured when the sample bonded with RF
sample holder for two devices.

We also bond a sample in the RF sample holder, with the large ohmic contact
(Source) and one of the small ohmics contact (Drain) bonded to the RF lines, then we
do an S21 measurement using a vector network analyser (S21 is the forward voltage
gain of 2-port networks measurement). We measure the S21 with all the gates at 0 V,
and then measure it again when we use the gates to bias the MUX addressing gates
one level by one level to pinch off all the paths except the one we are measuring [see
Fig 5.31 (b)]. This quantifies how the GaAs MUX can transmit RF power.

Figure 5.31: MUX resistance check device RF transmission measurements with gates
locked one by one. (a) Conductance with gates locked one by one measured using a
Lock-in amplifier at 77 Hz. (b) S21 parameter measurements with gates locked one by
one measured using a VNA.

From the results, we can learn that locking the addressing does not affect much
about the resistance when a path is selected. The transmission is about -21 dB at 100
MHz with 4 gates biased, so about 10% of the voltage amplitude is getting back to the
receiving port of the VNA. In all the data (no gates, 1 gate biased, 2 gates biased, 3
gates biased and 4 gates biased) we can see the transmission decreases as the frequency
increases. We believe this is because the MUX bar gate device acts like low-pass RC
filter. We also found from the S21 with all addressing gates open and 1 addressing gate
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biased, that the attenuation is bigger than with more gates biased. This is because
when all that addressing gates are open or just one addressing gate is locked, there
is still some capacitance between the un-selected paths and the addressing gates, so
some RF signal will go to ground through these paths, which are connected to DC
measurement wires that have a large capacitance (>100 pF)to ground. However, when
we biased the 4 addressing gates, the electrons under these addressing gates will be
depleted and the capacitance under them drops to zero, so the RF signal can only go
to the selected path.

5.3.1 Capacitance calculation

We model the VNA measurement circuit as in Fig 5.32 [55], where G(ω) is the transfer
function, the source impedance (RS) and load impedance (RL) are both 50 Ω. We
simplified our MUX resistance check device as a first order RC filter in Fig 5.32 (b),
where RSO is the resistance from the source ohmic, R2DEG is the 2DEG resistance
through the current path, RDO is the resistance from the drain ohmic, C is the
capacitance of the MUX addressing gate.

Figure 5.32: Model of the measurement circuits. (a) The MUX resistance check device
can be described as transfer function G(ω) with a load and source impedance. (b)
Model when we test RF transmission using VNA on a MUX resistance check device.

The VNA measurement circuits is as Fig 5.32 (b). We can get

V (outVNA)/V (inVNA) = Z0

RSO +RX + jωCRSORX

(5.1)
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Here Z0 = RL = 50 Ohms is the VNA load impedance, RX = R2DEG +RDO +Z0. In
the VNA measurements, S-parameters describe the input-output relationship between
ports in the electrical system and S21 in dB can be described as follows

S21 = 20log(|V (outVNA)/V (inVNA)|) (5.2)

We can learn from Fig 5.31 (b), with four addressing gates biased at 10 kHz, S21 =
−20.69dB. We assume at 10 kHz the capacitance in Fig 5.31 (b) has infinite impedance.
Then we can get from Equation 5.2, the total resistance RSO +R2DEG +RDO = 491 Ω.
As in the real MUX device, how this total resistance is divided into RSO, R2DEG and
RDO divided is very complex, here we just assume the capacitor divide the resistance
half by half, so we assume that RSO = R2DEG + RDO = 419/2 = 209.5 Ω and
RX = R2DEG +RDO + Z0 = 209.5 Ω + 50 Ω = 259.5 Ω. Then we can put the known
RSO and RX into Equation 5.2, the only unknown variable is the capacitance C. We
use Matlab Curve Fitting Tool box to fit this equation with the 4 gate curve in Fig 5.31
(b), we can calculate the capacitance C = 1.93 ∗ 10−12 F. Then we insert the calculated
capacitance C = 1.93 ∗ 10−12 F into Equation 5.2 to model the S21 as a function of
frequency and compare the simulation with the measurement results in Fig 5.33. We
can learn that the simulation S21 fit the measurement data well. We also tried some
other ways of dividing the total resistance RT otal = RSO +R2DEG +RDO = 491 Ω such
as the ohmic resistance is inversely proportional to area or the width connected to
2DEG, but we find that what matters is only the total resistance and the way dividing
the total resistance does not affect the fitting very much.

Besides, we also calculate the capacitance from the overlap area of the 2DEG and
MUX addressing gates. We consider the multiplexer addressing gate as parallel-plate
capacitor, then the capacitance can be calculated as

C = εA/d (5.3)

here, ε = 12ε0 because of 33 % AlGaAs [10]. The area A can be the get from that
20 × 10 = 200µm2, the separation between the surface and 2DEG is d = 90 nm. Then
we can get the capacitance for one addressing gate without polyimide is 2.361 × 10−13

F. For our measurement circuits, there are four such capacitors in parallel, and the
total capacitance will be C = 9 × 10−13 F. We can learn that this is a bit smaller
than we calculated from the VNA measurements. We think this is because in the real
measurement circuits, the total capacitance also includes the wire capacitance, probe
capacitance and sample holder capacitances.
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Figure 5.33: Comparison of the measurement data (blue solid line) and simulation (red
dashed line) of the VNA measurements.

5.4 Summary

In this chapter, we began with a statistical study of multiplexed bar gates. We have
studied the pinch-off voltage and maximum transconductance dG/dVg of all 256 gates.
We find the 0.1 µm wide bar gate is different from the 0.2 µm wide bar gate or wider
gates: more negative voltage is needed to pinch off 0.1 µm wide bar gates and for
maximum transconductance dG/dVg, 0.1 µm wide bar gates give a smaller value than
the other width devices. This is because 0.1 µm is comparable with the 2DEG depth.
With radio frequency signal applied the pinch-off voltage shift of all 256 gates has been
analysed. We find that device location on the chip and the distance between the device
and RF source do not have a strong correlation with the pinch-off voltage shift. The
pinch-off voltage shift represent RF power transmission. Besides, we choose several
single devices in the devices array to do AC measurements and DC measurements with
RF applied. We obtain about a 300 mV pinch-off voltage shift on the bar gate device.
In order to achieve high RF transmission, we need to initially shift the addressing
gates to a positive voltage (for example +0.4 V), before we apply zero voltage for DC
measurements. Using the advantage of multiplexer we have also studied the rectified
current of the bar gate devices in parallel. We demonstrate that the rectified current
increases as we open up channels. We redesigned the multiplexer that modulates the
RF signal to reduce the capacitance. We compare the RF transmission between the
old MUX and new MUX. However, we find that the new MUX does not improve
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much at high frequency. We discuss the limitations of the new MUX design and find
that the capacitance of the MUX addressing gate is not a limiting factor. Finally, we
design MUX resistance check devices to measure the resistance of the multiplexer and
calculate the capacitance of the multiplexer assuming the MUX bar gate devices act
like a low-pass filter with capacitance of 1.93 pF. For future MUX pump arrays design,
it is important to decrease the area of the ebeam gates which makes up a big part of
total capacitance.



6
Single-electron pump with MUX-style

polyimide

To make multiplexed pump arrays, we need connecting gates reaching across all the
mesa channels to the pumping gates of each pump device. When negative voltages are
applied to the connecting gates to define the electron pump, these gates have to be
insulated from the mesa underneath to avoid pinching off the conduction. Therefore
gate insulators are required in the multiplexed electron pump array design, so it is
important to demonstrate that they are compatible with the single-electron pump
devices.

In this chapter we demonstrate electron pumping in a single-electron pump device
in which the gates extend across the entire GaAs channel, and are insulated from the
GaAs channel by a polyimide layer as required in the multiplexed design. Also we have
studied how the variations in the design of the electron pump, such as dot size, and
barrier thickness affects the pumping current.
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6.1 Introduction

The semiconductor tunable-barrier quantum-dot single-electron pump was first demon-
strated by Blumenthal et al. in 2007 [2]. This device was made up of a 500 nm narrow
etched quantum wire [Fig. 6.1 (a)] and three metal gates. Negative voltages were
applied to the entrance gate marked L and exit gate marked R to define a quantum
dot. RF signals V a.c.

L and V a.c.
R were also added to these two gates by bias tees to

modulate the dot potential. With the phase difference of the V a.c.
L and V a.c.

R set to
π, an integer number of electrons travels through the quantum dot per AC cycle and
gigahertz pumping was observed. The potential change of the quantum dot during one
AC cycle is described in Fig 6.1 (b). Kaestner et al. simplified the pump measurement
using two pump gates by just applying negative DC voltage to the exit gate to achieve
pumping in 2008 [56]. Since then, only one RF signal is applied to the entrance gate to
demonstrate pumping. On these initial GaAs electron-pumping devices, the quantum
wires were defined by a sub-micrometer wide and the gates were all straight-line Ti/Au
finger gates. Some research groups still keep this device design [57]. However, in order
to avoid the sub-micrometer channel etching and increase the device yield, the National
Physics Laboratory (NPL) changed the quantum wire etching to 2 µm and used gates
to define a quantum dot [3, 58]. An NPL electron pump device is shown in Fig. 6.2.

Figure 6.1: (a) SEM image of the tunable-barrier quantum dot single-electron pump
demonstrated by Blumenthal et al. (b) A schematic of the potential change during one
AC cycle. Taken from [2].

Figure 6.3 describes the pumping mechanism. Figure 6.3 (a) presents the pumping
current as a function of the entrance gate voltage Ventrance and exit gate voltage Vexit

when RF is applied to the entrance gate [51]. Here nc is the number of the electrons
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Figure 6.2: (a) SEM image of an NPL single-electron pump. (b) A schematic of the
potential change during one AC cycle, only one RF signal was used. Taken from [3].

captured in the quantum dot and ne is the number ejected to the drain. The plateaus
in the pumping current occur at I = neef . In region (a), as the DC voltage applied on
the entrance gate Ventrance is too negative there is always a barrier between the source
and quantum dot. No electrons can be captured or ejected in this case [Fig. 6.3 (b)
a]. In region (b), the DC voltage on the entrance gate and exit gate are both set so
that all the electrons captured from source are ejected in to the drain [Fig. 6.3 (b) b].
In region (c), the negative voltage set on the entrance gate is a bit smaller than the
perfect situation, so the electrons captured cannot all be ejected to the drain [Fig. 6.3
(b) c]. In region (d), the DC voltage on the entrance gate is not negative enough. The
electrons are captured, but the entrance gate voltage never goes negative enough to
push the quantum dot potential above the exit barrier height. One cannot observe
pumping in this situation [Fig. 6.3 (b) d]. The dashed lines in Fig 6.3 (a) are the edges
between regions where the relationship between nc and ne are different.

6.2 Device and electrical setup
As the single-electron pump is sensitive to the wafer selection and design parameters,
it is difficult to observe pumping if these are not optimal. We want to test if the
quantised pumping could still be observed with a polyimide layer added to isolate
the mesa from connecting gates. The polyimide layer is deposited between the wafer
surface and connecting gates. Figure 6.4 shows a schematic of the single-electron
pump with polyimide added from our design. We begin by designing some pumps with
narrow channels which are similar to the NPL single-electron pump design. Figure
6.5 shows the optical image and SEM image of single-electron device with polyimide
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Figure 6.3: (a) Colour map of the pumping current as a function of the entrance gate
voltage Ventrance and exit gate voltage Vexit when RF applied to the entrance . (b)
Potential schematic of different regions in pump current map. Taken from [51].

added. The radius of dot size, barrier thickness and gap between the gates are the
three most important parameters of the single-electron pump design [Fig 6.5 (c)]. Here
we begin with W0546 wafer and design parameters (dot size: 150nm, tunnel barrier:
100 nm, gap: 50 nm) that matched those used previously by Dr Joanna Waldie to
observe pumping. We study how the design parameter variations would affect the
charge pumping performance.

1. Pump gates design: we have two different sizes of the dot radius (130 nm and
150 nm) and tunnel-barrier width (85 nm and 100 nm). For all devices the gap between
the gates is 50 nm. Based on these designs, there are four combinations of pump gate
designs.

2. Channel etch design: we have two different channel-etch designs E1 and E2
shown in Fig. 6.6. From NPL’s experience of electron-pump design [3], we learn that
if the RF gate is too close to the source 2DEG of the pump, the capacitive coupling
between the RF gate and the source increased, which affects the accuracy of pumping,
especially at high magnetic field. So for the E1 design, we made the distance between
the entrance gate and the 2DEG larger, to give better pumping performance. But for
this design, we need to increase the channel etch area which makes the channel even
narrower. This is a bit risky for etch fabrication, because at the edge of the narrow
channel the electrons will be depleted after etching. The narrow channel easily becomes
non-conducting if the entrance and exit of channels are too narrow. Therefore we also
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Figure 6.4: (a) Single-electron pump without polyimide. E1 design. (b) Single-electron
pump with polyimide added, grey is polyimide. E1 design. (c) Zoom-in view of the
narrow-channel area. We apply RF signal and DC voltage to the connecting gates
through the multiplexer to reach the pumping gates if we make MUX single-electron
pump arrays in the future. The narrow-channel 2DEG is 2 µm. (a) and (b) were drawn
by Dr Joanna Waldie.

make an E2 design, whose entrance and exit part of the narrow etching channel are
wider, as a comparison.

3. Order of fabrication: for some of the devices we deposit the e-beam gates before
spinning the polyimide layer. The fabrication order for these devices is mesa, ohmic
contacts, Ebeam etch, Ebeam gates, polyimide and optical connecting gates. We have
one concern about this fabrication order: the polyimide needs to be baked in a high-
temperature tube furnace (270 ◦C), and we want to know if this high temperature would
damage the e-beam gates or not. For the other devices we deposit the e-beam gates
after finishing spinning the polyimide layer and depositing the connecting gates. The
fabrication order is mesa, ohmic contacts, Ebeam etch, polyimide, optical connecting
gates and Ebeam gates. However, we also have one concern about this fabrication
order: with the polyimide (1000-1100 nm thick) already on the surface the PMMA
resist for the e-beam gates might not spin uniformly and the quality of the e-beam
lithography might be affected. We want to find which is a better fabrication order to
make the electron pump with polyimide.

A schematic of the measurement circuit is shown in Fig. 6.7. The measurement
methods are described in more detail in chapter 3. All these measurements we carried
out at 4 K in the electron-pump dip station at the Cavendish Lab. We tested the
measurement uncertainty associated with measurement setup: for example in Fig 6.8
we fix the entrance gate voltage to a certain value in the middle of the first plateau
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Figure 6.5: Single-electron device with polyimide added. (a) Optical image of the
single-electron pump with polyimide devices, the blue area is source and drain, the
purple area is insulator, dark yellow area is the exit gate and light yellow area is the
Entrance gate. (b) Optical image of the pumping gates area. (c) SEM image of the
pump gates. Three most important parameters of a single-electron pump design: radius
of dot size, barrier thickness and gap between the gates are labelled. (b) and (c) are
taken by Dr Joanna Waldie.

Figure 6.6: The schematic of channel etch design. (a) E1 design. (b) E2 design. The
distance between the entrance gate to 2DEG of the E1 design is larger than the E2.

Ventrance = −0.34 V. Then we change the exit gate voltage Vexit from the most negative
voltage to the smallest negative voltage in steps of 0.001 V. On each step we stop
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for 20 seconds to measure the current (here 47 points are recorded for each Vexit).
Then we calculate the average current [Fig. 6.7 (b)] and random uncertainty of the
average current [Fig 6.7 (c)]. Here we calculate the random uncertainty using the
standard deviation of the measured data points (47 points) divided by the square-root
of the number of data points. The sources of noise include equipment noise, gate
voltage, vibrations [15]. We can learn from Fig. 6.7 (c) that the random uncertainty
changes with Vexit: in the plateau regions the uncertainty is much lower than in the
riser regions. This is because in the plateau regions the pump always transports the
same integer number of electrons (such as N). However in the riser regions the number
of the pumped electrons vary, for example sometimes it will pump N − 1 electrons and
sometimes it will pump N electrons. We can learn from the in the plateau areas, the
current error is ∼0.005 pA. At 110 MHz, the total pumping current is 17.6 pA, and
the error rate of this measurement set up is 0.005/17.6 = 2.8409 ∗ 10−4.

Figure 6.7: A schematic of the measurement setup for a single-electron pump device
with polyimide added. GF is a low-pass RC filter with RC = 10 ms to reduce DC
voltage spikes, DMM is the digital multimeter to measure the voltage output of the IV
amplifier. The 3 dB attenuator is used for part of the measurements.
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Figure 6.8: (a) The pumping current colour map as a function of Ventrance and Vexit. (b)
The average current with entrance gate voltage fixed in the middle of the first plateau
Ventrance = −0.34 V. (c) The random uncertainty of average current. The device is
E1 channel etch, dot radius 130 nm, tunnel barrier width 100 nm and with polyimide
deposited after e-beam gates.

6.3 Results: quantised charge pumping with sev-
eral design variations

In the last section, we presented several design variations of electron-pump designs
with polyimide added. In this section, we present the quantised charge-pumping
performance with these design variations. We have tested one device without polyimide
(the experiment was done by Dr Joanna Waldie). We use this device as a comparison to
the devices with polyimide added. We have measured 14 devices with polyimide added,
and we observe charge pumping in 7 devices. The pumping yield is therefore 50%. For
non-working devices: one device did not conduct at room temperature; two devices
did not conduct at 4K while conducting at room temperature; four devices’ pump
gates did not work, which may have been because of ESD damage during bonding or
measuring. The design parameters of the 7 working devices are shown in Table 6.1.

We find that for different pump designs, we need to apply different RF power to
observe a clear charge pumping map like that in Fig 6.3 (a). In following part we want
to discuss if there is a relation between the required RF power to observe pumping
and the design parameters such as dot radius and tunnel barrier width.
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Number of Devices Channel Etch Type Tunnel Barrier Width (nm) Dot Radius (nm) Poly After/Before Ebeam gates

1 E1 85 130 After
2 E1 100 130 After
3 E1 100 150 After
4 E2 100 150 Before
5 E1 100 130 After
6 E2 100 130 Before
7 E2 85 150 Before

Table 6.1: The parameters of the working pump with ployimide devices. Device 1-3 are
tested without 3 dB attenuator added to measurement setup. Device 4-7 are measured
with 3 dBm attenuator. The measurement setup is shown in 6.7.

6.3.1 Definition of required RF power to observe charge pump-
ing

When we do pumping measurements, after we set the sweeping range of the entrance
gate and exit gate, we slowly increase the RF power (normally in steps of 1 dBm) until
we observe a clear pumping map. Figure 6.9 shows how the pumping map becomes
clearer as the RF power is increased, the RF power in Fig. 6.9 (a) to (d) is -5 dBm,
-4 dBm, -3 dBm and -2 dBm. The device has the E1 channel etch, dot radius 130
nm, tunnel barrier width 85 nm and polyimide deposited after e-beam gates. The RF
frequency is 110 MHz. The sweeping rate of the exit gate voltage is the same for these
four measurements, which means that the resolution of the pumping map will only
depend on the performance of the pump and whether is pumping the same number of
electrons over a range of voltages. For all four plots, the range of entrance gate voltage
is set to -0.25 V to 0.05 V and the range of exit gate voltage is set to -0.75 V to -0.5 V
to help comparisons. In Fig 6.9 (a) and (b) it is hard see the pumping plateaus. In Fig
6.9 (c) we can see there are some clear pumping plateaus, but the first plateau area
(I = ef) is not well defined. In Fig 6.9 (d) the first plateau area is also well defined.
In this work we look for the RF power that must be applied so that all the pumping
plateaus on the pumping current colour map can first be defined, and we regard this
as the ‘required RF power’ to observe charge pumping.

We want to study whether the RF frequency will affect the required RF power
needed to realize charge pumping. Figure 6.10 shows how the pumping maps change
as the applied RF frequency increases. Here we fix the RF power at -2 dBm. The
pumping plateaus are well defined at 110 MHz in Fig 6.10 (a). As the RF frequency
increases, the pumping plateaus become less clear. We believe this is because the
transmitted RF power is attenuated as frequency increases, and therefore larger RF
power is needed to observe pumping. Figure 6.11 plots the pinch-off voltage for low-
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Figure 6.9: The derivative pumping maps change as the applied RF power increase.
Here we plot the derivative dI/dVexit to show the plateau regions more clearly. The
RF frequency is always 110 MHz. The device is E1 channel etch, dot radius 130 nm,
tunnel barrier width 85 nm and with polyimide deposited after e-beam gates. White
area is the plateau and gray area is the transition edge of the plateau. The grayscale
bar is the pumped electron number per cycle. (a) -5 dBm. (b) -4 dBm. (c) -3 dBm.
(d) -2 dBm.

frequency AC conductance as a function of RF frequency for two different devices. We
can see the pinch off voltage shift becomes smaller as the frequency increases, which
means the transmitted RF power is less. We think the measurement set up affect
the power transmission a lot. And the RF power transmission dependent more on
the measurement set up than the pumps devices. Therefore in the next sections we
keep the RF frequency at 110 MHz to study the required RF power to observe charge
pumping.
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Figure 6.10: The derivative pumping maps changing as the applied RF frequency
increases. The RF power is fixed at -2 dBm. The device has E1 channel etch, dot
radius 130 nm, tunnel barrier width 100 nm and with polyimide deposited after e-beam
gates. White area is the plateau and gray area is the transition edge of the plateau.
(a) 110 MHz RF frequency applied. (b) 210 MHz RF frequency applied. (c) 310 MHz
RF frequency applied. (d) 410 MHz RF frequency applied.

6.3.2 Comparison of different cool downs with the same de-
vice

We want to study whether a different cool down will affect the required RF power to
observe clear pumping. We measured one device which has the E1 channel etch, dot
radius 130 nm, tunnel barrier width 100 nm and polyimide deposited after e-beam
gates in two different cool downs (shown in Fig. 6.12) . We find that in the first
cool down we need -2 dBm to observe pumping while -4 dBm is needed to observe
pumping in the second cool down. Therefore even for the same device different cool
downs will require different RF power to observe pumping. We think this is because
the carrier density distribution and disorder of the wafer will change for different cool
down leading the pinch off voltage of the pumping gates to change.
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Figure 6.11: Pinch-off of entrance gate voltage for low-frequency AC conductance
(measured using a lock-in amplifier at 77 Hz) as a function of RF frequency. (a) The
device is E2 channel etch, dot radius 150 nm, tunnel barrier width 100 nm and with
polyimide deposited after e-beam gates. The RF power applied is fixed at -1 dBm. (b)
The device is E1 channel etch, dot radius 130 nm, tunnel barrier width 85 nm and
with polyimide deposited after e-beam gates. The RF power applied is fixed at -4 dBm.
The vertical blue dashed lines are the pinch-off voltage with no RF signal applied for
each device. The green dashed lines are frequency at 110 MHz, 210 MHz, 310 MHz,
410 MHz and 510 MHz.

6.3.3 Comparison of different devices with the same design
parameters

We want to study if the two different devices with the same design parameters required
similar RF power to observe clear pumping. We measured two devices which both
have E1 channel etch, dot radius 130 nm, tunnel barrier width 100 nm and polyimide
deposited after e-beam gates (in Fig 6.13). We find that in the first device we need -2
dBm to observe pumping while 0 dBm is needed to observe pumping in the second
device. Therefore devices with the same design parameters require different RF powers
to observe pumping. We think this is because the carrier density distribution and
disorder were different for the two devices, this will affect the pinch off voltage of the
pumping gates. Also the fabrication will cause some random differences on the mesa
etching, and gates deposition. This will mean that we need different RF powers to
observe pumping.



6.3 Results: quantised charge pumping with several design variations 87

Figure 6.12: Comparison of different cool downs with the same device. (a) First cool
down of the device, -2 dBm is required to observe clear pumping map. (b) Second cool
down of the device, -4 dBm is required to observe clear pumping map. The device
has E1 channel etch, dot radius 130 nm, tunnel barrier width 100 nm and polyimide
deposited after e-beam gates. To help comparison, on both (a) and (b) we make the
entrance gate voltage range 0.4 V and exit gate voltage 0.2 V.

Figure 6.13: Comparison of two devices with the same parameters. (a) First device, -2
dBm is required to observe pumping. (b) Second device, 0 dBm is required to observe
pumping. The devices both have E1 channel etch, dot radius 130 nm, tunnel barrier
width 100 nm and polyimide deposited after e-beam gates. To help comparison, on
both (a) and (b) we make the entrance gate voltage range 0.4 V and exit gate voltage
0.2 V.

6.3.4 Comparison of devices with different quantum-dot ra-
dius

We want to study whether the quantum-dot radius has some relationship with required
RF power to observe clear pumping. We measured a two sets of two devices whose
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design parameters are the same except for the quantum-dot radius. In Fig 6.14, the
two devices both have E1 channel etch, tunnel barrier width 100 nm and polyimide
deposited after e-beam gates. The dot size of the device in Fig 6.14 (a) is 130 nm and
the device in Fig 6.14 (b) is 150 nm. We find that we need more power (2 dBm vs
-2 dBm) for the larger dot size in order to observe pumping. The other comparison
shown in Fig 6.15 is similar: we need -1 dBm for 150 nm dot radius and -2 dBm for 130
nm dot radius to observe pumping. However, we need to consider that even different
cool downs could cause the required RF power to change (Fig. 6.12). This change is
sometimes bigger than the change because of the dot size (in Fig. 6.15).

Figure 6.14: Effect of quantum-dot radius on the required RF power. (a) Dot radius:
130 nm, -2 dBm is required to observe a clear pumping map. The device has E1 channel
etch, tunnel-barrier width 100 nm and polyimide deposited after e-beam gates. (b) Dot
radius: 150 nm, 2 dBm is required to observe a clear pumping map. The device has E1
channel etch, tunnel barrier width 100 nm and polyimide deposited after e-beam gates.
To help comparison, on both (a) and (b) we make the entrance gate voltage range 0.4
V and exit gate voltage 0.2 V.

6.3.5 Comparison of devices with different tunnel-barrier widths

We want to study whether the tunnel-barrier width has some relationship with the
required RF power to observe clear pumping. We measured two sets of two devices
whose design parameters are the same except for the tunnel-barrier width. In Fig. 6.16,
the two devices both have E2 channel etch, dot radius 100 nm and polyimide deposited
before e-beam gates. The tunnel barrier width of the device in Fig. 6.16 (a) is 85 nm
and the device in Fig. 6.16 (b) is 100 nm. We find that we need more power (0 dBm vs
-4 dBm) for larger tunnel barrier width to observe pumping. The other set comparison
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Figure 6.15: Effect of quantum-dot radius on the required RF power. (a) Dot radius:
130 nm, -2 dBm is required to observe a clear pumping map. The device has E2 channel
etch, tunnel-barrier width 100 nm and polyimide deposited before e-beam gates. (b)
Dot radius: 150 nm, -1 dBm is required to observe a clear pumping map. The device
has E2 channel etch, tunnel barrier width 100 nm and polyimide deposited before
e-beam gates. To help comparison, on both (a) and (b) we make the entrance gate
voltage range 0.4 V and exit gate voltage 0.2 V.

shown the in Fig. 6.17 is similar: we need -3 dBm for the 85 nm barrier and -1 dBm
for 100 nm barrier to observe pumping in these devices. We need to remember that
even different cool downs could cause the required RF power to change (Fig. 6.12).
This change is sometimes bigger than the change because of the dot size (in Fig. 6.15).

6.3.6 Comparison of channel etch design and the order of
fabrication

We have two channel etch designs E1 and E2 in Fig. 6.6, and for both designs we
have observed pumping. For E1 channel etch, quantum dot size 150 nm, tunnel barrier
width 100 nm and with polyimide deposited after e-beam gates shown in Fig. 6.6
(a), 2 dBm RF power is required to observe clear pumping. For the E2 channel etch,
quantum dot size 150 nm, tunnel barrier width 100 nm and with polyimide deposited
before e-beam gates shown in Fig. 6.6 (b), -1 dBm RF power is required to observe
clear pumping. We have observed pumping no matter with polyimide deposited after
e-beam gates or with polyimide deposited before e-beam gates. This means we can use
either order of fabrication in future for MUX pump array processing.
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Figure 6.16: Comparison of how tunnel barrier width affects the required RF power.
(a) Tunnel barrier width: 85 nm. -4 dBm is required to observe a clear pumping map.
The device has E1 channel etch, quantum dot size 130 nm and polyimide deposited
after e-beam gates. (b) Tunnel barrier width: 100 nm. 0 dBm is required to observe a
clear pumping map. The device has E1 channel etch, quantum dot size 130 nm and
polyimide deposited after e-beam gates. To help comparison, on both (a) and (b) we
make the entrance gate voltage range 0.4 V and exit gate voltage 0.2 V.

Figure 6.17: Comparison of how tunnel barrier width affects the required RF power.
(a) Tunnel barrier width: 85 nm, -3 dBm is required to observe a clear pumping map.
The device is E2 channel etch, quantum dot size 150 nm and with polyimide deposited
before e-beam gates. (b) Tunnel barrier width: 100 nm, -1 dBm is required to observe
a clear pumping map. The device has E1 channel etch, quantum dot size 150 nm and
with polyimide deposited before e-beam gates. To help comparison, on both (a) and
(b) we make the entrance gate voltage range 0.4 V and exit gate voltage 0.2 V.

6.4 Pumping error mechanisms analysis

6.4.1 Fitting with the decay-cascade model

Many different types of single-electron pumps can be explained by the ‘decay cascade’
model [59]. We begin by introducing the decay-cascade model built by Kashcheyevs
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Figure 6.18: Comparison of channel etch designs. (a) E1 design, polyimide after e-beam
gates. Quantum-dot size 150 nm, tunnel barrier width 100 nm and with polyimide
deposited after e-beam gates, 2 dBm RF power is required to observe clear pumping.
(b) E2 design, polyimide before ebeam gates. Quantum dot size 150 nm, tunnel barrier
width 100 nm and with polyimide deposited before e-beam gates, -1 dBm RF power is
required to observe clear pumping. To help comparison, on both (a) and (b) we make
the entrance gate voltage range 0.4 V and exit gate voltage 0.2 V.

et al. [59] In this model, single-electron pumps operate in a regime which can be defined
by three inequalities as follows [60]:

kBT ≪ EC = e2

C∑ . (6.1)

RK ≪ R. (6.2)

f ≪ Γ. (6.3)

Here kB is Boltzmann’s constant, T is temperature, EC is the Coulomb gap energy
of the pump islands, C∑ is the capacitance of the pump islands, RK = h/e2 is the
resistance quantum, R is the resistance of the tunnel barriers, f is the radio frequency
applied to the entrance gate and Γ is the electrons’ tunnelling rate from source to the
quantum dot defined by the gates. Eq. 6.1 shows that thermal fluctuations would not
affect the number of electrons on each island. Eq. 6.2 says the quantum fluctuations
would not affect the number of electrons on the island. Eq. 6.3 states that the energy
of each island is manipulated (by the radio frequency applied to the entrance gate)
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slowly enough that the pumping can be always attained at each point in the pumping
cycle.

In the capture phase the entrance barrier change with the driving RF signal applied
on the entrance gate, which will traps a number of electrons n(t) in the quantum dot.
The electrons in the quantum dot are in states separated by EC . The higher-n states
have higher energy and so have a higher possibility of tunneling back to the source.
The electrons in the source and drain can tunnel into the quantum dot from a thermal
distribution in the leads which would increase the number of electrons in the dot. The
decay-cascade model assumes this tunneling is negligible during the back-tunneling
phase of the pumping cycle. We only consider electrons that tunnel from the quantum
dot into the leads, so the number of electrons in the quantum dot can only decrease in
this case. In the zero temperature limit, the rate equation can be described as follows:

dPn/dt = Γn(t)Pn (6.4)

where Pn is the probability that there are n electrons in the quantum dot. When
the energy of the n-electron state is above the Fermi level, Γn(t) represents the time-
dependent escape rate after t = tn which is the time when the n-electron state crossed
the Fermi level. Then Pn which is the trapping probability at a time t can be described
as follows:

Pn(t) = exp[−
∫ t

tn

Γn(τ)dτ ] (6.5)

The small overlap between the tunneling of different electron number states will
affect pumping accuracy. For example, one electron escapes from the n+ 1-electron
state which would increase the probability of the n-electron state Pn. And one electron
escapes from the n-electron state which would decrease the probability of the n-electron
state Pn. When n = 1, the normalised number of pumped electrons is given by

IP/ef = (Pn − Pn+1) + 2Pn+1 = Pn+1 + Pn (6.6)

Here IP is the pumping current, and f is the pumping frequency. If we make Γn+1

much faster than Γn which would cause decay cascade, then the pump accuracy would
be improved.
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For most experimental results that gate-defined tunnel barrier can be modelled to
have a parabolic shape. We describe the time-dependent escape rate as follows in the
capture phase:

Γn(t) = Γaexp[−Un(t)/kBT0] (T < T0) (6.7)

where Un(t) = U0(t) − nEC is the time-dependant barrier height of the quantum
dot and Γa is a constant. T0 is the crossover temperature of thermal hopping and
tunnelling. Then Pn can be described with an exponential with Γn from Eq. 6.5.
Normally the tuning voltage VG on the entrance gate would be introduced to compare
the experimental data, and then the pumping current would be described as a function
of tuning voltage as follows:

IP

ef
=

∞∑
n=1

exp
[
−exp

(
−δn

VG − Vn

Vn+1 − Vn

)]
(6.8)

Here δn is a fitting parameter, which can be related to a ratio of tunnel rates. Vn is
the onset voltage of the n-th current plateau on the pumping map, and Vn+1 − Vn =
EC/αG = e/CG, CG is the capacitance of the quantum dot to the exit gate. Normally
for high accuracy pumping measurements over the range 0<IP/ef<1.5 only the first
two summation terms of Eq. 6.8 have been fitted, and the parameter δn has been used
to represent the pumping accuracy: larger δn means a flatter plateau. Several studies
[3] [61] have used Eq. 6.8 to estimate pumping accuracy.

Figure 6.19 to Fig. 6.21 the red lines describe how the decay cascade model fits
our measurement data. We see that fitting parameter δ1 is not as large as in several
studies [3] [61] before. Ref. [3] reported δ = 20 at f = 945 MHz and Ref. [61] reported
δ = 22 at f = 6.5 GHz. These δs are bigger than our experiment and we think that the
reason is that we do not apply any magnetic field like in Ref. [3]. And our quantum
dot is much bigger than in Ref. [61], so the charging energy will be larger. From the
decay-cascade model fitting, the capacitance between the exit gate and the dot is 4.4
aF, 5.4 aF and 4.4 aF respectively for the three devices (from Fig.6.19 to Fig. 6.21) we
modelled here.

6.4.2 Fitting with the thermal capture model

In this section we fit our measurement data using the thermal capture model. We
begin by introducing the thermal capture model [60]. The thermal capture regime
describes the electrons are exchanged between the leads and the quantum dot during
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Figure 6.19: Comparison of the measurement data and model fitting using the decay
cascade model and thermal capture model. The red line is the decay cascade model
and the blue line is the thermal capture model. The device is E1 channel etch, dot
radius 130 nm, tunnel barrier width 100 nm and with polyimide deposited after e-beam
gates. 110 MHz -2 dBm RF is applied to the entrance gate.

the initialisation process because of thermal fluctuation, then the average number of
captured electrons given by Coulomb blockade theory can be described as:

IP

ef
=

∞∑
n=1

n

[
exp[−(En − nαGVG)/kBT ]∑∞

n=1 exp[−(En − nαGVG)/kBT ]

]
∼

∞∑
n=1

[
1 + exp

(
− EC

kBT

VG − Vn

Vn+1 − Vn

)]−1

(6.9)
where Vn is the onset voltage of the n-th current plateau on the pumping map, and
Vn+1 −Vn = EC/αG = e/CG, CG is the capacitance of the quantum dot to the entrance
gate, and αG = eCG/CΣ,En = n2EC/2. Then the thermal-equilibrium parameter
EC/kBT can be used to describe the pumping accuracy [8] [62].

Figure 6.19 to Fig. 6.21 the blue lines describe how the thermal capture model fits
our measurement data. We see that thermal capture model also fits the measurement
data well which means that the temperature can also affect the pumping accuracy in
our measurements. From the thermal capture model fitting, the capacitance between
the exit gate and the dot is 4.5 aF, 5.5 aF and 4.5 aF respectively for the three devices
we modelled here.
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Figure 6.20: Comparison of the measurement data and model fitting using the decay
cascade model and thermal capture model. The red line is the decay cascade model and
the blue line is the thermal capture model. The device is E2 channel etch, dot radius
130 nm, tunnel barrier width 100 nm and with polyimide deposited before e-beam
gates. 110 MHz -3 dBm RF is applied to the entrance gate.

We can learn that measurement data fits both decay cascade model and thermal
capture model well, we think the electrons tunnelling back from quantum dot to the
source and thermal fluctuations both occur together. On the other side, when we
compare the decay cascade model fitting and thermal capture model, we find that
the decay cascade model fits the measurement data slightly better. We make this
judgement based on two present evidence: firstly, we can observe visually that the red
curves fits slightly better than the blue curves from Figure 6.19 to Fig. 6.21. Secondly,
for the R-square coefficient for each pair fitting comparison, the decay cascade model is
always bigger than the thermal capture model. Thus we think maybe the pumping error
of measurements mainly comes from the electrons tunnelling back from the quantum
dot to the source, rather than the thermal fluctuations.
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Figure 6.21: Comparison of the measurement data and model fitting using the decay
cascade model and thermal capture model. The device is E2 channel etch, dot radius
150 nm, tunnel barrier width 85 nm and with polyimide deposited before e-beam gates.
110 MHz -3 dBm RF is applied to the entrance gate.

6.5 Conclusion

Adding polyimide between the contacting gates and GaAs wafer surface is not a problem
for the single-electron pump, and is a necessary step towards making MUX pump
arrays.

In this chapter, we began by demonstrating that a single-electron pump with
MUX-style polyimide can realize pumping. We present the definition of required RF
power to observe a clear pumping map. We also presented our design of single-electron
pump with polyimide added with several design variations such as the dot radius (130
nm and 150 nm), the tunnel barrier width (85 nm and 100 nm), the channel etch design
and the order of fabrication. We find that all these designs can realize quantised charge
pumping but there is a difference in the required RF power needed on the entrance
gate to observe a clear pumping map. In two separate cool-downs of the same device,
different RF powers (-2 dBm and -4 dBm) were required to observe pumping. Two
different devices with the same design required different RF powers (-2 dBm and 0
dBm) to observe pumping. For quantum dot radius 130 nm and 150 nm, -2 dBm and
2 dBm or -3 dBm and -1 dBm RF power were required for different devices which have
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same parameters except dot radius. For tunnel barrier width 85 nm and 100 nm, -4
dBm and 0 dBm or -3 dBm and -1 dBm are required for two different devices which had
the same parameters except tunnel barrier width. We have learnt even separate cool
downs could change the required RF power to observe a clear pumping map. These
gate design variations seem to be too small to affect the pump performance very much
compared to the random variations. We observed pumping in devices with polyimide
deposited after e-beam gates or with polyimide deposited before e-beam gates, which
means that we can use any either order of fabrication in the future MUX pump array
processing.

We learn from Dr Patrick See that the best pump the gate design for a new wafer
is normally based on empirical evidence. Even for the wafers with the same carrier
density, the best pumping gate designs are normally different. This may be because
the mobility of wafers is different. For example, when a new wafer with carrier density
2 × 1015 m−2 is used for single-electron pump measurements, the process to get the
best pump gate design is as follows: from previous experience, for the same carrier
density the best design is a dot size of 150 nm, tunnel-barrier width 100 nm and a gap
of 50 nm. Then several design variations of individual single-electron pumps (such as
dot sizes of 130 nm, 150 nm and 175 nm, tunnel-barrier width: 80 nm, 100 nm and
120 nm, gap: 50 nm, 75 nm and 100 nm) are measured in separate cool-downs to find
the best pump design. Future MUX single-electron pump arrays have many benefits
to simplify this process: for example for this wafer we can make the dot radius range
from 50 nm to 250 nm in steps of 20 nm and tunnel-barrier width from 50 nm to 200
nm in steps of 10 nm to make many pump gates design combinations to find the best
design. This will save the time taken for different cool downs and also avoid different
cool downs while causing the pump map to change. Besides, since the MUX pump
array is able to include large number of different parameter pump designs, the best
design parameters could be found more precisely than previous standard process.

We fit measurement data using both decay cascade model and thermal capture
model, and we find both models fit well. Thus we think the pumping error comes from
both the electrons tunnelling back from the quantum dot to the source and thermal
fluctuations. Based on the evidence the decay cascade fits slight better, we guess the
pumping error mainly comes from the the electrons tunnelling from the quantum dot
to the source. In the decay cascade model, we calculate the capacitance between the
exit gate and dot is 4.4 aF, 5.4 aF and 4.4 aF respectively for the three devices we
modelled here. In the thermal capture model, we calculate the capacitance between
the exit gate and dot is 4.5 aF, 5.5 aF and 4.5 aF respectively.



7
Conclusions and future work

7.1 Conclusions

In this thesis, we have studied the rectified current in wide-channel electron pump
devices, transmission of radio-frequency signals through a quantum multiplexer and
single-electron pumps with an insulator layer (polyimide) which is necessary to make
multiplexed single-electron-pump arrays based on a GaAs/AlGaAs heterostructure.

Rectified current in wide-channel electron pump devices. We have mea-
sured a 4 x 32 multiplexed wide-channel electron pump array. We observed rectified
current (about 100 µA) instead of pumping current (which could be 18 pA at 110 MHz).
We measured individual wide-channel single-electron pumps and also observed rectified
current, showing that the rectified current is caused by the wide-channel pumps, not
the multiplexer. We showed that the pump entrance gate, to which the RF signal
is applied, does not need to go all the way across the channel to give the rectified
current. We also showed that no matter how close together the entrance gate with exit
gate are, rectified current can still be observed, and the peak rectified current happens
near the exit gate pinch off voltage. We have found that the rectified current becomes
bigger as RF frequency increases (10 MHz to 110 MHz) or RF amplitude increases
(-20 dBm to -5 dBm). We have developed a model to qualitatively explain the origin
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of rectified current in the wide-channel electron-pump devices. We need to switch to
narrow-channel electron pump devices to make GaAs electron pump arrays because of
the smaller rectified current [3].

Transmission of radio-frequency signals through a quantum multiplexer.
We have characterised the transmission of RF voltage signals through the quantum
multiplexer (MUX) using an array of bar gates. We found that RF signal up to
an amplitude ∼300 mV AC amplitude voltage can be transmitted to the bar gate,
which may be enough for electron pumping. We also presented a statistical study
of multiplexed bar gate devices: we measured the pinch-off voltage and maximum
transconductance dG/dVg of all 256 gates. We find that because 0.1 µm is comparable
with the 2DEG depth (90 nm), more negative voltage is needed to pinch off 0.1 µm
wide bar gates as compared to wider gates. The maximum transconductance dG/dVg,
in 0.1 µm wide bar gates is smaller than in wider devices. We studied how the RF
transmission changes with the distance from the multiplexer. We explained how we
used the pinch-off shift (the pinch-off voltage will be more negative when we apply an
RF signal to bar gate, and we call the voltage change the pinch-off shift), to determine
the RF power transmission. We found that the device location on the chip and the
distance between the bar gate and RF source do not have a strong relation with the
pinch-off voltage shift. We resigned the multiplexer to reduce the capacitance of the
addressing gates to the 2DEG and compared the RF transmission between the old MUX
and new MUX designs. However, we find that at high frequency the RF transmission of
the new MUX does not improve much. We found this is because there are two parts to
the capacitance (addressing gates with 2DEG and bar gates with 2DEG) and the bar
gates part is much bigger. We have also designed devices to measure the multiplexer
resistance in order to calculate the capacitance of the addressing gates with 2DEG,
which is about 1.93 pF, giving a 3 dB frequency of 500 MHz. In future MUX pump
designs, we need to decrease the gate area connecting the array of bar gates which
makes a bigger contribution to the total capacitance than the addressing gates, to
improve the RF transmission.

Single-electron pump with multiplexer-style polyimide. We have demon-
strated electron pumping in a single-electron pump device in which the gates extend
across the entire GaAs channel, and are insulated from the GaAs channel by a polyimide
layer as required for a multiplexed electron-pump design. We also studied several
variations of pump gates designs, namely dot radius (130 nm and 150 nm), the tunnel
barrier width (85 nm and 100 nm), the channel etch design and the order of fabrication,
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and how they will affect the RF power required to observe clear quantised pumping.
In summary:

• In two separate cool-downs of the same device, different RF powers (-2 dBm and
-4 dBm) were required to observe pumping.

• Two different devices with the same design required different RF power (-2 dBm
and 0 dBm) to observe pumping.

• For quantum-dot radius 130 nm and 150 nm, -2 dBm and 2 dBm or -3 dBm and
-1 dBm RF power are required for different devices which have same parameters except
dot radius.

• For tunnel barrier widths 85 nm and 100 nm, -4 dBm and 0 dBm or -3 dBm and
-1 dBm are required for different devices which have same parameters except tunnel
barrier width.

These gate design variations seem to be too small to affect the pump performance
very much compared to the random variations. We also observed pumping in devices
with polyimide deposited after e-beam gates or with polyimide deposited before ebeam
gates, which means that we can use any either order of fabrication in processing future
MUX pump arrays.

7.2 New multiplexed pump array design

Constant modification and improvements of the GaAs multiplexed single-electron
pump arrays design have been made at each step of this thesis. We have progressed
from the design of multiplexed wide-channel single-electron pump arrays, individual
wide-channel single-electron pumps, multiplexed bar gate devices to individual single-
electron pumps with polyimide added. At present a new design of the multiplexed
single-electron pump array has been fabricated and is ready to test. The design is
shown in Fig. 7.1. There are 16 source and drain channels which can be controlled
by the multiplexer. There are 4 pairs of contacting pump gates. One pair defines 1
pump on one channel, the second pair defines 2 pumps on two channels, the third pair
defines 8 pumps on eight channels, the fourth pair defines 16 pumps on 16 channels.
Since the narrow-channel etching could cause a channel to become non-conducting,
therefore for this design we try to avoid many pumps in series in one single channel.
Some interesting experiments could be carried out on the chip:

• Since we can measure several narrow-channel pumps in a single cool down, we can
design and measure different gate designs to find the design giving the best pumping
performance.
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• As we learnt from Chapter 6, even separate cool-downs could change the required
RF power to observe a clear pumping map. On this MUX pump array we can get rid
of the cool-down variable and explore if there is any relationship between the required
RF power and quantum dot-radius or tunnel barrier width.

• By controlling the addressing gates and pump gates, we can try to use this MUX
pump array to realize parallel pumping.

Figure 7.1: (a) Schematic of the new MUX single-electron pump arrays. The blue area
is the source and drain, the green area is the multiplexer, dark yellow indicates exit
gates, and light yellow indicates entrance gates. (b) Individual electron pump. Grey
indicates the polyimide insulator, the blue is 2DEG. (c) Zoom-in of the pump gates.

In future MUX pump arrays, we will also multiplex the gate voltage signals. The
capacitance associated with the e-beam gates of the pumps will be much smaller than
in MUX bar gate devices because the narrow channel etch removes the 2DEG from
underneath most of the gates area. This should improve the RF transmission.
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A
Appendix

In this appendix we study for a certain width bar gate devices (for example 0.2 µm),
how the pinch-off shift is affected by the distance from RF MUX in the new MUX
bar gate array. There are 16 such same width devices on both the old and new MUX
bar gate arrays. And we also want to learn how the pinch-off shift is affected by the
vertical location of each row on the old MUX bar gate array. Besides, we compare the
pinch-off shift for the 16 different width devices from the old MUX and new MUX.
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(a) 0.1 µm bar gate. (b) 0.2 µm bar gate.

(c) 0.3 µm bar gate. (d) 0.4 µm bar gate.

Figure A.1: Pinch-off voltage change of a certain width bar gate devices with 10 kHz,
-10 dBm RF applied on the old and new MUX bar gate arrays. The black line is the
pinch-off shift as a function of the vertical location of each row on the old MUX bar
gate array, the distance between each row is 100 µm. The red line is the pinch-off
shift as a function of the distance from RF MUX in the new MUX bar gate array, the
distance between each row is 130 µm.
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(a) 0.5 µm bar gate. (b) 0.6 µm bar gate.

(c) 0.7 µm bar gate. (d) 0.8 µm bar gate.

(e) 0.9 µm bar gate. (f) 1.0 µm bar gate.

Figure A.2: Pinch-off voltage change of certain width bar gate devices with 10 kHz,
-10 dBm RF applied on the old and new MUX bar gate arrays. The black line is the
pinch-off shift as a function of the vertical location of each row on the old MUX bar
gate array, the distance between each row is 100 µm. The red line is the pinch-off
shift as a function of the distance from RF MUX in the new MUX bar gate array, the
distance between each row is 130 µm.
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(a) 1.1 µm bar gate. (b) 1.2 µm bar gate.

(c) 1.4 µm bar gate. (d) 1.6 µm bar gate.

(e) 1.8 µm bar gate. (f) 2.0 µm bar gate.

Figure A.3: Pinch-off voltage change of certain width bar gate devices with 10 kHz,
-10 dBm RF applied on the old and new MUX bar gate arrays. The black line is the
pinch-off shift as a function of the vertical location of each row on the old MUX bar
gate array, the distance between each row is 100 µm. The red line is the pinch-off
shift as a function of the distance from RF MUX in the new MUX bar gate array, the
distance between each row is 130 µm.
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(a) 0.1 µm bar gate. (b) 0.2 µm bar gate.

(c) 0.3 µm bar gate. (d) 0.4 µm bar gate.

(e) 0.5 µm bar gate. (f) 0.6 µm bar gate.

Figure A.4: Pinch-off voltage change of certain width bar gate devices with 110 MHz,
-10 dBm RF applied on the old and new MUX bar gate arrays. The black line is the
pinch-off shift as a function of the vertical location of each row on the old MUX bar
gate array, the distance between each row is 100 µm. The red line is the pinch-off
shift as a function of the distance from RF MUX in the new MUX bar gate array, the
distance between each row is 130 µm.
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(a) 0.7 µm bar gate. (b) 0.8 µm bar gate.

(c) 0.9 µm bar gate. (d) 1.0 µm bar gate.

(e) 1.1 µm bar gate. (f) 1.2 µm bar gate.

Figure A.5: Pinch-off voltage change of certain width bar gate devices with 110 MHz,
-10 dBm RF applied on the old and new MUX bar gate arrays. The black line is the
pinch-off shift as a function of the vertical location of each row on the old MUX bar
gate array, the distance between each row is 100 µm. The red line is the pinch-off
shift as a function of the distance from RF MUX in the new MUX bar gate array, the
distance between each row is 130 µm.
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(a) 1.4 µm bar gate. (b) 1.6 µm bar gate.

(c) 1.8 µm bar gate. (d) 2.0 µm bar gate.

Figure A.6: Pinch-off voltage change of certain width bar gate devices with 110 MHz,
-10 dBm RF applied on the old and new MUX bar gate arrays. The black line is the
pinch-off shift as a function of the vertical location of each row on the old MUX bar
gate array, the distance between each row is 100 µm. The red line is the pinch-off
shift as a function of the distance from RF MUX in the new MUX bar gate array, the
distance between each row is 130 µm.
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