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Abstract:
Silicon nanowires, cryogenic control and radio-frequency read-out for
quantum devices

Felix J. Schupp, Linacre College
Trinity Term 2018

For the last two decades research on grown nanowires has been motivated by their potential
application as efficient transistors, sensors and building blocks of quantum information process-
ing architectures. While these applications can benefit from quantum effects, such as tunneling
and quantum interference, the integration of bottom-up grown nanowires into larger circuits is
technologically challenging. Top-down fabricated nanowires, that recently became available due
to progress in semiconductor fabrication, provide a means of overcoming this barrier. In com-
bination with silicon spin qubits, they could enable a fully integrated quantum processor with
silicon nanowire control electronics that comply with the cooling requirements in a cryogenic
environment.

I will present silicon nanowire transistors that were fabricated using CMOS-compatible process-
ing and operate at room temperature as well as in the cryogenic regime. With a diameter of only
8 nm, the nanowire devices exhibit excellent electrostatic control of the channel and show evi-
dence for one dimensional transport. Transport in these nanowires is dominated by scattering off
dopants and off the nanowire walls rather than off the rough nanowire surface or other surface
defects that often dominate in nanowire devices. Optimized nanowires with lower doping and
shorter channels could therefore enable ballistic cryogenic CMOS with ultra low heating in a
cryogenic quantum processor.

In addition to DC experiments, I will use a measurement technique where the impedance of
a quantum device in a resonant circuit can be inferred from the reflection of radio-frequency
signals. The sensitivity to a changing device impedance is improved via in-situ impedance
matching of the resonant circuit to the measurement electronics. As a result charging events in a
silicon nanowire device can be detected with a good charge sensitivity. In case the quantum de-
vice requires small input powers, for example if measurement back-action is significant, further
improvement is achieved by employing a low noise SQUID amplifier. The measured sensitivity
to changes in the quantum capacitance enables the read-out of a singlet-triplet qubit much faster
than the typical decay time of the quantum state. Since the technique does not require additional
sensing devices and the read-out circuit can be connected directly to a gate electrode of the qubit,
this type of read-out is promising for scalable quantum information processing architectures.
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1 Introduction

Scientific and technological progress in microelectronic devices is among the most significant develop-
ments in technology of the last century. The rapid progress predicted by Moore’s law in 1965 has lead
to technologies, that have revolutionized modern life and set the stage for the internet era [1} [2]. Mod-
ern electronics became possible due to reduced power consumption, smaller devices, increased operation
speed and reduced costs per device through mass fabrication — all enabled by improvements of semicon-
ductor fabrication techniques and miniaturization. As semiconductor devices are reaching scales where
the macroscopic approximations of discrete microscopical phenomena are failing, this rapid progress
might slow down [3]. For example, in modern devices with a length scale of few 10s of nanometres,
charge densities can vary significantly due to the discrete number of dopants in the channel and as a result
of dopant deactivation through screening effects that strongly depend on device geometry [4].

On a more fundamental level, if device dimensions reach below ~ 10 nm, quantum confinement in one-
or two-dimensions can dominate and systems become two- or one-dimensional. The effect of quantum
confinement derives from the wave-like nature of electrons that can interfere and form standing waves
causing charge carrier localization and restriction of movement in one or more dimensions. Quantum
confinement from interfering electron waves can also play a role in small zero dimensional systems but
the quantization of charge is already sufficient to fundamentally change the device physics compared to
a classical system where continuous charge densities are considered. A zero dimensional system consists
of a charge island that is weakly coupled through a tunnel barrier to one or more charge reservoirs such

that the quantization of charges on the island is significant for the electrostatic energy of the system.
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While electrical transport in these systems is impossible according to classical physics, transport can still
be facilitated by quantum tunneling on and off the island.

The prospect of device dimensions in the few nanometre regime therefore poses new questions about
future semiconductor devices: Given the impurities and imperfections in a silicon device, how does a
one-dimensional transistor perform compared to bulk devices? Is there an advantage to zero dimensional
transistors? What type of measurement is needed to exploit the benefits of such a quantum electronic
system especially if current measurement is not an option? What are the applications?

The answers to these big questions can only be found with sufficient knowledge about the relevant trans-
port physics as well as the environmental requirements of a specific application. In this thesis, I will
therefore study transport through quantum confined systems in silicon to identify the relevant transport
physics and add to the fundamental understanding of device physics that will be critical for the develop-
ment of future devices. I will also present my work on the improvement of a device read-out technique
based on reflection of radio-frequency waves. This technique does not require current transport through
the device and can be employed with little measurement back-action. Additionally, the 1/f-noise com-
ponent is typically negligible such that signal-to-noise ratios are higher than in DC measurements and
e.g. charge sensors can operate faster. Apart from zero dimensional transistors, the technique can be used
for the read-out of fundamental quantum properties and is therefore interesting for quantum information

processing [1516].



1.1 Silicon nanowires

I will begin by exploring quantum confinement and electric transport in top-down fabricated silicon
nanowires. These devices have been suggested as the successor of the state-of-the-art “FinFET” tran-
sistor technology due to improved electrostatic control of the transistor channel with a gate all around [7]].
Improved electrostatic control leads to reduced leakage currents due to short channel effects compared to
e.g. FinFETs, such that channels can be shorter and transistors are potentially more energy efficient with
less resistive heating per channel cross section area [[7]].

While this sounds promising, the performance and resistivity of a 1D quantum confined system is also
subject to 1D screening, 1D scattering, 1D electron-electron interactions etc. Moreover, there can be one
dimensional effects such as transport through subbands [8], 1D quantum interference [9, [10] as well as
exotic phenomena including Luttinger-liquids [[11] or Majorana Fermions [12]. Especially the formation
of subbands and strong electron-electron interaction represent an aspect of device modeling that was not
previously implemented in the industrial device optimization process [13}14,15]]. For the design of future
devices it will be crucial to understand these 1D phenomena when deciding if a 1D transistor is beneficial
for a certain application.

Possible benefits can only be exploited if the fabrication of nanowires can be optimized. This is par-
ticularly challenging since nanowires often show an increased sensitivity to imperfections compared to
industrial FinFET devices — for example surface effects can become even more relevant in nanowire
devices with a higher surface to volume ratio than FinFETs [[16]. The price for improved electrostatic

control is therefore less tolerance for imperfections such as charged impurities in the oxide or on material
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interfaces. On the other hand, if unintentional imperfections can be largely avoided, the high sensitivity
to surface effects also represents an opportunity for e.g. building a nanowire charge sensor or for the
detection of dielectric materials on the surface of a nanowire [17, [18]]. For all commercially viable ap-
plications, it is crucial to understand and control the factors that can impact the device performance and
optimize fabrication methods to ensure reproducibility and scalability.

In case the device physics can be understood and fabrication is optimized sufficiently, silicon nanowire
transistors could replace FinFET technology in many existing applications. In addition, future applica-
tions could include, so called, “cryogenic CMOS”, where the transistors need to operate at low tempera-
tures in e.g. the control layer of a quantum processor [19]. Depending on the number of used transistors
this is likely to require ultra low energy dissipation, such that ballistic transport without scattering in the
channel would be beneficial [20]. Characterization of nanowire devices is therefore needed in all temper-
ature regimes from 10 mK to 300 K and higher.

In this thesis I will explore transport in silicon nanowires that were etched from a silicon wafer and are
therefore more comparable to state-of-the-art CMOS technology than e.g. CVD grown nanowires (Chap-
ters[3.2]and[3.3). In these technologically relevant devices, I will study and characterize one-dimensional

transport at temperatures from 12 mK up to room temperature.



1.2 Transport through charge islands and radio-frequency read-out

While quantum confinement in one-dimensional devices does not necessarily change basic transistor be-
haviour, such as a monotonic increase in current due to a gate voltage, transport in zero-dimensional
devices requires tunneling of single charges and the device behaviour is fundamentally different [21].
A fundamental change in electric properties can also be observed in a device without significant zero
dimensional quantum confinement when charge carriers are trapped on an island and the quantization
of charge translates into discrete levels in the energy spectrum through purely electrostatic effects. The
probably most widely known example for such a system is a single electron transistor (SET), where cur-
rent is made up from one electron at a time tunneling onto/off a charge island. If there is an additional
contribution from 0D quantum confinement in very small systems (typically < 100 nm) such a system
is often called a “Quantum dot”. Since the first SET was demonstrated using a charged metal island in
1987 by Fulton eral. [22]], SETs have been realized in a large number of systems such as GaAs [23],
silicon [24], graphene [25] or carbon nanotubes [26] with charge islands on the length scale of 10s of
nanometres to micrometres. More recently it was also shown that similar transistors can be fabricated
with charged islands that only consist of a single atom [27]].

Single electron transport through an island requires that the energy difference between the N/N + 1 charge
degeneracy point and the N/N — 1 charge degeneracy point is larger than thermal energy (for details see
Sec.[3.1.5). This difference in energy, called “addition energy”, has a contribution from quantum con-
finement in 3D and a contribution from the electrostatics of the system. The electrostatic contribution

can be increased by reducing the overall capacitance of the island such that SETs can be operated easily



at cryogenic temperatures. There is, however, a limit to reducing the capacitive coupling since it is also
required for controlling the SET with a gate electrode.

Another way to increase the addition energy is by tightening the quantum confinement, which increases
the energy spacing between the quantum levels associated to N and N + 1 occupation analogous to the
eigenenergies of a particle in a box. Since this spacing is increasing with decreasing island size, ultra
small SETs have been built to achieve room temperature operation [28, 29| 30]. One promising approach
employs single dopants in a semiconductor as small islands, but to date the addition energies were not
sufficient to effectively prevent thermal activation of transport at room temperature [31}, 32, 33]. For
example the addition energy in a single electron transistor made from a phosphorous dopant in silicon
is 47 £3meV [27] and therefore on the same order of magnitude as thermal energy (25meV at 290K).
Although, so called, deep donors have a significantly higher ionization energy (e.g. ionization energy of
selenium in silicon: 312meV [34]]), there have not been reports on single electron transistors made from
these donors.

Shin et al. [28, 135] have fabricated a room temperature SET starting from a FinFET geometry that was
modified to feature a very small island and tunnel barriers induced by strain in the material. The devices
show Coulomb blockade up to 300K and excited states at lower temperatures can be explained in an
atomistic model [28, 35]]. Especially the agreement with the atomistic model is strong evidence for a
single charge island with strong confinement. Room temperature operation of an SET has further been
reported by e.g. Lavieville et al. [29] using a 10nm gate in a silicon nanowire device, that was fabricated
from a FinFET architecture and oxidized in order to reduce the diametre to 3.5nm.

Apart from logical transistor circuits, SETs can be used as single electron pumps to define a current that
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is created by periodic modulation of tunnel barriers and island potential [36} 37]]. This has applications in
metrology since the Ampere could be redefined in terms of electron charge and frequency if the charge
pumps can be accurate enough and produce sufficient current [38]. Another application for SETs is fast
charge sensing with high accuracy that is particularly interesting for the read-out in quantum information
processing schemes [39] [6]. In Ch. 4] of this thesis I present a zero dimensional system in a silicon
nanowire and demonstrate charge sensing with sensitivities close to the best reported values from a quan-
tum dot device with multiple gates on a silicon two dimensional electron gas (2DEG) [40] as well as a
FinFET device [41]].

The type of measurement used to detect the charge is often referred to as “RF-reflectometry”. In this
measurement one studies the reflected signal from a tank circuit that includes the sample. The reflection
is a function of the complex impedance of the tank circuit such that a change in sample impedance affects
the reflected signal. If the sample is tuned to a point where e.g. the conductance changes drastically in
the presence of outside charges, the circuit becomes a sensitive charge sensor that is less affected by 1/f
noise than a DC sensor. This technique has been demonstrated in a number of device types including
quantum dots [40], metal SETs [42] and nanowires [43]. Since the measurements are performed at radio-
frequencies, a direct current from source to drain is not required and the technique can be used to measure
any kind of system where electrons change their configuration with respect to charge distribution. Addi-
tionally the technique is sensitive to changes in inductance, since that also affects the impedance of the
tank circuit.

If sufficient sensitivity can be achieved, RF-reflectometry is promising for the read-out of semiconductor

qubits that can be built from two quantum mechanical states of one or more confined charges/spins in
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zero-dimensions [44, |5, 45]. In previous work, the spin state of an electron was read out using a spin
selective tunneling event between two quantum dots that was detected with reflectometry on a nearby
charge sensor [46, 47]. In the context of large quantum information processing architectures, however,
this additional charge sensor is detrimental for scaling. Alternatively, spin qubits can be read out with an
RF circuit connected directly to the qubit through detection of the quantum capacitance that arises when
spatially separated electrons hybridize and the quantum state becomes compressible [48] 47, 49]. To date
this technique has not been demonstrated with sufficient sensitivity to enable read-out before the qubit
state decays.

In Ch.[4.2)and[4.3] of this thesis I will demonstrate how sensitivities in a reflectometry circuit can be opti-
mized to achieve fast and precise read-out of e.g. semiconductor qubits. First I will show improved sen-
sitivity from tuning the tank circuit impedance into perfect impedance matching with the radio-frequency
source. For devices that require low input powers, I will then report on further improvements that were
achieved by implementing a low noise SQUID amplifier. The optimized circuit is sensitive enough to
detect the quantum capacitance of a state in a singlet-triplet qubit before the qubit eigenstate decays. I
have therefore demonstrated a system that could be used to directly read out a spin qubit via quantum
capacitance without the need to average over multiple repetitions of the quantum computation — read-out

in a “single-shot”.
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2 Measurement system and samples

This section describes the samples, cooling systems and measurement circuitry used for the measure-
ments presented in this thesis. While I did parts of the process development for the next generation of
silicon nanowire devices, e.g. developing a process to etch short metal gates >20 nm (not part of this
thesis), I was not involved in the fabrication of any devices presented here. The silicon samples were
fabricated at the James Watt Nanofabrication Centre (JWNC) at the University of Glasgow by Muham-
mad Mirza. The GaAs quantum dot, that was used as a reference sample to compare the performance
of the RF-circuit with different modifications, was fabricated by Aquila Mavalankar in at the University
of Cambridge. The measurements presented in this thesis were carried out in a temperature range from
300 K to 12 mK, which required multiple cooling systems: a cryogenic probe-station (at the University
of Glasgow), a liquid helium bath and a dilution refrigerator (both at the University of Oxford). This
section also introduces the measurement circuitry for direct current and radio-frequency measurements,
that is particularly elaborate in the dilution refrigerator where thermal coupling, attenuation and filtering
is crucial to achieve electron temperatures of few 100s of mK. My contributions to this setup are the
modifications of the radio-frequency wiring in the dilution refrigerator to accommodate an additional low

temperature SQUID amplifier.

2.1 Samples

The experiments presented in this thesis involve two types of samples: a GaAs quantum dot and several

silicon nanowires with different doping densities and channel diameters. The GaAs quantum dot is not
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investigated in terms of transport physics, but used as a reference sample to compare the performance
of the RF circuit with different modifications. Silicon nanowires could have been used for this purpose,
but might have caused additional uncertainties in the evaluation of the RF-circuit performance from poor
reproducibility between cool-downs. Since the goal was to study the RF circuit rather than the sample,
the physics of the GaAs quantum dot is not the main focus of the experiment and I will therefore not go
into detail about the fabrication at this point. Instead I want to refer the interested reader to the associated
publication [50].

The silicon nanowires, that were studied in more detail with respect to their physical properties, were
fabricated “top-down” from silicon-on-insulator wafers (SOI). In this context top-down as opposed to
“bottom-up” means that the nanowires were not grown with e.g. chemical vapor deposition [51]], but
etched out of an existing piece of material in a process that is more comparable to industrial fabrication
of semiconductor devices. The silicon nanowire samples were fabricated from a homogeneously Si:P
doped SOI wafer such that the doping density does not change along the nanowire channel and the re-
sulting transistor type samples are “junctionless”. A transmission electron picture of the cross section of
an 8 nm diameter nanowire is shown in Fig. [Tp. The silicon channel is surrounded by an oxide layer with
a slightly varying thickness of 16 +4 nm depending on the radial angle. The silicon channel and oxide
are wrapped in an aluminum gate that stretches along the entire channel and can be used to control the
channel with an electric field. Figure[Ip is an image of a device that was taken with a scanning electron
microscope and shows the top view when looking at the wafer. The nanowire has a length of 150 nm and
is contacted by larger silicon leads that increase in width several times until they reach the bondpads (not

shown). The figure also shows the aluminum gate that wraps around the nanowire along the entirety of
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its length and then overlaps with the leads — the gate has no electrical connection to the channel or leads

due to an oxide that separates these layers of the device.

2.1.1 Nanowire fabrication

The silicon nanowire samples were fabricated from silicon-on-insulator (SOI) wafers that are comprised
of a silicon layer with a thickness of 753 um covered with 150 nm of SiO; and 55 nm of doped silicon.
These wafers were purchased from SOITEC where they were exposed to phosphorous ion implantation

doses of 4 x 10 cm—2 and 5 x 10 cm 2.

In a first fabrication step, the dopants were activated in a rapid temperature anneal at 950°C for 90s. Next

Al (b)
gate. nanowire

channel etched Si

Figure 1: a) Cross section of a silicon nanowire device with nanowire diameter 8 nm in a transmission electron mi-
croscope picture b) Top-view of a 150 nm nanowire with large Al gate and leads in a scanning electron microscope

image. [52]]
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the wafers were etched in reactive ion etching (RIE) to reduce the top silicon layer thickness from 55 nm
to 15 nm and ensure a round cross-section in the final nanowire devices as opposed to a FinFET-type
cross section with 55 nm height. Afterwards the wafers were cleaned in successive ultrasonically excited
baths with acetone, propanol and deionized water before they were blown dry with nitrogen and baked
at 140°C. The cleaning also included piranha, hydrofluoric and hydrochloric acid— a procedure that is
commonly used in the semiconductor industry [53]].

The nanowire structure was then defined with electron-beam lithography (EBL). In this process a resist
is spun on the wafer and locally electrochemically altered when it is exposed to an electron beam. When
using a “negative” resist, the electron beam draws a cross-linked pattern into the resist that does not dis-
solve in a developer liquid. In the subsequent development step, the unexposed resist is washed away
such that a resist mask is formed. EBL was carried out using a resist, called Hydrogen Silsesquioxane
(HSQ), that was diluted with methyl isobutyl ketone (MIBK) at a ratio of 1:2 and spun onto the wafer at
2000 rpm resulting in a resist thickness of 150 nm. After being baked at 90° C for 2 minutes to remove
solvent in the resist, the resist mask was written in a Vistec VB6 UHR electron-beam tool operating with
an acceleration voltage of 100 kV and a spot size of ~ 4nm at 1 nA electron beam current. The electron
dose of ~ 2500uC/cm? was found to produce optimal results in the subsequent development step in
tetramethyl ammonium hydroxide (TMAH) that was mixed with deionized water 1:16. After develop-
ment for 1 minute at 23° C the process produced a resist mask with feature sizes down to 10 nm.

The resist pattern was then used as an etch mask to transfer the device layout to the silicon in a highly
optimized RIE step using a mixture of SFg and C4Fs (25 : 90SCCM) in an STS-RIE system with 600 W

coil power and 6 W platen power (for details see Ref. [54, 55]]). This process was optimized for small
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processing damage from ion bombardment as well as straight etch profiles as opposed to rounded profiles
where ultra small nanowire features would have been destroyed.

After RIE the sample was cleaned again with piranha and hydrofluoric acid to ensure high cleanliness
before oxidation and avoid trapped charges [54]]. Apart from removing impurities and leftover resist, the
etching with hydrofluoric acid also underetched the nanowires and suspended them between the leads.
The nanowires were then exposed to an oxygen flow of 525 1/h at 950°C for 1:40 min to oxidize the
silicon starting from the exposed silicon surface of the wire. This process was optimized to leave only
a small diameter silicon core of 8 & 0.5nm (or larger if thicker structures were defined in EBL) that is
surrounded by a clean oxide shell with a thickness of 16 +4 nm.

At this stage of the fabrication process a device consisted of a suspended silicon wire that is surrounded
by an oxide layer and connected to larger silicon structures on both ends. To build a transistor geome-
try and enable contacting with bond wires, the device requires metal bondpads for source/drain as well
as a gate electrode. The source/drain bondpads were fabricated using a resist window, that was defined
on top of the larger silicon structures on both ends of the nanowire channel using optical lithography.
Hydrofluoric acid was then used to remove the oxide layer that had developed in the oxidation process
before the Al bondpads for source/drain were deposited. The gate electrode together with the associated
bondpad was deposited on top of the oxide layer around the nanowire using EBL, aluminum evaporation
and lift-off. The metallization was carried out such that the Al vapor surrounded the suspended nanowire
and created a wrap-around gate. It is crucial for the device performance, to achieve a low interface trap
density between the gate and the oxide layer. Before the metal electrode for the gate was deposited, the

samples were therefore thoroughly cleaned and annealed in “forming gas” (mixture of N, and Hjy) at
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380 °C for 15 min to passivate dangling bonds on the oxide surface around the wire.

2.1.2 Characterization of similar silicon channels

Similar devices to the nanowires investigated in this thesis, with a FinFET-type cross section and no gate
electrodes, were characterized previously by Mirza et al. [56l]. Figure [2a shows the 300 K resistivity p of
these devices as a function of FinFET channel width d at different phosphorous doping concentrations.
The resistivity decreases with increasing doping concentration and increases with decreasing FinFET
width. In the remainder of this thesis I will refer to the activated doping concentration of a wafer, mea-
sured in the large Hall-bars, as the “nominal doping concentration”.

Since the resistivity is a function of the activated charge carrier concentration n3p and the mobility uy,
these quantities are shown in Fig.[2b as a function of temperature 7. The Figure shows data from FinFET
channels doped 8 x 10 cm™3 with width 4 nm (green), 7 nm (red), 12 nm (blue) and 18 nm (black)
that were studied in a Hall-bar type of measurement. The increase in resistivity with decreasing FinFET
channel width from Fig. 2 can be related to reduced mobility from e.g. more dominant surface effects
and reduced charge carrier density from dopant deactivation [16]. The authors interpret the changing
curvature of the mobility for different FinFET width as a transition in the dimensionality of transport
that crosses over from bulk transport to lower dimensional transport as the FinFET width is decreased.
Similar to a result that will be presented in this thesis, they base this conclusion on screening effects in a
highly doped system (for details see Ref. [56] and Ch. [3.1.T).

Figure 2k shows the theoretical behaviour of the mobility in the 7 nm FinFET channel with nominal
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Figure 2: a) Resistivity p as a function of device width d in the measurements from Mirzaet.al[56] at different
nominal doping densities as indicated in cm~3. b) Charge carrier density n3p and Hall-mobility uy as a function
of temperature 7" in devices doped 8 x 10" cm~3 with width 4 nm (green), 7 nm (red), 12 nm (blue) and 18 nm
(black). c) Predicted behaviour of the mobility as a function of temperature with different scattering mechanisms
and fitted mobility (orange) to the data points (red).

doping density 8 x 10" cm™3

as a function of temperature for different dominant scattering processes.
The orange line is a fit for the data points (red) to a formula that implements all scattering mechanisms
and shows qualitative agreement with the predicted behaviour for neutral impurity scattering dominated
transport (for details see Ref. [56]). Mirza et al. therefore concluded that neutral impurity scattering from
unactivated dopants is dominant in the system.

Based on these measurements, the nominal doping concentrations for the devices in this thesis were cho-
sen to be 4 x 10" cm ™3 and 2 x 102°cm 3, since the tested FinFETs with these doping concentrations
are reasonably conductive and likely to work at low temperatures. While the activated doping density is
generally lower than the density of implanted ions because not all dopants are being activated, this should
yield sufficient charge carrier density even at low temperatures where the activated doping density is fur-

ther reduced. Additionally, the fraction of activated dopants depends on device geometry due to surface

segregation and dielectric effects [[16]. While the addition of a gate in the presented devices in this thesis
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Figure 3: a) Open puck with sample board mounted and SQUID amplifier connected to the RF lines. b) Triton
200 without shields and magnet. c¢) Sample board. d) Puck interface that connects to the wiring in the dilution
refrigerator. The RF-connectors (middle) and DC-connector (bar on the bottom) attach to their counterparts in the
dilution refrigerator when loading the puck. The white guiding rods (right and left side) are used to align the puck
with the dilution refrigerator connectors in the loading process.

should improve the fraction of activated dopants significantly according to Ref. [16], the higher doping

densities were chosen to ensure operation at low temperatures.

2.2 Cryogenic systems

The measurements at room temperature presented in Sec. [3.2] were performed at the University of Glas-
gow by Muhammad Mirza with a semiconductor parameter analyzer (Agilent B1500) and a Cascade
microtech probestation, while lower temperature measurements were carried out in a Lakeshore CRX-
6.5 K cryogenic probestation. For more details about these measurements I want to refer the reader to the
associated publication from Mirza et al. [52]].

I have carried out the measurements at 4.2 K in Sec. [3.3]in a custom-made “dipstick” that consists of
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a cylindrical vacuum shield around a metal rod that supports the DC wiring. On top of the dipstick the
wiring is connected via a 52 pin connector by Fisher Connectors (type “core series”) and the sample is
bonded to a sample carrier on the bottom of the dipstick. To measure at 4.2 K, the vacuum shield is
pumped and the dipstick is lowered into a liquid helium dewar.

I have carried out the other measurements from Sec. [3.3] and all following chapters in DC and RF in a
Triton 200 dilution refrigerator from Oxford Instruments that uses multiple cooling stages and reaches
around 12 mK base temperature (see Fig. [3p). The cooling stages are separated by the circular plates
shown in Fig. [3b, that include clamps for the DC wires as well as copper posts around which the wires
are wrapped to ensure thermal connection to the system and minimize heat flux to the base temperature
stage. Additionally the DC lines are filtered at base temperature with a series of commercially available
filters and thermalized using a saphire heat-sink (for details see Appendix Fig. @#5] Fig. [46). While the
phonon bath reaches around 12 mK in this system the electron temperature only gets to around 100 mK
because the electron-phonon scattering, that couples phonon bath and electrons, is suppressed [S7].

The input line to the RF circuit is attenuated by 25 dB at 4 K and by 6 dB at 1 K to avoid heating the lower
temperature stages and attenuate thermal noise. Additionally the cold part of the input line sitting below
4 K is made from superconducting materials (CuN) to minimize heat flux and cable losses. Just like in the
DC wiring, the phonon system at base temperature is largely decoupled from the electron system and the
electron temperature does not reach 12 mK. The coupling is maximized in a custom made copper powder
filter at the base temperature stage to ensure minimal electron temperature in the RF lines.

The RF output line includes low noise amplifiers at low temperatures that are thermally isolated from

higher temperature stages with superconducting lines (NbTi) and amplify the signal as well as the noise
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at low temperatures. Hence the signal-to-noise ratio is limited by the lowest noise level at the base tem-
perature stage as opposed to the increased noise at higher temperatures.

To measure a sample, it is glued to the centre of a sample board (shown in Fig. [3c) and wire bonded. The
sample board is then connected to the DC and RF lines in the dilution refrigerator via a “puck” that can
be screwed into the lowest temperature stage of the dilution refrigerator to ensure good thermal coupling
and electrical connection. The puck is a metallic cylinder that is shown in Fig. [3a with RF and DC con-
nectors to the dilution refrigerator wiring shown in Fig. [3d. The puck can be transferred into the dilution
refrigerator using a load-lock while the system is at 4 K, such that a sample change and full cool-down to

12 mK can be done in around 14 hours with no need to warm up or open the system.

2.3 Measurement circuit

I will now describe the measurement setup, wiring and electronics that were used in the presented ex-
periments in this thesis. The measurements in Sec. [3.2] were carried out at the University of Glasgow by
Muhammad Mirza with an Agilent B1500 parameter analyzer and two different probe stations depending
on the measurement temperature (see Sec.[2.2)). I have carried out the other DC experiments in Oxford
with battery powered low noise measurement electronics from QT in Delft. These electronics include a
high voltage source, 16 digital to analog converters that can be used as low noise voltage sources in a
range +2V as well as a series of current amplifiers. Since the digital data acquisition requires a voltage

rather than a current, the amplifiers convert a DC current to a DC voltage with gains from 10°-10° V/A.
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In the RF measurements a Keysight 8267D vector signal source was used for the input “carrier” signal
into port 1 shown in Fig. 4| The output signal of the circuit at port 2 was either measured with an Agilent
EXA9010A signal analyzer (not shown in Fig. d)) or a demodulation circuit that converts the reflected
signals into a DC voltage. To determine the resonance in reflected power vs carrier frequency of the
circuit between port 1 and port 2, I have used a Rigol 815 (or Rigol 875) spectrum analyzer. For the
measurements that included information about the phase shift in the reflected signal an Agilent 8510C

vector network analyzer was used.

The schematic in Fig. @] shows a basic version of the sample board with a transistor type device at
the 12 mK stage. This simplified version of the sample board comprises of an integrated inductor L and
the sample that generally has conductive, inductive and capacitive properties depending on e.g. gate-
voltage. In a reflectometry measurement one measures the reflected signal from the sample board that is
given by a complex reflection coefficient I' multiplied with the incoming signal. The sample board is a
resonant system with an impedance Z that is a function of frequency and tuning of the sample, such that

the complex reflection coefficient is:

Z-Z
 Z+7Z

(1)

where Zy = 50Q is the impedance of the RF-lines [58]].

Figure [ shows the signal path in a reflectometry experiment where the carrier signal is injected into
port 1, attenuated in the input line and coupled towards the sample board with a directional coupler. The
reflected signal from the sample board is then amplified in the output line and measured at port 2. The

third line (shown in green) is only present in the experiments with the SQUID amplifier presented in
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Figure 4: RF wiring of the dilution refrigerator with demodulation circuit and a simplified schematic of the sample
board. The sample board contains an inductor L in series with a transistor type sample that is tunable with gate
voltage Vi and bias voltage Vg. The DC current / can be measured in parallel to the RF signal. The RF-line from
port 1 is coupled towards the sample board with a directional coupler and used for the input signal in a reflectometry
measurement. The reflected signal is amplified in the output line and fed into the demodulation circuit at port 2.
The demodulation circuit, comprised of a phase shifter, mixer and low pass filter (LPF), mixes-down the reflected
signal to a DC voltage Vp. The green part of the circuit is only present in experiments with the SQUID amplifier
(SQ Amp). A signal from port 3 is coupled towards the amplifier chain in the output line (towards port 2) such that
the amplifiers can be tested independently of the reflection coefficient of the sample board. For part numbers and

details see Appendix Tab. 2} Fig. 43| 4] 5| and [F6}

Sec.[43] The input signal from port 3 is coupled into the output line ending in port 2 to test the amplifier
chain independently of the reflection coefficient of the tank circuit.

For the RF measurements in Sec. 4.2 the output line included only one low temperature bipolar junction
transistor (BJT) amplifier at 4 K (CITFL2 from Weinreb), while a superconducting quantum interference
device (SQUID) amplifier with lower noise was added at the 12 mK stage in Sec. [4.3] (custom made

by ez SQUID [59]). In both experiments the output signal at port 2 was either directly measured with
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a spectrum/signal/vector network analyzer as described earlier or demodulated to a DC signal in the
demodulation circuit. The signal-to-noise ratio at port 2 is dominated by the noise level at the input of
the first low temperature amplifier, since the noise is subsequently amplified together with the signal to a
higher level than any noise at a higher temperature stage. Since the noise at the input of the first amplifier
often comes from the amplifier itself, it is crucial to employ low noise cryogenic amplifiers.

The demodulation circuit is shown in the 300 K section of Fig.[d A measurement with the demodulation
circuit uses the signal from the RF source, that is split and can therefore serve as the local oscillator for
a mixer as well as the carrier signal for the reflectometry circuit. The carrier signal is reflected on the
sample board, then amplified at low temperature and in the demodulation circuit, before it is fed into the
RF input of the mixer. Since the local oscillator and the reflected signal are at the carrier frequency, the
mixer produces a signal at twice the carrier frequency as well as at DC. The signal at twice the carrier
frequency is filtered out with a low pass filter (LPF in Fig. {) such that only the DC component Vi
remains. Since this component depends on the amplitude and phase shift of the reflected signal, both
quadratures of the reflected signal can be probed when the phase of the carrier signal is adjusted with the
phase shifter in the demodulation circuit.

In a typical measurement the observed demodulated voltage Vp contains information about the amplitude
as well as the phase of the reflection coefficient. For the case shown in Fig. 4] where the RF line is
connected to one of the leads of the sample, most changes in Vp are due to a shift in both phase and
amplitude of the reflected signal. This behaviour can correspond to a change in inductance, capacitance
or conductance of the sample. If inductive changes can be neglected and the DC conductance is equal to

the RF-conductance, it is possible to relate the changing impedance to capacitance and/or conductance
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of the sample by comparing it with the DC conductance [S50]]. In a configuration where the RF line is
connected to the gate of the sample and the tunnel rates into the island are comparable to the frequency
of the input signal, the phase shift of the reflected signal can be related to a capacitance change and
dissipative processes can be explained via “Sisyphus resistance” (for details see Ref. [44]). Gate based
reflectometry is not used in this thesis, such that I will not explain this technique and refer to Ref. [44]

for more details.
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3 Quantum transport in silicon nanowires

Unlike electric transport in bulk transistors at room temperature, transport in nanowires can be heavily
affected by confinement effects [60, 61]. In the limit of large nanowire diameters and high temperatures,
however, transport through nanowires reaches the classical limit similar to bulk transistors [60].

The transition temperature and critical nanowire diameter separating quantum confined and classical bulk-
like regime depends on the competition between two energy scales: the thermal energy of the electrons
and the spacing of eigenenergies between different solutions of Schrédinger’s equation in the boundary
condition given by the nanowire cross section. If that energy spacing dominates over thermal effects,
thermal excitation of electrons from one radial state to the next is very unlikely and the wavefunction
in the radial direction is fixed. In that case the associated transport channel can carry at most one con-
ductance quantum per spin/valley degeneracy in a channel without scattering [21]. As higher energy
electrons become available due to e.g. a gate voltage, the conductance channels associated to the radial
wavefunctions get populated successively and the associated conductance steps can be observed (for de-
tails see Sec. [3.1).

In an experiment, the associated step-like features in DC conductance can be less pronounced or not be
observable due temperature effects [61]] or scattering in the channel [62]]. Instead, scattering from longi-
tudinal potential variations can dominate and one might observe features from quantum interference of
electron wavefunctions travelling along the nanowire axis [63]] or even the formation of charge islands
and zero dimensional transport [64]. In a temperature regime where thermal effects prevent clear features

from zero dimensional transport or quantum interference, one-dimensional transport can manifest in the
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scaling behaviour of the conductance as a function of temperature and bias voltage [62].

I will begin this chapter by introducing these theoretical concepts in more detail. Next, I will present my
analysis of conductance data from Muhammad Mirza as a function of temperature, bias- and gate-voltage
in a temperature range from 14 to 300 K that shows signatures of one dimensional transport. I will then
present my measurements at 12 mK where I studied a sample with strong enough potential variations on
the ends of the nanowire to form a charge island in the nanowire channel. The section will finish with the
analysis of my low temperature measurements on nanowires in the one-dimensional transport regime. In
the analysis of that experiment I will characterize the role of longitudinal scattering in the framework of

quantum interference and determine the dominant scattering as well as decoherence mechanisms.

3.1 Theoretical concepts

This section covers some key concepts that are important for the experiments and data interpretation.
Since the diameters of the presented nanowire devices are sub 10 nm I will introduce 1D confinement in
a clean circular nanowire without scattering at zero temperature. In this context I will also explain how
screening limits the doping density in large transistors and compare it to one-dimensional systems. This
is essential for the interpretation of the data, because screening of a field from the gate electrode has an
essential impact on the operation of nanowire transistors. Next I will show the transport models that are
valid in a clean ballistic channel, a “dirty”” system with many impurities and a channel with few impuri-
ties. This includes the discussion of the characteristic length scales that become relevant for determining

the transport regime in the nanowire devices. I will finish the theory section by introducing the concept
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of a single electron transistor and transport through a 3D confined system, since all measured nanowires
show the associated features at low temperatures and gate voltages. A detailed explanation of the related
quantum and mesoscopic physics is far beyond the scope of this thesis and I want to refer to the literature

(e.g. Ref. [21])) for a more detailed discussion starting from fundamental quantum mechanics.

3.1.1 Metallic behaviour in highly doped semiconductors

The bandstructure of a crystal is calculated using Schrodinger’s equation in periodic boundary condi-
tions [21]]. It describes the electron energy in conductive states as a function of momentum and therefore
indicates the bands of electron energy where transport of charges through the crystal is possible. The
system is conductive if the Fermi-energy in the crystal is in one of the energy bands from the bandstruc-
ture and non-conductive when the Fermi-energy is outside of the energy bands. In semiconductors there
are two types of conductive bands that are separated by the “bandgap”: the conduction band, where ad-
ditional electrons enable transport through an otherwise unoccupied band, and the valence band, where
a reduced number of electrons creates “holes” that correspond to missing electrons in the band and can
carry a current. Holes in the valence band are commonly treated as positively charged quasiparticles that
can travel through the crystal rather than a large electronic system missing one charge. In the following I
will refer to electrons and holes as “charge carriers”.

In a field-effect transistor the semiconductor is manipulated via capacitive coupling to a gate electrode
such that charge carriers can be attracted. The gate electrode can thus be used to populate/depopulate

the conductive states of the semiconductor in the valence band (for holes) and conduction band (for elec-
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trons). In that way the conductivity and therefore the state of the transistor can be switched ON/OFF.
The existence of an accessible conductive region (conduction/valence band) and non-conductive region
(bandgap) is the defining property of a semiconductor. In contrast, metals do not have an accessible
bandgap such that the material is conductive at all charge carrier energies and it is not possible to switch
the conductivity OFF. Electrical insulators have a very large bandgap and it is not possible to attract
charge carriers sufficiently to raise/lower the Fermi-energy into one of the conducting bands with a gate
electrode.

In “normally-ON” semiconductor devices, that are conductive at zero gate voltage, there is another con-
sideration that determines whether the device can be switched OFF completely: is the field screened at the
surface of the material or does it remain sufficiently strong throughout the device to switch the bulk of the
material? The ability to screen fields at the surface depends on the concentration of free charges that can
shift position in response to the outside field. In semiconductor devices this property can be manipulated
by introducing “dopants” in the crystal lattice. Dopants are atoms for which it is energetically favourable
to integrate into the crystal lattice due to the bonds formed by the valence electrons. There are, however,
either not sufficient bonds for all valence electrons, such that one electron is only very loosely bound to
the dopant creating a free electron at finite temperature, or there are too few valence electrons, such that a
free hole is created at finite temperatures. The resulting free charge carriers increase the ability to screen
outside fields. One characteristic length scale is the distance that an outside electric field can penetrate

into a semiconductor surface before it gets screened completely. In a regime where quantum confinement
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of charge carriers is not relevant, this length scale is given by the 3D Debye-length [65]:

€Tk
Ip = | 2B @
nipe

In this expression n3p is the charge carrier concentration, 7 is the temperature, e is the electron charge,
kg is Boltzmann’s constant, €; is the relative- and €y the vacuum permitivity.

Normally-ON transistors can only be switched OFF completely when the Debye-length is larger than the
thickness of the semiconductor material — otherwise there is a conductive section of the semiconductor
that the field does not reach. For the doping concentrations in the presented silicon nanowire samples on
the order of 10'°-10?° cm~3, the Debye length is 1.3-0.4 nm at room temperature and 24-8 pm at 100 mK.
In the presented devices this means that all bulk structures including the silicon under the bondpads, the
leads and especially the sections of the leads that are covered by the gate (see Fig.[Ib) are conductive
at all gate voltages and temperatures. For bulk like transport in the nanowire channels, it would not be
possible to switch the transistors OFF unless dopant deactivation from dielectric or surface effects signif-
icantly increases compared to the previous devices from Sec.[2.1.2]— This is unlikely since the added gate
electrode should reduce dopant deactivation [16].

In quantum confined systems on the other hand, charge carriers are not able to move freely in confine-
ment direction and are therefore unable to effectively screen outside field components in the associated
dimension (see Sec. [3.1.2). In a nanowire at zero temperature this means that radial fields cannot be
screened because charge carriers can only travel along the nanowire axis and not in radial direction. Even

for higher temperatures, where thermal fluctuations enable more movement in radial direction, the ability
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to screen radial fields can be significantly suppressed. Nanowires with high carrier concentrations can
therefore still be switched OFF with a field from the gate if the nanowire radius is small enough and

quantum confinement is significant.

3.1.2 Quantum confinement into one dimension

Quantum confinement into one dimension refers to a situation where the boundary conditions for a charge
carrier wave in two dimensions are tight enough to lead to quantized energy states associated to standing
wave modes. If there is no confinement in the remaining dimension, the energy of a charge carrier Eiy
consists of the energy of the confined mode E, as well as the kinetic energy of a free travelling wave in
the unconfined dimension with effective mass m™* and wave vector kH [21]:

Rk’

Etot = En + Y

If the boundary is not tight, i.e. the sample is large in confinement direction, the consequences are very
minimal because the energy spacings between different modes are much smaller than e.g. thermal energy
En > |Ey — Ep41]- In that case the distributions of energy and momentum in the confined dimensions are
heavily thermally broadened and approach a continuum that corresponds to the classical limit. If thermal

broadening is smaller than the energy spacing of the confined modes (Ey < |Ep — En+1

), quantum con-
finement becomes significant and every charge carrier is trapped in a mode with the associated energy E,,.

This implies that the movement of charge carriers in the confined direction is suppressed, which affects
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Figure 5: Transport in a InSb nanowire from Kammbhuber et al.[13]: a) Conductance G in a measurement as a
function of gate voltage Vi for 4 different devices with different gate coupling b) Calculated charge carrier energy
Eio as a function of the wave-vector in the unconfined dimension kH for the first 5 subbands in a perfectly circular
nanowire geometry. c) Calculated conductance G as a function of gate voltage Vi at temperature 0 K. d) Absolute
of the 5 lowest eigenenergy solutions to Schroedinger’s equation in a nanowire boundary condition as a function of

radius and angle.

the electric properties of the system such as the screening of outside fields (see Sec. [3.1.1).

The confining boundary of a nanowire is given by the diameter and the modes for a perfect circular cross
section are shown in Fig.[5Jd. The bandstructure for this case was calculated by Kammhuber ez al. [[13] and
is shown in Fig.[5p, where the conduction band splits into subbands corresponding to the confined modes.
Each subband carries a maximum of one conductance quantum e? /A per valley and spin degeneracy if
there are no other reflections from e.g. impurities or a contact resistance [21]]. The resulting conductance
G as a function of gate voltage Vg is shown in Fig. [5k, where the conductance increases by an integer
multiple of the conductance quantum when a subband becomes accessible at increasing gate voltage. The
number of conductance quanta in a step depends on the degeneracy of the subband due to spin and valley.

Depending on the geometry of the nanowire cross section there can also be two degenerate subbands
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that become accessible at the same energy. This step-like behaviour is a signature of one dimensional
transport with negligible scattering in the channel — also called “ballistic” transport.

Figure [5h shows the data in four different InSb nanowire samples with different gate couplings and clear
conductance steps. Compared to the theory in Fig. 5, the steps in the measurement are less sharp due
to the broadened energy distribution of electrons at finite temperature. The measurement also shows ad-
ditional fluctuations that are likely due to longitudinal quantum interference effects from scattering on

impurities or lattice defects as described in the next section.

3.1.3 Quantum interference and weak localization

In the context of electric transport, quantum interference refers to the interference of charge carrier waves
with their time-reversed counterparts after a reflection. In principle this also describes the standing wave
modes in the nanowire cross section, such that we sometimes speak of “transverse quantum interference
modes”. In contrast to this strong confinement of electrons by the high boundary potentials at the walls
of the nanowire, other quantum interference phenomena do not require 100% reflection probability. In
this case constructive interference of partly reflected electron waves can lead to an increased probability
of charge carriers being localized in a device. This phenomenon is called “Weak localization” (WL) [21],
60] and manifests in a reduced conductance because the localized charge carriers do not contribute to
transport.

In ballistic nanowires without scattering in the channel, WL can originate from reflections at the ends of

the wire. This phenomenon, called “Fabry-Pérot interference”, is reproducible over different samples if
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they are geometrically identical. Strong features from Fabry-Pérot interference can be observed when the
coherence length of the charge carriers ly, which is defined as the average distance a charge carrier travels
before its phase gets randomized by inelastic scattering, is larger than the length of the channel L. At
the same time elastic scattering in the channel needs to be unlikely, since otherwise the interference path
would be interrupted with a high probability. The associated parameter is called the ‘“elastic mean-free-
path” [, that a charge carrier travels on average before scattering. If either inelastic or elastic scattering in
the channel is likely, i.e. lp < L or [, < L, features from Fabry-Pérot interference will average out in a DC
measurement since most charge carriers do not interfere coherently or do not get reflected from the ends
of the nanowire. Averaging over many charge carriers can also be related to the energy distribution of
charge carriers injected into the channel and is relevant for all kinds of features in DC transport — larger
bias voltages or temperature broadening can therefore cause averaging.

In systems with more impurities or longer channels there is significant elastic scattering in the channel
and [, < L. Quantum interference and WL can occur on average in this regime if /, > . and there is
constructive interference from reflected carrier waves on potential variations due to imperfections in the
crystal or on the surface. Since these fluctuations are typically randomly distributed and can usually
not be reproduced over many samples, this type of quantum interference produces signatures that are
unique to the sample unless there is averaging over many localization sites. If there are many localization
sites this results in a constant correction term to the Drude conductivity from averaging over multiple
independently fluctuating parts of the channel (/, < L) and/or over many localization sites (lo < L) [21].

This diffusive WL regime was described by Altsuhler and Aronov with a correction term 8G in case the
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coherence length is larger than the mean-free path [66, 67]:
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where g5 (gv) is the spin (valley) degeneracy of the channel.

In mesoscopic devices with fewer localization sites the conductivity can depend on the charge carrier
energy because resonances at different localization sites might not average to the same effect for all
charge carrier energies. Since the charge carrier energy in a transistor is controlled indirectly with an
electric field from a gate, this results in conductance fluctuations as a function of the gate voltage — so
called “Universal Conductance Fluctuations” (UCF).

The smallest conductance is reached when the localization site is in resonance with the charge carrier
energy such that one transport channel is blocked and the conductance drops correspondingly. In the
ideal case with perfect contacts to the channel and an otherwise ballistic device, the conductance drop is
one conductance quantum per degeneracy of the channel. This corresponds to the maximum fluctuation
amplitude in WL and can only be reached at low temperatures [21]].

At higher temperatures the amplitudes can decrease with increasing temperature due to the broadened
charge carrier energy distribution. This causes a smaller fraction of carriers to be on resonance with the
localization site, such that a smaller effect is observed in the total conductance. Another mechanism that
reduces the amplitude of UCF with temperature is a decreasing coherence length [, due to averaging
over independently fluctuating parts of the channel in the regime [, < L. At higher temperatures this

phenomenon is often caused by increased phonon scattering, but at croyogenic temperatures phonon
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scattering is usually suppressed and decoherence is dominated by e.g. thermal fluctuations in the electron
bath [68]].
We can asses whether the amplitude is dominated by averaging over muliple fluctuating segments or

thermal broadening by comparing /y to the “thermal length™:

hD

kT )

It =

Here D is the diffusion constant, kg is Boltzmann’s constant and T is the temperature. In case It > ly,
thermal broadening is negligible while it affects the conductance fluctuations significantly for it < /o.

The behaviour of the UCF amplitude can be studied using the root-mean-square of the conductance over
the gate voltage AG. In case thermal broadening is negligible compared to the width of the resonance
from the localization site and there is no averaging over independently fluctuating parts of the channel

(lp <L), AG can be calculated following:
AG = Bé*/h (6)

Here B is a factor on the order of 1 that includes the degeneracies gs and g, as well as reduced conductance
in the device from e.g. contact resistance. In case ly < It and [y < L the averaging over independently

fluctuating segments dominates over thermal broadening and the expression for AG reads [21]]:

AG =B <£’> (7)
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If, on the other hand, [y > It and [, < L there is an additional factor from the broadening of the energy
distribution and the behaviour follows the form [21]]:

e [l 32 1y
s6-b%(2) & ®

Using these equations, the temperature dependence of AG(T) can be used to determine the dominant
processes that are suppressing UCF if the temperature dependence of the coherence length is known. The
devices presented in this thesis are one dimensional nanowires with a very high charge carrier concen-
tration, such that electrons are spaced closely together and electron-electron interactions are relevant. At
low temperatures, where electron-phonon scattering is unlikely, we therefore expect a dominant dephas-
ing mechanism from electron-electron interactions called “Nyquist-dephasing” [66]. In this regime the

coherence length is:

th 1/3
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where D is the diffusion constant and R is the classical Drude resistance without WL.
For the case in Eq.[6] where the coherence length is larger than the nanowire length, the temperature de-
pendence of the coherence length is irrelevant and AG(T') is constant. For the cases where the coherence

1/3

length is smaller than the nanowire, Nyquist dephasing in 1D predicts a coherence length [y o< T~/ such

that AG o< T~!/2 for Iy < It and AG o< T2/3 for Iy >> Ir.
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3.1.4 1D transport models from nearest neighbour hopping and weak localization to Lut-

tinger liquids

In the previous section I have discussed WL from partial reflection of charge carriers on local impurity
fluctuations in the conduction band or the ends of the channel. In case there are many potential fluctua-
tions and charge carrier energies are smaller than the maxima of the potential, transport can be modelled
as hopping of charges from one localized state to another. The conductance in this regime, called “strong
localization”, heavily depends on temperature because conductivity requires thermal activation of charge
carriers over the barriers between localized states. Strong localization can be used to model e.g. the trans-
port in the “impurity-band”, that is made from localized states attached to charged dopants, when charge
carriers do not have enough energy to reach the conduction band [69]. The predictions for temperature
scaling of the conductance in this regime depend on the existence of a “Coulomb gap” due to a series

of tunnel coupled islands in the channel [[/0, [71]. For strong localization without a Coulomb gap the

G = Goexp (- (TTO) ) (10)

where Gy and Tp are device dependent constants and n = (dim + 1)_1 depends on the dimensionality of

conductance reads [67]]:

the transport dim. For strong localization with a Coulomb gap, n = 0.5 independent of the dimensional-
ity [[70].

While strong localization is dominated by interactions of charge carriers with potential fluctuations and
describes a systems with many impurities, one-dimensional low-temperature transport in a clean ballistic

channel is dominated by strong electron-electron interactions. It is not possible to model such a system
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in the framework of a Fermi liquid where electrons are described as quasi-particles with an effective
mass that accounts for weak electron-electron interactions [21} [72]]. Instead electrons are localized into
a periodic lattice and transport is carried by wavelike excitations of the electron lattice in a, so called,
“Luttinger liquid” [11]] (or “Tomonaga-Luttinger liquid”). One important experimental signature of this
system is the excitation of separate spin- and charge carrier waves that were measured in tunnel experi-
ments between two nanowires [14]. The conductance G in a Luttinger liquid as a function of temperature

T and source-drain bias Vp is given by [73]]:

eV 1+oa  ievs \|°
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where A is a proportionality constant, kg is Boltzmann’s constant and I'(x) is the Gamma-function. If the
channel is connected to the leads via tunnel barriers, 7y is a constant that depends on the relative voltage
drop across the two barriers. If one barrier dominates in an asymmetric sample Y= 1, while y= 0.5 for
symmetrical barriers. The constant o is a measure of the electron-electron interaction strength where
o = 0 corresponds to weak interaction in the Fermi liquid limit.

There are two characteristic conductance regimes with a power-law dependence:

For eVg < kgT

G T® (12)

and for eVg > kgT

G < Vg (13)
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In an experiment it is often difficult to prove that a system is a Luttinger liquid beyond doubt with-
out showing the separation of spin and charge excitation. Nevertheless power-law dependent conduc-
tance has been associated to Luttinger liquids in several systems including carbon nanotubes [73], MoSe
nanowires [74]] and polymer nanowires [75]]. In this chapter I will show a similar power law dependence
in highly doped and non-ballistic nanowires, where a clean Luttinger liquid is not possible. The scaling

according to Eq.[I2]and Eq. [I3]is therefore no unequivocal proof of a clean Luttinger liquid.

The three models introduced so far correspond to a diffusive “dirty” regime, a non-diffusive WL regime
as well as a ballistic regime where electron-electron interactions are dominant. However, transport could
be in an intermediate regime, where hopping between localized states or quantum interference are also
affected by strong electron-electron interactions.

The transition from clean Luttinger liquid to the diffusive regime is described in Refs. [76] and [[77]. I
will focus on the model by Mishchenko et al. [77] that fits the data from the nanowires and describes the
transition from Luttinger liquid to strong localization. The model by Mora et al. [76l] covers the transi-
tion from Luttinger liquid to WL averaged over many sites. While there are WL effects in the nanowire
samples at low temperatures, the associated features indicate WL in the framework of UCF rather than
the averaged correction term to diffusive transport from Eq.[4} The model by Mora ez al. [76] does not fit
the data and I will not discuss it in detail. Nevertheless, transport in the nanowires certainly is affected by

WL and the concepts discussed in the model might be of use for the interested reader.

40



Figure 6: Scaling function F (x) from the theory by Mishchenko et al.[77]. The dashed lines show the behaviour
for x < 1 according to F(x) = 1.07 —x/2 and F(x) = 1 /x forx > 1.

The model from Mishchenko et al. predicts a conductance in a 1D non-ballistic channel:

T* 4%
G o< exp (—\/TF <W>> (14)

with kgT™* being a measure of the height of the potential fluctuations in the channel and F(x) being a
scaling function shown in Fig. @ At Vg = 0 the scaling function is constant at F(0) = 1.07, such that the
conductance follows the behaviour from 1D strong localization described in Eq.[I0] The scaling function
is approaching F(x) = 1/x for x > 1 and F(x) = 1.07 —x/2 for x < 1.

The number of parallel conducting channels per valley in a silicon nanowire device can be extracted

from the parameter 7* using:

&2

= 1 R 1
16808r7'CT*kB’CVF n (dg/ ) ( 5)

where 7 is the elastic momentum relaxation time, € = 3.9 is the relative permitivity of SiOy, €y is the

vacuum permitivity, vg is the Fermi-velocity, d; is the distance to the gate and R is the nanowire radius.
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The average Fermi-velocity in the channels can be calculated from the 1D charge carrier density n;p:

. hQTCI’l]D

= » (16)
8s8vin

VF

with m* being the effective mass and g5 (gv) being the spin (valley) degeneracy.

3.1.5 Transport in single electron transistors

After discussing transport in nanowires with confinement into one dimension, I will now discuss transport
through a charged island. While there can be quantum effects from 3D quantum confinement for very
small islands, this system is typically dominated by the quantization of charge rather than the modes of
confined wave functions. The presented model is relevant for the experiments on the GaAs quantum dot
as well as for transport in the nanowire samples just before the channel switches OFF at low temperatures.
Transport through an island requires leads that are separated via tunnel barriers. Inevitably this geome-
try causes capacitive coupling from the leads to the charge island such that electrostatic effects become
important. In a transistor-type device additional capacitive coupling to the island comes from a gate elec-
trode. Since transport through the tunnel barriers is not allowed in classical physics I will introduce a
semiclassical picture, where energies in the island are calculated classically with a quantum mechanical
correction term depending on island size and transport is facilitated by the tunnel effect. This model
requires an integer number of trapped charges, which implies an access resistance of the charge island
larger than resistance quantum.

Apart from charge island, tunnel barriers and leads, the relevant sample geometry for this thesis also
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includes a gate electrode and the devices are called “Single electron transistors” (SET). In such a system
the charge carrier energy can be calculated in the, so called, “Constant Interaction Model"(CIM) [78,[79].
The CIM assumes constant interaction in the sense that the island is coupled to the environment as well
as the source, drain and gate contacts via fixed capacitances that do not depend on the number of charge
carriers on the island. It considers two contributions to the energy of the system: a classical contribution
where charges interact via constant capacitances as well as a quantum mechanical contribution that de-
pends on the details of the island and its charge state. The classical contribution for N electrons on the
island is written in terms of capacitance Cg to the gate, Cso to the source and Cpg to the drain as well
as the associate voltages across the capacitances Vg, Vso and Vpr. The overall energy U (N) is the sum
of both contributions, in which the single particle energies on the island E; add up to the full quantum

mechanical contribution of the island [80]:

—le|(N —Ng) +CsoVso + CorVor +CV6)? &
[—lel( 0) +CsoVso + CorVbr GG]+ZEH

UN) = 2C

A7

In this equation Np|e| is an offset charge that compensates for a background charge from e.g. dopants on
the island and C = Csp + Cpr + Cg is the total capacitance.

For weak interaction between the leads and the island, e.g. in devices with large tunnel barriers, transport
at low temperatures is dominated by processes that conserve energy in the CIM (see Fig. [/ [81]. It is

therefore useful to consider the electrochemical potential un defined as the difference between overall
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Figure 7: Schematic of the potential landscape in an SET device along the axis from source to drain with the y-axis
denoting energy. The source lead is occupied with electrons up to the Fermi energy Ep, while the highest charge
carrier energy in the drain is lowered by the bias voltage V. The tunnel barriers are drawn in black and the island
is represented by a ladder of chemical potentials py. a) Device in the OFF state: “Coulomb-blockade” b) Device
in the ON state: Single electron current.

energy for N and N — 1 charges on the island [80]:

1 E
E)EC - (CsoVso +CprVbr +C6Vi) + En (18)

pun=UN)-UN—-1)=(N—-No— ]

The expression Ec = % is called charging energy and appears in the first two terms that are attributed to
classical electrostatics. The last term is a chemical/quantum mechanical contribution due to level filling
from N-1 to N in an island with 3D quantum confinement. Notably Eq. [I8]is proportional to the gate
voltage Vg, such that the “ladder” of electrochemical potentials for different charge states can be shifted
with the gate.

Fig.|7a shows the potential landscape in a device with the horizontal axis corresponding to the path from
source to drain and the vertical axis denoting energy. The energy of electrons in the source reaches up
to the Fermi energy Er while the highest electron energy in the drain is lowered by a bias voltage V3.

The tunnel barriers are drawn in black and the island shows the chemical potentials associated with the
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addition of a charge according to Eq. Since the electrostatics of the island can be manipulated by a
gate or outside field, it is possible to turn a current OFF/ON by driving the electrochemical potential on
the island out of/into the energy window defined by the source and drain potentials. These two configu-
rations are depicted in Fig.[7| where a) corresponds to a device that is switched OFF and b) to a device in
the ON-state. If the island potential is adjusted close to one of the edges of this window, a small field is

sufficient to switch the transistor and charge/field sensing is possible with high accuracy [82].

For high temperature operation the distance between two rungs of the electrochemical potential ladder,
called “addition energy”, needs to exceed thermal energy such that the SET does not experience OFF
state current through thermally excited transport [28]. Assuming all voltages stay constant, the addition
energy is given by:

2

e
Eaqq = uN — un-1 = En — Ency +E (19)

In order to achieve high temperature operation, the overall capacitance can only be reduced to some ex-
tent, because it is also needed for electrostatic control of the system. This leaves the quantum mechanical
component of the addition energy Ex — En.1. Similar to a particle in a box, this contribution increases
with decreasing island size, such that SETs with smaller islands can operate at higher temperatures. I
have briefly discussed efforts towards high temperature operation of transistors in the Introduction and

also want to refer to one of my articles in this context [37].
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3.2 Transport from 293 K to 14 K

The following section presents current and conductance data from nanowire samples with a nominal dop-
ing density of Si:P 4 x 10!°cm ™3 at temperatures from 14 K to 293 K. At room temperature (293 K)
the switching behaviour of the nanowire transistors shows a strong dependence on the nanowire diameter
which could be related to a dimensional crossover in the screening of outside fields. This agrees with
previous measurements on similar devices presented in Sec. [2.1.2] where a transition to lower dimen-
sional transport was already suggested. At low bias and lower temperatures there is a zero-bias feature
in the conductance that has been observed before in 1D systems and further substantiates the hypothesis
of confined electrons into 1D [73} 26, [75]]. The feature disappears following a power-law as a function
of bias voltage similar to previous reports in 1D systems where the feature was related to a Luttinger
liquid [[73} [74}[75]]. In the presented non-ballistic devices, however, this cannot be related to a clean Lut-
tinger liquid. Instead the temperature scaling of the conductance at zero bias follows Eq.[I0]from Sec.[3.1]

suggesting one dimensional strong localization.

3.2.1 Transistor performance

The nanowire devices were studied at room temperature and high bias voltage to compare their perfor-
mance to CMOS transistors. For that purpose M. Mirza has measured the current through the samples as
a function of gate voltage at 293 K using an Agilent B1500 parameter analyzer and a Cascade microtech

room-temperature probestation [S2].
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The inset of Fig. 8| shows a transmission electron microscope image of a device similar to the measured
nanowire. The image shows data from electron energy loss spectroscopy (EELS), where the energy of the
detected electrons from different parts of the device cross section can be used to distinguish oxide from
silicon and metal. Apart from the nanowire cross section and oxide thickness, the EELS measurement
reveals a gap in the oxide and gate below the nanowire. This could impact the gate-coupling and might
be detrimental to the nanowire performance as a transistor.

The main panel of Fig. [§]shows the source-drain current / at a bias voltage of 1.5 V as a function of gate
voltage Vi through three nanwowires with diameters 8 nm (red), 16 nm (blue) and 24 nm (black). The
8 nm nanowire device can be pinched OFF to below the detection limit of 0.1 pA and the ON/OFF current
ratio between -1 V and 1.5 V gate voltage is over 107. The current switches ON exponentially below a
characteristic gate voltage called “threshold voltage” V. The sharpness of the switch-ON is characterized
by the subthreshold slope (SS) that is defined as the inverse slope of the logarithm of the current as a func-
tion of gate voltage below Vi,. Theoretically the lower limit to the SS in a FET transistor is 58.6mV dec ™!
at 293 K, where “dec” means an order of magnitude in current[83]]. For the 8 nm nanowire transistor the
SS is 66mVdec ™!, which is 112% of the theoretical limit but only 104 % of the best performing FinFET
transistors at 63mV dec ! [84]]. The switching performance of the 8 nm nanowire is therefore comparable
to state-of-the art transistors.

Figure O shows the current / in the 8 nm diameter nanowire above threshold voltage as a function of bias
voltage Vg at gate voltages from -0.25 to 2 V. As expected for a field-effect transistor, there is a region
where the current is linear with bias voltage (Vg < Vg — Vi, Vo > Vi) and a region where the current

saturates when the capacitive effect from the accumulated charge at the source dominates over the gate
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Figure 8: Current / as a function of gate voltage Vi through Si nanowires with nominal doping Si:P 4 x 10! cm™
and three different diameters. The devices were measured with a bias voltage of 1.5 V and at a temperature of 293
K. Inset: elemental map of a cross section of the smallest nanowire measured by TEM-EELS [52]. The linecut
indicated by the white box is shown in the Appendix.

3

(Vg > Vg — Vi and Vg > Vi) [83]]. The 8 nm diameter nanowire therefore behaves like an FET, with
an electrostatic control of the channel that is sufficient to enable state-of-the-art transistor performance,
despite the gap in the wrap-around gate below the nanowire (shown in the inset of Fig. [g).

In contrast to this transistor-like switching behaviour, the 16 nm and 24 nm devices only reach ON/OFF
ratios of 10 and 2. Additionally it is not possible to deplete the channel in the measurement range of the
gate voltage, such that the OFF state of the transistor and therefore the bandgap is not accessible. Con-
sequently it is not possible to quantify the switching in terms of the SS for the 16 nm and 24 nm devices
since there is no clear region with exponential increase in current as a function of gate voltage. The 16
nm and 24 nm devices are therefore not suitable for transistor applications at room temperature.

The diameter dependent switching behaviour suggests that the devices are semiconducting at small diam-
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eters and become increasingly metallic as the diameter increases. This could be related to screening of the
electric field from the gate, that is characterized by the Debye length in 3D according to Eq.[2| The Debye
length depends on the activated doping concentration which is likely to be higher than in the previously
measured samples from Sec. [2.1.2]due to the addition of a gate [16]. Assuming at least the activated dop-
ing density from the previous measurements on similar devices with the same nominal doping, the Debye
length at room temperature can be estimated to be Ip < 0.12nm. If the screening is 3D, the nanowires
should then behave metallic with very limited response to a gate-voltage since the field cannot penetrate
all the way through the channel to switch the device OFF. This could explain the behaviour of the 16 nm
and 24 nm devices, but does not agree with the excellent transistor performance of the 8 nm diameter
nanowire. This suggests a transition in the screening of outside fields for decreasing nanowire diameter
from 3D screening, with charges having freedom of motion in radial direction, to 1D screening where the
movement in radial direction is suppressed as discussed in Sec. For decreasing nanowire diameter
the outside field can therefore not be screened effectively and the channel can be switched with nearly
optimal SS for the 8 nm diameter device. More evidence for 1D transport can confirm this interpretation
and will be presented in the remainder of this chapter.

Other 1D features, such as the signature conductance steps for ballistic 1D transport as described in
Sec.[3.1.2] are not observed in Fig.[8] Given the temperature of 293 K and the large number of scattering
sites from the high doping density, this is to be expected due to thermal broadening and non-ballistic
transport. Additionally, the bias voltage of 1.5 V leads to a broad range of electron energies that average
out the effect of a resonance from e.g. quantum interference that is only significant in a smaller energy

window.
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Figure 9: Transport in an 8 nm diameter nanowire with nominal doping Si:P 4 x 10'°cm™3. a) Current I at 293 K
as a function of bias voltage Vp at different gate voltages Vg from -0.25V to 2V. b) Current / as a function of gate
voltage Vg measured at temperature T = 293 K (red) and at 14 K (blue) with a bias voltage Vg =0.1V.

Next we reduce thermal broadening by cooling the device to 14 K and use a lower bias voltage of
Vg = 0.1V. Figure [9p shows the current / as a function of gate voltage Vg for two temperatures 293 K
(red) and 14 K (blue). As expected for FETs, the 293 K curve is shifted in gate voltage due to thermally
excited charge carriers that produce a current before the conduction band is populated with ground state
electrons [83]]. While the data at 293 K is smoothed from thermal broadening, the 14 K curve shows
additional fluctuations. The features in the low gate voltage region (Vg < —0.8 V) can be attributed to
Coulomb blockade from one or multiple charge islands with Coulomb peaks above the noise level of the
measurement (0.1 pA). The fluctuations above a gate voltage of —0.8 V could be associated to quantum
interference in the framework of UCF and/or transport through subbands as discussed in Sec. 3.1} A
detailed analysis of similar features is part of Sec. [3.3] where I will investigate whether the fluctuations

could be related to subbands or UCF. In the remainder of this chapter, I will analyze the behaviour as a
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function of bias at lower temperatures to find more evidence for 1D transport.

3.2.2 Zero-bias gap

In the previous section I have characterized the transistor behaviour as a function of gate voltage and at
relatively large bias voltages. In this section I will focus on measurements at low bias voltages, where the
energy distribution of charge carriers is less broad and there is less averaging over many charge carrier
energies. I will present DC measurements on the 8 nm diameter nanowire from the previous section as
a function of gate voltage V, bias voltage Vg and temperature 7. The samples were cooled down in a
Lakeshore CRX-6.5 K Cryogenic probe station and measured with an Agilent B1500 parameter analyzer

by Muhammad Mirza [52].
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Figure 10: Transport in an 8 nm diameter nanowire with nominal doping Si:P 4 x 10!°cm™3. Conductance as a
function of bias voltage Vg normalized by the corresponding data at 293 K. The normalization removes the regular
transistor behaviour from the data and isolates the zero-bias feature. a) Normalized conductance as a function of

bias voltage at different gate voltages from -0.25V to 2V. b) normalized conductance at different temperatures
from 14 K to 293 K.
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Figure 11: Transport in an 8 nm diameter nanowire with nominal doping Si:P 4 x 10°cm™3 at different gate
voltages V. Each plot shows multiple data sets of normalized conductance taken at temperatures from 14 K to
293 K that were each scaled by the normalized conductance at zero bias at the respective temperature. The data is
plotted as a function of the temperature normalized bias eV /kgT and show a power law dependence for eV > kgT
that is fitted to extract the power (red).

Figure [I0]shows the conductance (numerical derivative) as a function of bias voltage with a clear dip
in conductance around zero-bias. To isolate this feature from the transistor behaviour observed in Fig. [9]
each conductance trace G is normalized by the corresponding 293 K curve Gpg3 g — at this temperature
the zero-bias feature is washed out from thermal broadening and only the transistor behaviour remains.
Figure shows the normalized conductance G/Gyg3k at 14 K as a function of bias voltage Vg at
different gate voltages from -0.25 to 2'V. With increasing gate voltage the zero bias feature becomes less
pronounced. A similar effect can be observed for increasing temperature in Fig. , where G/Gao3 is

shown at Vg = 0 as a function of bias voltage Vg and temperatures from 14 K to 293 K. This behaviour
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could be related to potential variations along the nanowire, that suppress conductance at low electron
energies and therefore become increasingly averaged out for a broadening electron energy distribution
from an increasing bias voltage or temperature 85, 86]. The effect of an increasing gate voltage could
also be explained in this framework, since higher electron energies would lead to less pronounced zero-
bias features from potential fluctuations. More insight can be gained from the temperature scaling of the
conductance in the next section.

In the remainder of this section I will discuss another possible explanation for zero-bias features in the
framework of a Luttinger liquid. In previous work on 1D systems, zero-bias features and a power-law
dependence of the conductance on the bias voltage have been interpreted as signatures for clean Luttinger
liquids [[74} [73},187]]. Our devices cannot support a clean Luttinger liquid because transport is not ballistic
due to the high doping density (see Sec. [3.3). Nevertheless we find features that are very similar to
the signatures that were related to transport in the Luttinger liquid regime. This includes the power-law
increase of the conductance as a function of bias voltage according to Eq. as shown for the 8 nm
nanowire device in Fig. Each subfigure shows multiple data sets taken at temperatures from 14 K to
293 K as a function of bias voltage. For every temperature in each subfigure, the G/Gao3 k curves were
divided by the value at zero-bias. After scaling, the data was plotted as a function of the temperature
renormalized bias voltage eV /kgT, such that all bias traces start at the same point. A linear behaviour
on the double logarithmic scale then indicates possible power law behaviour as a function of bias voltage
for all data sets at all temperatures. Indeed the data scales universally with the temperature renormalized
bias for every gate voltage and shows two regimes: for eVg < kg7 the scaled conductance is constant and

for eV > kgT the scaled conductance increases in a power-law (red fits in Fig. .
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Figure 12: Extracted powers o from Fig.|11|as a function of gate voltage V.

In the Luttinger liquid interpretation, the strength of the electron-electron interaction is indicated by the
power 0., that can be extracted from the linear fits in Fig. [IT)and is shown in Fig.[I2]as a function of gate
voltage. The powers would then suggest decreasing interaction strength for increasing gate voltage as
expected for an increasing number of parallel conducting channels in a multi-channel Luttinger liquid [[73}
76, [77,188].

The interpretation of these signatures as evidence for Luttinger liquids has been challenged before in
e.g. Ref. [89] and Ref. [/5]], where the scaling was attributed to transport in the 1D diffusive regime
or at the transition from Luttinger liquid to the diffusive regime. These interpretations are in line with
our previous conclusion, that the zero-bias feature is related to conductance suppression at low electron

energies due to potential fluctuations in the channel.
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3.2.3 Temperature scaling

To identify the relevant transport model in the 8 nm nanowire, I will now present the analysis of data
at zero gate voltage as a function of temperature and compare the behaviour to the theories discussed in
Sec.[3.1] Since a clean Luttinger liquid can be excluded, the zero-bias features could be interpreted in
the framework of strong localization, where thermal activation increases the conductance consistent with
the behaviour in Fig. [[0p. The conductance at zero-bias would then also increase with gate voltage as
in Fig. [I0p, because the Fermi-energy is increasing relative to the potential fluctuations. Furthermore, in
a 1D system with only few potential fluctuations and strong electron-electron interactions, it is possible
that an intermediate regime between Luttinger liquid and strong localization needs to be considered — this
is the model described by Mishchenko ez al. [77] (see Sec.[3.1). Finally I will consider a model that is
based on WL as well as a model that considers WL and strong electron-electron interactions.

Figure[13]shows the conductance G at zero bias voltage and gate voltage as a function of temperature 7.
In an FET device, this data would follow the model of thermionic transport over a single potential barrier
of height B with the conductance proportional to T2exp (—B/kgT) [90] — this is clearly not the case in
Fig.[I3] Instead, the data was fitted to the hopping model from Eq.[I0] that describes thermal activation
over many barriers and can depend on dimensionality via the parameter n. The grey shaded area corre-
sponds to the fits for n between 0.25 and 1 (OD to 3D bound), while the yellow line is the fit corresponding
ton =0.5 (1D case). We also fit the data with n as a free parameter (red) and find n = 0.6 +0.2. Since
the fit for n = 0.6 as well as the fit for n = 0.5 lie within the measurement error of the data points but only

n = 0.5 corresponds to a physical theory, the fits indicate 1D hopping (n = 0.5) without a Coulomb gap or
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Figure 13: Conductance G at zero-bias and gate-voltage from Fig. as a function of temperature 7. The grey
shaded area corresponds to the 0D and 3D boundaries of the nearest neighbour hopping model. The red line is
the fit with n as a free parameter while the yellow line corresponds to a fit with fixed n = 0.5. The light blue line
indicates the fit according to Mora et al.[76] in the transition from weak localization to LL and the green line is the
fit according to WL in the diffusive regime.

hopping with a Coulomb gap in any number of dimensions. The fit for n = 0.5 produces Tp = 116 £35K
which corresponds to a characteristic transport “activation energy” of 103 meV. A sanity check for this
parameter could be done at zero temperature where we would expect washing out of the strong localiza-
tion features at similar energies when increasing the bias voltage. While we cannot measure at 0 K, a
12 mK measurement on a 8 nm nanowire in a later chapter (Sec.[3.3.3) shows a width in bias on the order
of few mV to 10 mV — the extracted value for the fit parameter therefore seems reasonable.

The same functional form with n = 0.5 is predicted by the theory from Ref. [77]] that includes the con-
tributions from electron-electron interactions. The fit parameter 7" = 101 + 31K corresponds to 4.8 +2

parallel channels according to Eq[T5| when assuming an effective mass m* = 0.19m, and using the param-
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eters nyp = 1.62 x 10°cm~! and t© = 11.4fs from the measurements on similar devices in Sec. [2.1.2{[56].
The activated doping density is likely higher in our nanowire devices, such that the channel number is
likely to be slightly overestimated. Nevertheless the extracted channel number agrees with the expected
overall degeneracy of 4, that is originating in 2 degenerate spin states and 2 valleys. This is expected for
a nanowire device, since the other 4 valley degeneracies from bulk silicon are lifted in a heavily confined
system [81]].

Next I consider the WL regime according to Eq. with a correction term to the conductance o< /y. Assum-
ing 1D Nyquist dephasing according to Eq. EI, the data is fitted to the form A — BT ~'/3 (green in Fig.
— this assumption is justified in Sec.[3.3.2] The fit does not lie within the range of the errors of the data
points, such that the temperature scaling of the zero-bias conductance at this gate voltage does not agree
with WL of this form. The light blue fit in Fig. [I3] corresponds to the theory describing the transition
from the Luttinger liquid to the WL regime. The model fits the data within the errors but requires 5 fit
parameters such that the explanatory power is limited. While later data in Sec. [3.3.3| confirms that WL
is relevant in these devices, the data suggests WL in the framework of UCF as opposed to the averaged
contribution that is considered in this theory.

While the analysis in this section cannot unequivocally identify a transport regime, it confirms that the
zero-bias feature is related to potential fluctuations in the nanowire channel and indicates 1D transport in
the diffusive regime. The diffusive transport through our nanowire device can be modeled in the frame-
work of strong localization as well as strong localization with strong electron-electron interactions. It is
also possible that a regime with WL and strong electron-electron interactions is relevant in the devices,

but the results are inconclusive in that regard. In case the potential fluctuations allow for tunneling as well
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as thermally activated transport over many barriers, it is also possible that weak localization and strong
localization are relevant at the same time [67]]. This interpretation is supported by the data in Sec.[3.3.3]
where I find conductance fluctuations from WL as well as zero-bias features that are most likely related

to strong localization.

3.2.4 Conclusion

This section presented DC transport measurements on junctionless nanowire transistors with an activated
Si:P doping density that is sufficient to screen incoming fields at the surface if charges can move in 3
dimensions. In a measurement at room temperature and high bias, nanowire transistors with diameters
16 nm and 24 nm can therefore not be pinched OFF with an electric field from a gate electrode. A
nanowire transistor with 8 nm diameter, however, switches with a high ON/OFF ratio and a subtreshold
slope close to the theoretical limit. This indicates suppression of 3D screening and suggests confinement
of charges into 1D. The metallic behaviour in the larger devices can therefore be attributed to bulk-like
screening of outside fields, while a significant suppression of 3D screening persists all the way up to
room-temperature in the 8 nm device.

Next the conductance in the 8 nm nanowire is measured as a function of temperature, bias voltage and
gate voltage showing the expected behaviour for an FET at high bias and high temperature. For lower
temperatures down to 14 K and low bias voltages below 0.5 mV, the device shows a zero-bias dip in con-
ductance which disappears with increasing temperature and gate voltage. We find a power law scaling of
the conductance as a function of bias voltage, similar to other reports in 1D systems where such features

have been associated with a Luttinger liquid in a ballistic channel. Since the channel is not ballistic in the
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presented devices this interpretation is false. Our result therefore suggests that transport in the Luttinger
liquid regime cannot be unequivocally identified using conductance scaling. In future devices, such a
demonstration would require signatures from the separation of spin and charge excitation as shown in
Ref. [91]].

To identify the relevant transport model in our devices, we analyze the conductance at zero bias and zero
gate voltage as a function of temperature. The strong localization transport model produces a fit within
the errors of the data and a fit parameter that seems reasonable compared to a similar energy scale in
the system. The same functional form is also predicted by a theory that includes strong electron-electron
interactions and describes the transition between Luttinger liquid and strong localization regime. From
this theory, we extract the number of contributing transport channels to be 4, which is consistent with a
nanowire that has a spin and valley degeneracy of 2.

Finally the WL regime does not produce a fit within the errors of the data, but a theory describing the
transition from Luttinger liquid to WL fits the data within the errors. While this fit does not have strong
explanatory power due to many fit parameters and the theory does not consider the form of WL that was
found in later data, WL with strong electron-electron interactions could be a relevant transport model
especially at different gate-voltages and temperatures. Transport could also be affected by strong local-
ization and WL at the same time in agreement with previous reports [67] and measurements in Sec.[3.3.3]
Ultimately there is not sufficient evidence to support any claims about the significance of electron-electron
interactions in this analysis. There is, however, evidence for diffusive 1D transport and the significance of
1D confinement for transistor operation. The results show that future 1D nanowire CMOS devices can be

fabricated with much higher doping densities than bulk transistors and still maintain excellent subtreshold
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slopes close to the theoretical limit. While the mobility in the transistor can be reduced from scattering
at high doping densities, the transistor channel could also be shorter due to improved electrostatic con-
trol. Depending on the need for miniaturization and the required operation temperature this could be an
advantage in future applications.

The measurements also contribute to the understanding of 1D transport in future top-down fabricated
devices, where researchers will need to identify the correct transport regime for modelling and device
design. In associated work Georgiev et al. [15] have therefore implemented 1D effects in their simulation

environment based on the results presented in this chapter.
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3.3 Quantum transport from 28 K to 12 mK

In the following section I will present my measurements on silicon nanowires with different Si:P doping
concentrations, length 150 nm, diameter 8 nm and a wrap-around gate along the entire channel. I have
measured the nanowires in liquid helium at 4 K and in a Triton 200 dilution refrigerator for temperature
dependent measurements as well as measurements at the base temperature of 12 mK.

In this regime decoherence from thermal effects is suppressed, such that the coherence length can be-
come larger than the distance between scattering sites or even exceed the geometrical constraints of the
nanowire. I will study the emerging universal conductance fluctuations as a function of temperature to
extract the relevant decoherence mechanisms and obtain the mean free path in two nanowires with differ-
ent doping concentrations by analyzing the spacing of quantum interference features.

For large potential variations at low gate voltages the nanowire can break up into charge islands and
transport is governed by sequential tunneling of single electrons onto/off the islands. The charge islands
have discrete energy levels that correspond to the charge state according to the constant interaction model
presented in Sec. In one nanowire I will report on a single island that stretches along the entire

nanowire channel and can be successively charged with over 500 electrons.

3.3.1 Coulomb blockade and gate coupling

In most of the devices that were studied in this thesis Coulomb blockade occurs in a small gate voltage
region close to pinch-off at cryogenic temperatures. Transport in one device, however, is dominated

by Coulomb blockade over a very large gate voltage region (> 6 V) with a periodicity that suggests a
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Figure 14: Device A (8 nm silicon nanowire device doped Si:P 2 x 102 cm=3): a) Current [ at 12 mK as a
function of gate voltage Vi at a bias voltage of 0.1 mV. b) Autocorrelation function Ry, of the current in a gate
voltage window from -4.5 V to +2 V. ¢) Conductance G as a function of gate voltage Vi and bias voltage Vg in the
Coulomb-blockade regime.

single island along the entire channel length (L=150 nm). From the gate voltage spacing of the Coulomb
blockade in this device, called device A, I will extract the capacitance between the channel and the gate
for all 8 nm devices.

3 measured at

Fig. |14| presents data from device A with a nominal P doping density of 2 x 10*°cm™
12mK. When biased at 0.1 mV the current / through the device shows signatures of single electron
transport with over 500 evenly spaced Coulomb peaks over a large gate voltage range from -4.5 V to
+2 V. Figure[T4p shows a fraction of this gate range while the entire data set is presented in the Appendix.
Figure [T4k shows the corresponding Coulomb diamonds in conductance G as a function of gate voltage

VG and bias voltage V. Note that the Coulomb diamonds do not show sharp corners especially at higher

bias voltage. This indicates strong tunnel coupling to the leads and lifetime broadening in agreement
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with the relatively high conductance up to 20uS (or 50k€Q) compared to e.g. the GaAs quantum dot
presented in the next chapter (~ 6.7MQ). In this regime there are typically strong co-tunneling effects
which could explain the diagonal lines of enhanced conductance in the bottom left part of Fig. [I4k or the
finite conductance away from zero-bias in the Coulomb blocked regions. Since a detailed analysis of the
co-tunneling effects is beyond the scope of this thesis, I want to refer the interested reader to Ref. [92]] for
more details.

The spacing of the Coulomb peaks is characterized in Fig. [I4p using the autocorrelation function of the

current as a function of gate voltage:

R = / 1(Ve)(V — AVG)dVg 20)

The autocorrelation was calculated using the entire gate-voltage range of the measurement with over
500 Coulomb peaks and shows clear oscillations corresponding to a Coulomb peak spacing of AVg =
104+ 1mV. The highly regular spacing of the Coulomb peaks indicates that there is a fixed capacitance
between charge island and gate. Consequently the size of the island along the nanowire is fixed in the
investigated gate voltage range. The capacitance from the gate to the channel can then be calculated

via [79]:

Cg =e/AVg = 16 +2aF 1)
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The island length can be inferred by comparing the capacitance extracted from AV to a theoretical value

that follows from a simple cylindrical capacitor model:

27E,€
=777 22
Co In(b/a) @2)

Here €y is the vacuum permitivity and €, = 3.9 is the relative permitivity of the oxide. The geometry
is taken from Transmission and Scanning Electron Microscope images [S6]. The Transmission Elec-
tron Microscopy studies were carried out by Donald MacLaren at the University of Glasgow, where the
nanowire cross section was imaged in Electron Energy Loss Spectroscopy as shown in Fig. 8| (a line cut
is shown in the Appendix). With this technique it is possible to distinguish the materials in the device
due to the characteristic energy loss of the detected electrons from different points of the cross section.
We extract the radius of the nanowire a=4 nm, the distance to the gate b=31 nm and the length of the
nanowire L=150 nm such that we can calculate the gate capacitance as 15.8 aF.

The close agreement between the experimental and theoretical values for the total capacitance indicate
that the charge island stretches along most of the nanowire channel with tunnel barriers on both ends.
Possible reasons for the formation of tunnel barriers at the ends of the channel are strain [28]] and/or the
accumulation of impurities. Since no other device on the same chip or on any other chips shows a similar
behaviour, the tunnel barriers are formed in a process that is specific to the device and therefore most
likely related to a local effect in an area on the order of 100 um?. Given that the chip was cleaned in

an asher with lower cleanliness standards than other chips, the tunnel barriers might be related to local
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impurities that have diffused into the channel in fabrication. Either way the device is not reproducible.

Another device, called device B, which was measured to collect the data in Fig. and +b, is
geometrically identical with a 150 nm channel length and diameter 8 nm but doped to a lower nominal
doping concentration of 4 x 10!°cm™3. The associated low temperature measurements do not show the
regular Coulomb blockade pattern over a large gate range. Instead Coulomb blockade features can only
be observed at low gate voltages in a small window that is followed by a region of increased conductance.
The highly irregular Coulomb peaks in the low gate voltage region correspond to Coulomb diamonds that
strongly vary in size and often do not close completely (see Appendix). This is a signature of transport
through one or more islands in the nanowire with varying sizes as a function of gate voltage. In contrast
to device A, it is therefore likely that islands in other samples form as a result of potential variations along

the channel and not solely due to effects on the ends of the nanowire.

3.3.2 Universal conductance fluctuations

In the previous section I have presented a device in which transport is dominated by Coulomb blockade in
a large gate voltage window and there is no higher conductance regime. All other measured devices show
such a higher conductance region without Coulomb blockade that corresponds to an opening channel. In
this section I will present data from device B with diameter 8 nm and nominal doping Si:P 4 x 10" cm—3
at gate voltages outside of the Coulomb blockade regime.

The main panel in Fig.[T5]|presents the conductance G as a function of gate voltage at 4 out of 54 measured

temperatures from 30 mK to 28 K (for the other temperatures see Appendix). The conductance fluctuates
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Figure 15: Main panel: Conductance G in device B as a function of gate voltage Vi at different temperatures.
Inset: Root-mean square of the conductance traces as a function of temperature 7" after subtracting the background
to determine the amplitude of the fluctuations in the temperature traces. The red fit corresponds to a power law
AG < T3 for T > 1.9K.

as a function of gate voltage with decreasing amplitude for increasing temperature. This behaviour can
be attributed to quantum interference in the framework of UCF as described in Sec.|3.1.3

The inset of Fig. [I5]shows the root-mean-square of the conductance AG calculated from the gate voltage
traces as a function of temperature 7. Since AG is meant to be a measure of the conductance fluctuation
amplitude, not the larger scale conductance increase with gate voltage, a 2™ order polynomial fit was
subtracted from each trace before the root-mean-square was calculated. This fit was carefully chosen to
capture the conductance increase on a large gate voltage scale but not the small scale fluctuations (see
Appendix).

AG displays a low temperature regime below 1.9 K, where the fluctuation amplitude is constant, and

a higher temperature regime, where AG decreases in a power law. Considering the theory presented
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in Sec. the temperature region with constant AG below 1.9 K corresponds to a regime without
averaging from multiple independently fluctuating sections of the channel and a coherence length that is
larger than the channel length /g, > L [21]]. In this temperature regime thermal broadening of the charge
carrier energy distribution is not significant, indicating that the width of the WL resonance in the energy
spectrum is larger than thermal broadening.

At T > 1.9 K the transport regime is characterized by fitting AG with a power-law (red in Fig.[T4)), which
produces a power of —0.67 +0.04. As discussed in Sec. [3.1.3] the strong electron-electron interactions
in a highly doped 1D system and the lack of phonon scattering at cold temperatures suggest dephasing
from 1D Nyquist electron-electron scattering. Assuming this dephasing mechanism and [, < L, the
extracted power from the fit is in excellent agreement with the predictions in the regime I, >> It. 1D
Nyquist dephasing is therefore likely to be the dominant dephasing mechanism, which is consistent with
the interpretation of the constant AG regime, since the coherence length is transitioning from [y, > L to
ly < L with increasing temperature. Furthermore, this result adds to the evidence for 1D transport from

the previous chapter.

3.3.3 Mean free path

In this section I will present a study of quantum interference at the base temperature of the dilution re-
frigerator (12 mK). From this data I can extract the average distance between two scattering sites that
localize a charge carrier in 1D quantum interference. This length is also the mean free path /. that an
electron travels on average before it gets scattered. The coupling from the channel to the gate, that was

determined in Sec. is required to extract /o from a measurement as a function of gate voltage fol-
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Figure 16: Device B (length 150 nm, diameter 8 nm and nominal doping concentration Si:P 4 x 10 cem™3): a)
Conductance traces G as a function of bias Vg at gate voltages from 0.97V to 7.5V. The red lines indicate the
traces at 2, 3, 4, 5, 6, and 7 V gate voltage. b) Transconductance dG/dVg as a function of bias voltage Vi and gate
voltage Vg in the same device.

lowing Ref. [93].

Figure [[6a shows the conductance G as a function of bias voltage Vg in device B from Sec. 3.3.2] for
gate voltages from 0.97 V to 7.5 V. Since the conductance increases with the gate voltage, the traces are
separated without an additional offset. The red lines mark the traces at 2, 3,4, 5, 6 and 7 V in gate voltage

for better orientation. WL in Fig. [I6a manifests in regions that appear darker because the conductance

68



changes only very little in a certain gate range and the lines are closer together. These regions, where
the conductance is forming a plateau as a function of gate voltage, are most visible at zero-bias but some
features are visibly extending into higher biases. The features at zero bias are attributed to resonances in
the energy spectrum of the device due to quantum interference and the features away from zero bias cor-
respond to the point where these resonances enter the bias window [94]]. The resulting diamond-shaped
pattern is most pronounced between 5 and 6 V as well as 6 and 7 V in gate voltage, but can be difficult
to identify when several quantum interference paths have similar lengths and therefore produce features
in the same energy window. All conductance traces show a dip centered around zero bias that has been
investigated in Sec. [3.2.2]and is likely related to strong localization. The low temperature data therefore
agrees with the temperature scaling in Sec. [3.2.3] where strong localization and WL were identified as
possible dominant processes in transport.

Figure [I6b shows the numerically derived transconductance dG/dV as a function of gate voltage Vg
and bias voltage Vg from the data in Fig. [16a. For lower gate voltages (Vg < 2 V) there are Coulomb-
blockade features that correspond to multiple charge islands in series (see Appendix). At higher gate
voltages, when the overall conductance increases (see Fig. [I6p), quantum interference results in diamond
shaped patterns as a function gate and bias voltage. The position and size of those features agree with the
representation of the data in Fig. [I6p but not all features can be clearly seen in both figures.

The sizes and distances between the features in Fig. [I6p correspond to characteristic energy spacings that
are associated to the the microscopic origin of the quantum interference and the mean free path. In Fig.
these energy spacings of the conductance fluctuations are analyzed in two different devices with length

150 nm and diameter 8 nm: device B that was presented previously in Fig. [I5and[I6] with nominal doping
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density Si:P 4 x 10! cm—3 as well as device C with a higher nominal doping density Si:P 2 x 10?°cm ™3,

Figure shows the transconductance dG/dVg as a function of gate voltage Vi and bias voltage Vg for
device B at 12 mK while Fig. shows the transconductance for device C at 4 K. Both data sets show
fluctuations in the transconductance, that correspond to quantum interference because the gate voltage
range is chosen outside of the Coulomb blockade regime. Given that these features are clearly visible
Iy > I in both devices.

Figure [[7c,d show the Fourier transform of the 2D autocorrelation function of both data sets, that can
be used to find the dominant voltage spacings between the fluctuations [95]. The Fourier transform for
device B is plotted in Fig. and shows four symmetric hotspots (circled in white) corresponding to a
gate voltage spacing AVg = 0.6 0.1V and bias voltage spacing AV = 20+ 14mV. For device C the
same analysis in Fig. shows hotspots with AVg = 1.54+0.3V and AVg = 70£40mV. For both de-
vices the spacing on the bias voltage axis is close to or larger than the bias voltage range in the respective
measurements in Fig. [T7p,b. The position of the hotspots in that dimension is therefore an artefact from
the Fourier transform and not analyzed further.

From a simple model based on a particle in a box Biercuk efal. [93]] have derived the following ex-
pression to convert fluctuations on the gate voltage axis to the characteristic length scale of the quantum

interference:

de

l pum—
¢ Cc,AVG

(23)

Here e is the electron charge, AVg is the distance in gate voltage between two features and cg is the

capacitance to the gate per unit length. The capacitance per unit length cg = (1.1£0.2) x 1071°F /m
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Figure 17: Data from device B with diameter 8 nm and nominal doping Si:P 4 x 10! cm~3 at 12 mK:

a) Transconductance dG/dVg as a function of gate voltage Vi and bias voltage Vg, c) Fourier transform of the
autocorrelation from a) with one of four symmetric hotspot circled in white. e) Illustration of transport in the quasi
ballistic regime.

Data from device C with diameter 8 nm and nominal doping Si:P 2 x 10?°cm 3 at 4 K:

b) Transconductance dG/dVg as a function of gate voltage Vi and bias voltage Vi, d) Fourier transform of the
autocorrelation from c¢) with one of four hotspots circled in white. f) Illustration of transport in the diffusive
regime.

can be taken from the analysis of Fig. [I4] where the capacitive coupling to the entire channel of the
geometrically identical device A was determined. Following Eq. 23] the dominant gate voltage spacing

can be converted to [ = 10 +=2nm in device B and to /[, = 4 +2nm in device C.
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Based on the extracted /., the characteristic transport length scales in device C compare as [ < d < L as
well as lp > l.. An illustration of a classical transport path in this regime, without taking into account
1D confinement or other quantum effects, is shown in Fig. where the scattering events are marked in
green. The majority of scattering events in this regime occur in the channel rather than on the boundaries.
In the previous samples, presented in Sec.[2.1.2] the scattering in the channel was associated to unactivated
dopants [56]. Assuming that this is also the dominant scattering mechanism in device C, the extracted /.
suggests an unactivated dopant concentration of (1.540.8) x 10! cm™3,

In device B the analysis adds to the results from Sec. and suggests d S lo < L < lg. The mean
free path is larger than the diameter, such that scattering on the nanowire boundaries is likely to occur.
The mean free path is therefore affected by the boundaries and we can only estimate an upper limit
for the concentration of unactivated dopants at (1.0+£0.2) x 10’8 cm~3. The corresponding illustration
of a classical transport path in this “quasi-ballistic” regime is shown in Fig. [I7. Since charge carrier
waves are not very likely to be scattered when travelling between the radial boundaries of the nanowire,
device B supports the formation of transversal quantum interference modes in the radial direction (also
called subbands). Given that the mean-free path is only slightly larger than the diameter, however, other
scattering is also important and there are additional fluctuations in conductance on top of the ballistic 1D
signatures presented in Sec.[3.1.2]

In principle it is possible to gain more insight with respect to coherence length and the origin of the
conductance fluctuations from measurements as a function of magnetic field. This has been done in

e.g. 50 nm InAs nanowires, where big magnetic fields up to 50 T were used [96]. In the studied samples,

this type of measurement would far exceed the capabilities of the vector magnet available in the Triton
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200 (upto 6 T).

3.3.4 Conclusion

This section presented low temperature transport data from three highly Si:P doped silicon nanowires
with diameter 8 nm, length 150 nm and a wrapped around gate. One nanowire (device A) shows highly
periodic Coulomb blockade over a large gate range, that can be attributed to confinement into the channel
along the length of the nanowire. Since one charge is added per gate voltage spacing between Coulomb
peaks, the device can be used to extract the coupling from the gate to the channel in all of the presented
8 nm nanowire devices.

In a second device (device B) with nominal doping Si:P 4 x 10" cm™ and without dominant tunnel
barriers at the ends of the channel, universal conductance fluctuations are measured as a function of tem-
perature. The analysis yields two regimes for the coherence length, that is longer than the channel length
(lp > L) for temperatures below 1.9 K and shorter than the channel length (/4 < L) for temperatures
above 1.9 K. Additionally the measurement suggests dominant dephasing from electron-electron interac-
tions according to 1D Nyquist-dephasing.

A low temperature measurement of device B at 12 mK shows the zero-bias feature that was attributed to
strong localization in Sec. [3.2] as well as oscillations due to quantum interference as a function of gate
voltage and bias voltage. This suggests that WL and strong localization are relevant at the same time.
The potential fluctuations must therefore allow for strong localization from potential barriers with limited
transparency for low energy electrons at low bias, while simultaneously allow for coherent partial scat-

tering in WL.
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To find the length of the scattering paths we analyze the periodicity in the WL regime using a Fourier
transform. In that way the dominant voltage spacing in gate voltage is extracted in device B, with nominal
doping 4 x 10! cm—3, as well as in a third device C with nominal doping 2 x 10?° cm~3. After converting
the voltage spacings to a characteristic length scale, the data from the higher doped sample suggests an
elastic mean free path of 4 &2 nm while the elastic mean free path in device B is 10+ 2nm. The fact that
the mean free path increases for lower doping density agrees with previous work, where the dominant
scattering mechanism was determined to be neutral impurity scattering [56].

In device C, the elastic mean free path suggests a majority of scattering events occuring in the bulk of the
channel, while the elastic mean free path in device C allows for the formation of subbands as described
in Sec. We have therefore demonstrated transport in the “quasi-ballistic” regime where d < I, < L
for the first time in top-down fabricated silicon nanowires. The samples therefore represent an important
step towards high performance CMOS nanowire transistors and could lead to low temperature ballistic
transistors with shorter channel lengths and smaller doping densities. At room temperature, similar tran-
sistors will not be ballistic, but could still exhibit improved energy efficiency and therefore be beneficial
in any technologies that require low heating or power consumption — for example processors for mobile
devices. Additionally, the low temperature operation could enable efficient control electronics for quan-
tum information architectures that require cryogenic temperatures [20, [19]. Finally, the samples could
provide a starting point for the development of silicon nanowire based quantum electronic devices such

as charge pumps or charge sensors [37]].
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4 Charge and capacitance sensing

This section introduces a read-out technique for quantum devices called “Radio-Frequency reflectom-
etry”. In reflectometry one measures the reflected radio-frequency signal from a device in a resonant
circuit that is a function of inductance, capacitance and conductance of the device.

After introducing the theoretical concepts and limitations of the technique, I will present two ways of
improving the sensitivity of the read-out followed by an RF measurement of a silicon nanowire. First
I will present circuit simulations and measurements from a collaboration with Natalia Ares, where we
show how impedance matching between the source and the resonant circuit can improve the sensitivity of
our reflectometry circuit. While my main contribution to this collaboration is the simulation, I was also
involved in measurement and data analysis. Next I will present an experiment with a superconducting
SQUID amplifier in addition to the previously used amplifiers, that shows reduced noise levels for low
input powers and can be beneficial if the input power is limited by measurement back-action. In this ex-
periment I manage to reach unprecedented sensitivities in capacitance sensing that allow for single-shot
read-out of singlet-triplet qubits.

Finally I present data from an RF measurement on a silicon nanowire where I achieve charge sensitivities
similar to the best reported values from optimized devices. For the experiment with the SQUID amplifier
and the experiment with the silicon nanowire I have rewired the dilution refrigerator to allow for an easy
implementation of the SQUID amplifier in the puck (see Fig[3p) and have installed an additional line
(port 3 in Fig[4) that allows for separate measurement of the amplification chain. I have also carried out

the measurements and data analysis for both experiments.
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4.1 Theoretical concepts

In this section I will discuss the measurement principle of RF reflectometry in more detail than in Sec. [2.3]
and explain the limits of the technique. I will also introduce the SQUID amplifier that I have used in an

experiment to improve the signal-to-noise ratio in a capacitance sensing experiment.

4.1.1 Reflectometry

In reflectometry one measures the reflected RF signal from a resonant circuit that consists of an inductor
and the sample. The signal path is described in Sec. [2.3]together with the basic concept of the measure-
ment. A signal can be described as a complex wave with a phase ¢ and an amplitude A such that the
voltage can be written as:

VRp.N = A/ 2H/1H0) (24)

where f is the frequency of the signal and ¢ is time. Analogous to optical systems, where reflections occur
whenever the refractive index changes, an RF signal gets reflected when the impedance of an electric cir-
cuit changes. In most commercially available RF electronics the impedance is standardized at Zy = 50Q
to prevent reflections between components. To achieve minimal reflections everywhere but the tank cir-
cuit one can therefore use standardized components for wiring, attenuators, directional couplers etc. This
sets the reference impedance in the reflectometry measurement, such that there is no reflection when the
tank circuit has an impedance of 50Q, i.e. “perfect impedance matching”.

Depending on the device and what contact is connected to the reflectometry circuit, its impedance has re-

sistive, capacitive and inductive properties. The device is connected in series with a fixed inductor to form
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a resonant tank circuit with frequency dependent reflections similar to an LC-resonator. The reflection
coefficient I" depends on the impedance of the tank circuit Z according to Eq.[l|and produces a reflected
signal VgRrnI'. Due to inductive and capacitive components in Z there can be a phase shift in the reflected
signal such that I" is complex. To measure the phase-shift A@ and the change in signal amplitude AA one
therefore needs to compare the input signal to the reflected signal.

The sensitivity of the technique to a change in tank circuit impedance, and therefore device impedance,
depends on the impedance matching to the measurement electronics. According to Eq. [1] if the match-
ing is poor and Zj is negligible compared to the tank circuit impedance, the reflection does not change
significantly in response to a small impedance change of the tank circuit. The change in reflected signal
can therefore not be distinguished from the noise level in a reflectometry setup with a poorly matched
tank circuit. Given that even a ballistic quantum device with one conductance channel has an impedance
of h/e* = 25.8kQ > 509 and might change behaviour significantly as a function of device parameters,
engineering a well matched tank circuit requires knowledge of the device impedance and careful design.
A simplified schematic of a reflectometry circuit attached to the source contact of a transistor device is
shown in Fig. ] In this simplified version of the circuit, the inductor and device form a resonant tank
circuit with a frequency dependent impedance that is a function of device conductance, capacitance and
inductance. In a real circuit the impedance of the tank circuit is also subject to stray capacitances, the
self-inductance of the lines, the behaviour of the bondwires and other components in the circuit that are
needed for e.g. a voltage bias. The device properties can be manipulated with a gate voltage Vi and a
source-drain bias voltage Vg. To measure DC and RF in parallel, the RF is grounded over a capacitor

while the DC component can be measured in a current measurement.
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A three terminal transistor-type device can be measured either with an RF signal applied to the leads
(source/drain) or with an RF signal on the gate. If the RF signal is reflected from the leads, Z has ca-
pacitive and resistive contributions, that are not always trivial to separate, and the reflection changes both
amplitude and phase of the signal [50]. In addition there can be a contribution from the device inductance
which is often negligible. In case the RF signal is applied to the gate and the tunnel rates to the charge
island are comparable to the RF frequency or larger, a change in gate capacitance AV can be related to a
phase-shift [44]:

AQ =< —QACg/Cp (25)

where Q is the quality factor of the resonant circuit and Cp is a parasitic capacitance from the gate to the
ground.

While DC techniques are only sensitive to the conductance of the device, RF-reflectometry can be used to
detect changes in capacitance and inductance as well. Additionally there is no requirement for transport
from one lead to the other, which enables detection of e.g. tunnel events between the quantum dots in
a double quantum dot system or charging events of single impurities. Given sufficient sensitivity, RF-
reflectometry therefore enables the detection of many kinds of tunnelling processes or capacitive effects
in a device. On the other hand it is not always clear if a change in amplitude or phase is a capacitive,
inductive or conductive effect and careful analysis is required to separate the three. For practical pur-
poses, however, it is often irrelevant how exactly each effect is contributing since one is interested in e.g.

detecting tunneling events rather than the implications for the impedance of the device.
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4.1.2 Noise and sensitivity

Field or charge sensors based on DC devices are typically built from transistors with a sensitivity that
is dominated by the noise in a dissipative channel — mainly thermal Johnson-Nyquist noise and flicker
noise [21]. Thermal noise is associated with the random movement of charge carriers in an open channel,
increases with temperature and contributes at all measurement frequencies. Flicker noise comes from e.g.
charging events in the oxide and scales with the inverse of the frequency. The noise level can therefore
be reduced by cooling the sample as well as measuring at higher frequencies where the 1/ f flicker noise
component becomes small. The radio-frequency resonance of a tank circuit with a transistor then acts as a
bandpass filter for noise because the oscillation is only sensitive to noise close to the resonance frequency.
The noise in an RF-FET is then limited by the low temperature Johnson-Nyquist noise, that is independent
of the average current through the device [82]]. In cold RF-SETs on the other hand, the dominant noise
on the leads is shot noise which arises from tunnelling through the barriers at a random time [21182]]. For

the simplest case of two symmetrical tunnel barriers the shot noise power per bandwidth is [21]]:

Sn=2e<I> (26)

where e is the electron charge and < I > is the average current. Since currents in SETs are typically very
small, the associated shot noise is also small. In FETs, on the other hand, the Johnson-Nyquist noise
does not depend on the overall current in the device and cannot be reduced by using smaller signals. The
noise limit in conventional RF-FETs at cryogenic temperatures therefore compares disadvantageously

to RF-SETs [82]]. For RF reflectometry techniques on the gate of an SET, the randomness of tunneling
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events also dominates the noise in the device, but couples into the RF-circuit in a different way. Since
this thesis does not include the analysis of a reflectometry experiment on a gate contact, I want to refer
the interested reader to Ref. [44] for more information about the associated “Sisyphus Noise”.

Furthermore any device specific noise limit can only be reached if the noise from the device dominates
over the noise that is produced in the read-out circuit. Typically this noise comes from the active com-
ponents, such that low noise amplifiers are used in reflectometry circuits. Often these amplifiers are high
electron mobility transistor (HEMT) amplifiers or bipolar junction transistor (BJT) amplifiers, that pro-
duce little noise at low temperatures but can still dominate the sensitivity of the circuit — especially when
currents are low and shot noise is small [S0]. In this thesis I will therefore introduce a reflectometry
circuit with a SQUID amplifier that operates at lower noise levels than the BJT. This setup is particularly
interesting in sensing experiments where measurement back action limits the input power to the device
such that the resulting RF current and shot noise are small. In the context of amplifier noise, which is typ-
ically a form of Johnson-Nyquist noise and therefore does not depend on frequency, the noise power Py
is often converted to a noise temperature for better comparison to resistive components with temperature

dependent noise:

M
"~ kpAf

In 27)

where kg is Boltzmann’s constant and Af is the resolution bandwidth of the measurement. The noise
temperature of an amplifier refers to the noise level that it creates at the input rather than the output. This
is convenient since it does not depend on amplifier gain.

To measure the charge sensitivity of a circuit, the charge on the gate of an SET is modulated with an
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amplitude 6Q and a frequency fy around a point that corresponds to a flank of a Coulomb peak. The
resulting modulation in device impedance is translated to an amplitude modulation in the reflected signal.
When this signal is mixed in a spectrum analyzer, the frequency spectrum contains a peak from the input
carrier frequency fc as well as sidebands around the carrier frequency at fc + fy. The charge sensitivity
is then calculated from the signal-to-noise ratio SNR of the sidebands according to [50, 6]:

_ L

2SQ(Af)f().Sl()7SNR/20 (28)

Sq

5

where the SNR is given in dB.

The same concept can be used to determine the sensitivity to conductance or capacitance, if it is possible
to modulate those quantities independently of the other parameters in the circuit. For many devices it is
not trivial to find a real control parameter that can be used to modulate the device capacitance only. In the
presented experiments a variable capacitor is therefore introduced in parallel to the device. This capacitor
can be modulated with a bias voltage to produce the same effect in the circuit as a purely capacitive
change of the device impedance, assuming the dielectric losses in the capacitor are independent of the
bias voltage.

In a measurement of the capacitance-, conductance or charge sensitivity using the sidebands arising from

the modulation of a parameter X, the sensitivity is generally given by [58]:
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where VI?\I corresponds to the RF-voltage amplitude of the incident signal to the resonant circuit. The
sensitivity can therefore be improved if ‘ dl“ ’ is maximized. For example in a series LRC circuit where

capacitance is modulated and the circuit is probed at the resonance angular frequency wy = 1/1/LCq:

dar ZZ() 2Zo(,00QZ
dC 2 p2 Zy\2 Zp\? (30)
G (1)()C R (1+ ) (1 +f0)

with Q7 = 1/(RCgy) being the Q-factor of the circuit [97]. In this case the parameter R would corre-
spond to a frequency independent dissipation due to e.g. line resistance and is likely on the order of Zj —
the model neglects dissipation in the device via e.g. Sisyphus resistance. In case R ~ Z; the expression
simplifies to ‘ ‘ = 0.5LQ7/Cg indicating that the capacitance sensitivity benefits from a high Q-factor.
To obtain the charge sensitivity one needs to multiply the derivative of the gate capacitance with respect
to charge dquG that depends on the physics of the sample and will not be discussed in detail here — for a
more detailed analysis see Ref. [44].

For the RF circuit attached to the source electrode in the simple model of a series LCR circuit at resonance,

the circuit impedance changes via R such that:

27,
‘ 2y 0 31)

TR 1+Z°) "R

In contrast to Eq. the parameter R is the resistance of the quantum device from source to drain and
therefore larger than the resistance quantum — this implies R >> Zy such that the approximation can be

made in Eq. To obtain the charge sensitivity there are again device dependent terms that need to be
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multiplied.

A more elaborate model by Devoret and Schoelkopf includes the device behaviour of an RF SET with
typical parameters and yields the shot noise limited charge sensitivity 2.7ue/+/Hz [82]. The dependence
on the SET and measurement parameters has been calculated by Korotkov and Paalanen [39]] as a function
of the charging energy E. and the resistance from both tunnel barriers Ry. For a device with identical

tunnel barriers at low temperature, zero source-drain voltage and optimal RF-power they find:

Sq o< RYZE;'TV (32)
This proportionality is valid in the Coulomb blockade regime without co-tunnelling such that the tunnel
barriers cannot be too transparent and the corresponding resistance is limited. While a high input power
is beneficial for the signal-to-noise ratio and therefore the sensitivity, it is limited by the backaction of
the RF signal — increased power is not beneficial when the capacitive coupling of the RF signal into the
charge island causes broadening larger than the linewidth of a charge transition.
Until recently, the best reported charge sensitivity in a semiconductor RF-SET of 7.2 e /+/Hz was achieved
in a silicon quantum dot defined by multiple top-gates on a 2DEG [40]. There is also a recent preprint
from 2018 by Ahmed et al. [41] that reports a charge sensitivity of 1.3pe/v/Hz using a superconducting

spiral inductor and gate-based charge sensing.
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4.1.3 SQUID amplifiers

Amplifiers with low noise are crucial for reflectometry because they represent the active component in the
circuit and therefore the dominant noise source next to the device. In sensing experiments with relatively
strong signals there can be sufficiently high noise from the device, such that the noise from a semicon-
ductor amplifier becomes insignificant for the sensitivity. In other applications, e.g. when signals and
currents need to be small due to measurement back action, it is useful to consider lower noise amplifiers.
There are a number of low noise superconducting amplifiers including Josephson parametric ampli-
fiers 98| 99], travelling wave parametric amplifiers [[100] and SQUID amplifiers [1O1]. All of these
amplifiers use superconducting quantum interference devices (SQUIDs) and generate much lower noise
powers than a semiconductor amplifier. However, only the SQUID amplifier has been demonstrated in
the required frequency regime of few 100s of MHz to date [102]].

A DC-SQUID consists of a superconducting ring that is broken at two points by Josephson junctions (JJ).
An ideal JJ can carry a supercurrent up to the critical current /. that depends on the difference in phase
AB between the macroscopic superconducting wavefunctions in the superconductors on each side of the
junction [103}[104]:

Iy =1.sinAB (33)

Any additional current causes dissipation across the junction. A more realistic representation of a real JJ,
that also takes into account AC signals, is therefore given by an ideal JJ, that carries all the current up to
Iy, in parallel to a capacitor and a resistor [105]].

In a SQUID at non-zero magnetic field the maximal supercurrent is not simply 2/; from both JJ, because
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the flux through the SQUID loop @ shifts the phase in the superconductors due to the Aharonov-Bohm
effect [21]. When neglecting self-inductance in a SQUID with ideal JJs, the supercurrent can be approx-

imated around the maximum supercurrent as [105]:

cos (‘Z) ‘ (34)

where @ is the magnetic flux quantum. While the “current-phase relation” can be much more com-

1=2I

plicated in real SQUIDs, the concepts required in this thesis can be discussed in the framework of this
approximation.

RF SQUID amplifiers exploit the current-phase relation to amplify an RF signal. For that purpose, the in-
put signal W is converted to a flux using a coil or stripline resonator. This flux is coupled into the SQUID
and therefore alters the maximum supercurrent according to Eq. The SQUID is current biased with
a current Isqg above the critical current (> 21.), which leads to a voltage drop across the SQUID that
constitutes the output voltage of the amplifier Voyr. In case Isq > 21 there is a constant DC component
in Vour that can be removed with a high pass filter.

The SQUID amplifier used in this thesis has a 20 turn input coil made from superconducting Nb with a
length just below half of the wavelength of the input signal at the specified operation frequency of the
amplifier (200MHz). This superconducting resonator is processed on top of the SQUID and separated
by a 400 nm SiO; layer. While this geometry ensures an inductive coupling M < 1, it also gives rise
to a capacitive coupling from the SQUID to the input coil. Figure [I§|shows a schematic of the SQUID

amplifier with an input coil (green) where the capacitive coupling is indicated by a red dashed capacitor.
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Figure 18: Schematic of the SQUID amplifier with input coil (green) made from a 20 turn Niobium superconduct-
ing resonator that is coupled to the SQUID with coupling M. The SQUID loop with two JJs (denoted by crosses)
is biased with a current Isg and separated from the input coil with a 400 nm silicon oxide layer. The resulting
capacitance from this geometry is indicated by a capacitor (red). An offset flux can be introduced to the SQUID
with a current /g, through a nearby coil (purple) to optimize gain and noise in the amplifier. The RF part of the
voltage Vour, that drops over the SQUID when it is biased with a current above the critical current, constitutes the
amplified RF output voltage of the SQUID.

A current Igp, through a flux bias coil (purple) can be used to induce a flux-offset into the SQUID and
optimize the amplifier performance. The output voltage is given by the flux-voltage transfer function
Vout(®) that follows from the SQUID impedance, Isq and Eq. Given a SQUID impedance that is
mostly resistive Vour roughly follows a cosine function in the approximation of Eq.[34] For the non-ideal
case there can be two slightly different JJs that do not follow Eq. [33] thermal and capacitive effects as
well as self-inductance, such that a simple cosine is not sufficient.

The dominant noise in SQUID amplifiers is related to the resistive transport through the JJs and can be
described as thermal Johnson-Nyquist noise. A coarse estimate of the noise temperature can be made by
assuming that all the noise is produced at the output of the amplifier [[106,[101]]. Since the noise tempera-

ture refers to the noise at the amplifier input, it can be calculated by dividing the constant Johnson-Nyquist
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noise at the output by the gain. In that way the noise temperature is proportional to the inverse of the gain,
which describes the noise as a function of Isq and Ir relatively well in a large fraction of the parameter
space. At high gains of the amplifier, however, currents in the SQUID cause additional noise that does

not result in a noise temperature contribution inversely proportional to the gain [101]].
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4.2 Radio frequency read-out for charge and capacitance

As discussed in Sec.[4.1.2] the signal-to-noise ratio and therefore the sensitivity of an RF-reflectometry
measurement is affected by impedance mismatches in the circuit. If reflections in the lines are avoided
by using standardized 50 Q components, the only impedance mismatch can appear at the tank circuit. In
this section I will present a tank circuit with tunable components, such that the tank circuit impedance
can be tuned through 50 and the sensitivity can be measured as a function of impedance matching.
With optimized impedance matching between tank circuit and lines, the sensitivity is fundamentally lim-
ited by device noise — e.g. shot noise in SET charge sensors. However, this limit cannot be reached if
the amplifiers dominate the noise in the circuit. I will therefore present measurements with a low-noise
amplifier based on a SQUID that can be used to improve the noise level in the RF circuit.

The final section of this chapter covers an experiment where I have combined the single electron transistor

in the silicon nanowire device from Sec. [3.3.1| with RF reflectometry to create an RF charge sensor.

4.2.1 Matching circuit and simulation

Ideally all parts of the reflectometry circuit down to the tank circuit have an impedance of 50Q to avoid
undesired reflections in addition to the reflections from the tank circuit. In this section I will show that
the sensitivity of the circuit can be improved when the tank circuit also has an impedance close to 502,
such that the change in reflected signal due to changes in the sample impedance is maximized following
Eq.[I}] This corresponds to the point of maximal coupling between the input signal and the resonating

tank circuit.
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Figure 19: Circuit in the simulation where Cy; and Cs were varied. The replacement circuit for the inductor
was taken from the manufacturer with R, = 3.15 x 107*Q x /fc [Hz], C.. = 0.082pF and Rc = 25Q. The other
parameters are Cp = 87 pF, L = 223nH, Ry, = 1 GQ and Cy; = 1aF. [S0]

To match the impedance of the tank circuit to 50 its components need to be chosen accordingly. While
the parameters of these components can be calculated precisely in theory, there are some uncertainties
that cannot always be accounted for in a real system. One source of impedance variability is the sample
itself that likely changes impedance drastically depending on parameters like gate-voltages, bias-voltages
and temperature. Additionally the tank circuit is likely to contain stray capacitances from e.g. bond wires
that cannot necessarily be taken into account precisely when designing the experiment. For that reason I
will present a tank circuit with variable capacitors that can be tuned to adjust the tank circuit impedance
and thus compensate for impedance variability.

Figure 21| shows the measurement circuit with a GaAs gate-defined quantum dot device as a test object.
As described in Sec. [2] the sample is mounted on a circuit board (pink rectangle) and measured in the
dilution refrigerator. The reflected signal is measured either directly with a spectrum/vector-network
analyzer or demodulated to produce a DC voltage Vs that is proportional to the amplitude of the reflected
wave and a phase factor. In contrast to the simpler circuit from Fig.[d] the circuit board contains variable

capacitors Cy and Cs (Macom MA46H204-1056) as well as several other mounted capacitors in addition
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Figure 20: Simulations of the reflection coefficient I according to the circuit in Fig.|19|with R = 20Q. Simulations
without matching capacitor (Cyy = 0): a) |T'| as a function of frequency for different values of Cs. b) Smith chart for
I corresponding to the simulation in a). Simulations with Cs = 2.2pF: ¢) Simulated |T'| for varying Cy;. d) Smith
chart from the simulations in c). [50]]

to the inductor and bias voltage connection. The schematic in Fig. 2T]also shows a resistor R that does not
correspond to an individual component in the real circuit, but is used in modelling to represent dissipative
processes and their effect on the impedance of the circuit. The impedance of the tank circuit can be
tuned through the bias voltage across the device Vg, the gate-voltage V;, as well as the capacitances of the
variable capacitors through the DC voltages Vi and Vs (see inset in Fig. 2T)). The reflectometry circuit
is attached to one of the leads of the device and the DC current / can be measured in parallel to the RF
measurement.

Before any measurements were carried-out, the reflection coefficient of the circuit was simulated for
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an input signal from an RF source with 50 impedance and a tank circuit with a highly resistive device
represented by a 1 G resistor in parallel to a negligible capacitance of 1aF (the simulated circuit is shown
in Fig. [19). The simulated circuit also contains a resistor R that does not correspond to a component in
the real circuit and accounts for dissipative processes in the circuitry. Figure [20] shows the results of
the simulations using R = 20Q which was determined by fitting the resonances of the tank circuit in
the experiment (see next section). The simulated reflection coefficient I" is presented in two ways: the
absolute value |I'| as a function of frequency and the full complex representation of I' in a “Smith chart”.
A Smith chart is a representation on the complex plane with a scale that denotes the impedance of the
tank circuit according to Eq. [1| assuming a line impedance Zy = 50Q [97]]. The frequency dependence
cannot be observed in a Smith chart.

Figure shows |I'| as a function of frequency at Cyy = O for 4 different values of Cs. While the
resonances are less pronounced in 3 traces (for Cs = 2.2pF, 0.5pF and 0.1pF), there is a one strong
resonance at 0.14pF. Figure is the corresponding Smith chart showing I" as the frequency is swept
from O to 1 GHz. Perfect matching in this representation corresponds to zero reflection coefficient in the
centre of the Smith chart and is only reached for Cs = 0.14pF (blue) as expected from Fig. 20p. In the
real circuit, however, Cs = 0.14 pF and Cy; = OpF cannot be reached due to a limited tuning range of the
varactors.

Figure shows the simulations of |I'| as a function of frequency at fixed Cs = 2.2 pF while Fig.
shows the corresponding I" in a Smith chart. Here perfect matching is reached at Cyy = 13.5pF, which is
within the tunable range of our circuit and larger than stray capacitances. The simulations therefore show

how the circuit can be tuned into perfect matching using Cy; and Cs even when there are parasitics that
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were not accounted for in the design of the circuit.

4.2.2 Impedance matching in the experiment

At 12 mK the tuning range of the variable capacitors is lower than specified for higher temperatures by
the manufacturer — most likely because less charge carriers are available without thermal activation. To
increase the tunability and demonstrate the behaviour well out of matching as well as in perfect matching,
the dilution refrigerator is heated to 1 K. Nevertheless the attempts to tune the tank circuit impedance
through the capacitance Cy; were unsuccessful with hardly any effect on the matching. On the other
hand, the capacitance Cs of the varactor connected in parallel to the sample can be tuned to adjust the

impedance matching.

Towards

port 2 Matching circuit Sample DC

measurement

Figure 21: Experimental setup: A gate defined quantum dot on the surface of GaAs (electron micrograph right,
with Ohmic contacts denoted by boxes) is coupled to an impedance-matching network formed from an inductor L
(223 nH), variable capacitors Cs and Cy (tuned through the circuit in inset on the left) as well as a fixed capacitor
Cp (87 pF). Parasitic losses in the circuit are parametrized by an effective resistance R, that is used in the simulation.
The matching network is attached to the lines shown in Fig. ] without the SQUID amplifier. A bias-T with a 5kQ
resistor can be used to voltage bias the device with V. [50]

The symbols in Fig. correspond to the amplitude of the measured reflection coefficient |S;| =

A|T| from port 1 to port 2 in the experiment. The factor A accounts for constant attenuation and gain in the
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Figure 22: S, parameter between port 1 and port 2 measured as a function of frequency for different Vs settings.
The data are taken at a temperature of 1 K with Vjy = 0. a) |S»;| data points fitted with a circuit model (lines). b)
Corresponding S, plotted on a Smith chart with perfect matching achieved at Vs = 13.5V. [50]

lines and therefore depends on the used attenuators, other losses as well as the gain of the low temperature
amplifiers. As expected from the simulation in Fig. [20] tuning Cs affects the resonance frequency and the
value of |Sy;| in resonance. The best matching is achieved at a frequency of 211 MHz for the curve that
corresponds to a voltage Vs = 13.5V across the varactor. In the model from the previous section, that was
fitted to the resonances as described in the next paragraph, this resonance frequency can be associated to
a capacitance of Cs = 2.78 pF. Figure 22b shows the corresponding S>; on the complex plane in a Smith
chart with the curve for Vs = 13.5V going through the origin and therefore indicating perfect matching.
The lines Fig. 22 correspond to a fit of the model from the last section to the data points. The good
agreement was found by fitting the unknown circuit parameters R, Cs, Cy; and A in a least square fit. This
process required repeated simulation of the circuit in Fig.[T9] where the ideal inductor was replaced with
a more realistic effective circuit recommended by the manufacturer. The components of the replacement
circuit as well as the other components in Fig. [I9] are modeled according to the specifications from

the respective manufactures as: Cp = 87pF, L = 223nH, Ry = 3.15 X 1074Q x / fc, Rc =25Q and
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CL. = 0.082pF. The sample was pinched off in the experiment such that it had a high resistivity and small
capacitance compared to the rest of the circuit. It was confirmed that a variation of this high sample
resistance does not affect the outcome of the simulation. Similarly a device capacitance that is much
smaller than Cs is irrelevant such that the device parameters in the simulation can be arbitrarily chosen as
Raot = 1GQ and Cyo; = 1 aF without knowing the exact values.

For the resonance in perfect matching at Vs = 13.5V, the fit yields A = —27.6 + 0.3 dB and C\y = 14.5+
0.9pF. While the value for Cy is in good agreement with the expected capacitance at zero bias voltage
across the capacitor from the specifications of the manufacturer, the value for A is much smaller than
expected. The expected value for A due to the attenuators, the directional coupler and the BJT amplifier
without additional losses is —19dB (BJT amplifier +32 dB, input line attenuation -31 dB, directional
coupler -20 dB). The fit therefore indicates a loss of —8.6dB in the lines or, alternatively, a smaller gain
of the BJT amplifier than expected.

To obtain the circuit parameters for different matching conditions A and Cy were held constant and the
resonances were fitted using the parameters Cs and R. The extracted values are shown in Fig. 23| as a
function of Vs. For comparison Fig. 23] also shows the behaviour of Cs at room temperature according to
the data sheet (assuming a parallel parasitic capacitance of 0.7 pF). The figure confirms, that the tunable

range is significantly reduced at low temperatures.

4.2.3 Capacitance sensitivity

As mentioned earlier in Sec. d.1.2] the used device can have a significant impact on the sensitivity in a

sensing experiment. To demonstrate the improved sensitivity due to impedance matching independently
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Figure 23: Fit parameters Cs (red) and R (blue) for the fits in Fig as a function of Vg. The red dashed line
shows Cs at room temperature according to the data sheet assuming a parallel parasitic capacitance of 0.7pF. The
error bars are calculated from the confidence bounds of the fits. [[50]

of the measured device, I will therefore present measurements of the capacitance sensitivity using var-
actor capacitance modulation. Since the varactor is connected in parallel to the device, a modulation of
the varactor capacitance is equivalent to a modulation of the device capacitance but can be done without
changing the device inductance or conductance.

The capacitance sensitivity is measured using a sideband experiment similar to the measurement scheme
for charge sensitivity presented in Sec. Unlike in Sec. however, the sidebands arise from an
AC component to the voltage across the variable capacitor Vg with frequency fy; and root-mean square
amplitude V.

The resulting capacitance modulation amplitude can be determined from the voltage modulation via

8Cs = ‘g% Vm. Since the derivative cannot be measured directly, the calculation of 8Cs requires a mea-

dfo

surement of the derivative of the resonance frequency fy with respect to the varactor voltage s and a
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Figure 24: a) |S,{| as a function of carrier frequency fc and voltage across the variable capacitor Vs. b) Frequency
fo at the minimum of every |Sy;|(fc) trace derived with respect to Vs. The red line is the smoothed data used to

determine |dfo/dVs| in Eq.[36} [50]

local approximation of the resonance frequency as a function of capacitance given by an LC-circuit:

1

o= e JICs )

(35)

While the LC-circuit model is not sufficient for the prediction of the phase and amplitude of S; or the
exact resonance frequency in a large Cs range, comparison with the simulation and measured resonances

confirms that it is a good local approximation for the resonance frequencies. Equation [35] can therefore

be used to estimate the derivative ‘% around a frequency fj and the capacitance variation is:

dfo

dCs

_ |G dCs
| dvs

dfo W
Vi
dfo

avs| ™ 2m2L 3

dfo

8C °Jo
S dvs

dVs (36)

-
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The factor %

is shown in Fig. . To obtain fj and ’;%g

is obtained from a measurement of |S,;| as a function of Vs and carrier frequency fc that

, the resonance frequencies fy are extracted and numerically
derived with respect to Vs. The result is plotted in Fig.[24b as a function of Vs together with the smoothed

curve through the data points that can be used to obtain % for any Vs in the measurement range.

Knowing the relationship of 8V\ and 8Cs it is then possible to obtain the capacitance sensitivity in a
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Figure 25: a) Power spectrum of the reflected signal near perfect matching (Vs = 13.5 V) with variable capacitor
modulation Vj = 2mV s showing the carrier peak and modulation sidebands. The SNR and resolution bandwidth
(Af) are indicated. b) Capacitance sensitivity Sc (left axis) as a function of Vg (bottom) and the corresponding
Cs (top) obtained from the simulation. The filled triangles indicate measured Sc while the empty triangles denote
the corresponding simulated values. The crosses denote the figure of merit ScVy (right axis) for the respective Sc.
All data were measured using Af = 10Hz, Vi = 2mV,p,s and fyy = 1.75kHz. fc was adjusted for best matching
at every Vs. The error bars on the measured Sc data are smaller than the symbols. The error bars for ScVp and
simulated Sc (only marked for the first data point) reflect systematic uncertainty in the power delivered to the
matching network. ¢) Symbols: Measured Sc as a function of fc for Vg = 13.5V (circles) and Vs =9V (triangles).
Curves: Simulated Sc with shaded bands indicating systematic uncertainty in the simulation of the same origin as
in b). [50]
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sideband experiment similar to the charge sensitivity as discussed in Sec. Figure shows the
reflected power as a function of frequency with the sidebands at fc & fi, next to the carrier frequency
peak at fc. Like the charge sensitivity, the capacitance sensitivity Sc can be extracted from the the height

of the sidebands over the noise level (SNR) via [50, [107]:

SC — \}ESCS (Af)*O.SI()fSNR/ZO (37)

where Af is the bandwidth of the measurement.

Figure [25p shows the extracted sensitivity Sc as a function of Vs (dark purple triangles) using a modula-
tion with V)t = 2mV,s and fyy = 1.75kHz while adjusting fc to the best matching point for every Vs.
The input power Py = —29dBm was chosen below the threshold for Coulomb peak broadening in the
device, such that later charge sensing experiments can be done at the same power. The error bars in the
figure are smaller than the symbols and reflect the uncertainty in the calculation of 8Cs from losses in
the modulation signal. The y-axis on top of Fig. [25b shows the capacitance that is associated with the
voltage Vs according to the simulation with the circuit parameters obtained in the previous section. The
best sensitivity Sc = 1.6aF Hz =% is measured for perfect matching at Vs = 13.5V.

The figure also shows the simulated capacitance sensitivity (light purple triangles) for the Cs values that
are associated with the measurement points. The errors in the simulated capacitance sensitivity, shown
only for the first point, reflect uncertainties in the attenuation of the input line due to possible losses.
While the behaviour of Sc as a function of Vg agrees well with the simulation for Cs > 3V, the simulation

deviates from the data at Cs < 3V due to a cable resonance at higher frequencies that lowers the effective
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input power and increases Sc in the experiment.

To confirm that the best matching leads to the best sensitivity, Fig. shows the sensitivity Sc as a
function of carrier frequency fc when the system is fixed at Vg =9V (blue) and Vs = 13.5V (red). The
experimental data is shown as points/triangles and the associated simulations are shown as lines in a
shaded region that corresponds to the errors in the simulation given the uncertainties in the power deliv-
ered to the network. Although simulation and experiment only agree in a certain frequency range, they
both show that the best sensitivity of the circuit can be achieved at perfect matching. The discrepancies as
a function of frequency are due to insufficient detail in the simulation, such as a simple resistor that was
included to account for parasitic losses as opposed to a parasitic capacitance to other parts of the sample
board. A more involved simulation would, however, increase the number of free parameters in the fit and
is not adding to the explanatory power of the model.

In addition to Sc, Fig. shows the quantity ScVy (blue), where V; is the peak-to-peak voltage of the
carrier wave across the sample. This quantity depends on the attenuation in the input lines as well as
the impedances in the tank circuit that can be obtained from the simulation as described earlier. Close to
perfect matching, where the impedance is 50 Q, the RF-voltage across the sample is Vo = 117 £ 54 uV
given an input power to the circuit of Py = —29dBm. Since the sensitivity improves with power as long
as the capacitance is linear with varactor voltage, it is more meaningful to consider ScVjp, especially for

quantum systems where input power is limited by e.g. measurement back-action.

99



4.2.4 Charge sensitivity, bandwidth and device read-out

In the last section I have presented a capacitance sensing experiment, that was used to characterize the
sensitivity of the circuit as a function of the matching condition. To isolate that effect from the quantum
dot behaviour the quantum dot was pinched off in this experiment. In this section I will present measure-
ments with the quantum dot in the Coulomb blockade regime, where the impedance changes as a function
of bias voltage Vg and gate voltage V..

The sensitivity of the circuit to charging of the gate electrode can be determined in a sideband exper-
iment with gate voltage modulation as described in Sec. .1.2] To get a large conductance change in
the sample when modulating the gate voltage, the quantum dot is tuned to the flank of a Coulomb peak
at Vi, = —438.8mV (marked in Fig. 27p). Figure 26 shows the SNR of the sidebands as a function of
carrier frequency fc for Vs =9V (blue) and Vg = 13.5V (red). To maximize the SNR without broadening
the Coulomb peak, the input power has been adjusted at every point to just below the threshold for broad-
ening. In that way the voltage across the device is the same independent of the matching condition. As in
the capacitance sensing experiment, perfect matching is reached at Vg = 13.5V and the SNR is highest at
this point. This suggests that the impedance matching is hardly affected by the device reaching the, still
highly resistive, Coulomb blockade regime. The charge sensitivity Sq is shown in Fig. 26 and reaches
1810 ue Hz =0 at Vs = 9V, while it reaches the best measured sensitivity 1650 pe Hz =% at Vg = 13.5V
with better impedance matching. The best sensitivity in this experiment is still over 200x worse than the
best reported value in a comparable semiconductor quantum dot system 7.2 pe Hz~%3[40]. This is a result

of the unfavourable tunnel barriers in the device, that cannot be tuned to higher transparencies causing
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Figure 26: a) SNR as a function of carrier frequency fc in a frequency trace that includes the perfect matching
point (Vs = 13.5 V, red) and a frequency trace that does not (Vs = 9 V, blue). The used modulation frequency is
fm = 1.1 MHz and the input power was adjusted just below the threshold for Coulomb-peak broadening for every
data point. The error bars reflect the errors related to different input powers in different data sets. b) SNR as
a function of modulation frequency fy measured using the fc marked with arrows in a) and an input power of
Py = —31dBm. The error bars (only shown for the first data point) correspond to the uncertainty in the noise
level of the data. From Lorentzian fits (lines), the 3-dB readout bandwidth can be extracted. c) Charge sensitivity
Sq calculated from the SNR in a). The data in all three subfigures was taken with a measurement bandwidth of
Af = 10 Hz, a modulation amplitude of 0.48 mV s and at a temperature of 1 K. [50]

high resistance and poor sensitivity according to Eq.[32] In Sec. [#.4]I will show that the sensitivity is
significantly improved for a sample with more transparent tunnel barriers.

The bandwidth of this charge sensor can be determined by measuring the SNR as a function of modulation
frequency fu (Fig.[26b). The bandwidth is determined for two different matching conditions at Vs =9V
and Vs = 13.5V as shown in Fig. 26h where the SNR is plotted as a function of carrier frequency. Since

the RF voltage across the device changes with the matching condition, the input power was adjusted for
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Figure 27: a) DC Conductance G through the quantum dot as a function of Vg and V1, measured at 7 = 12 mK.
The white arrow marks the Coulomb peak that was used in the charge sensing experiment. b) Demodulated voltage
Vp measured simultaneously at Vg = 13.5 V and fc = 210.75 MHz. The applied power Py = —40 dBm does not
broaden the Coulomb peaks.[50]

every data point to ensure an optimal SNR according to Eq.[32] To further contrast the behaviour in
perfect matching against poor matching, the bandwidth was determined at different carrier frequencies
that correspond to the best matching for the measurement at Vs = 13.5V (red arrow in Fig. 26p) and a
frequency outside of the best matching for the measurement at Vs = 9V (blue arrow in Fig. 26R). The
bandwidth, measured in Fig.[26p, is defined as the point in fy; where the SNR has fallen by 3 dB (factor
0.5). This point is determined by fitting the data in Fig. 26p with a Lorentzian, which yields a bandwidth
of 34 MHz for Vs = 9V and a bandwidth of 18 MHz for Vs = 13.5V. Note that, while the bandwidth is
larger at Vs = 9V, the sensitivity of the circuit is better at Vg = 13.5 V. This indicates a trade-off between
good sensitivity and large bandwidth.

Finally the quantum dot was measured as a function of gate voltage V. and bias voltage Vg using the de-

modulation circuit. Figure[27p shows the differential conductance G at 12 mK obtained from a numerical
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derivative of the measured DC current. The measurement shows the characteristic Coulomb diamonds
as expected for a quantum dot device. Figure shows the voltage from the demodulated RF-signal
Vb that was measured in parallel to the DC conductance with the optimized matching parameters from
charge sensing Vs = 13.5V and fc = 210.75MHz. The power Py = —40dBm does not broaden the
Coulomb peaks, that are also clearly visible in the reflectometry. Note that the impedance matching
could be slightly different from the previous measurements due to the colder temperature — the previous
measurements were carried out at 1 K for an increased tuning range of the variable capacitor and to test

a larger range of impedances.

4.2.5 Conclusion

In this section I have demonstrated the effect of impedance matching on charge and capacitance sensi-
tivities in RF reflectometry. For this purpose, tunable capacitors were added to the tank circuit such that
parasitic capacitances, bondwires or changing sample impedance can be compensated for and the tank
circuit impedance is tunable to 50 Q.

A circuit model was developed to simulate the effect of tunable capacitances and the unknown parameters
of the real circuit were obtained by fitting the model to the resonances from the experiment. Notably there
is an unaccounted loss of 8.6 dB in the circuit between port 1 and port 2 that is either due to an underper-
forming BJT amplifier or losses in the cables. Further measurements of the lines have confirmed that the
majority of this signal loss (~ 6.8dB) can be attributed to a faulty connector in the lines just before the
BJT amplifier — the connector was replaced for the remaining experiments presented in this thesis.

Next the capacitance sensitivity was measured at different matching conditions with the optimal capac-
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itance sensitivity of 1.6aF Hz % recorded in perfect matching. The figure of merit in the experiment
was identified as the capacitance sensitivity scaled by the voltage across the device, since the capacitance
sensitivity scales with the input power as long as the varactor response is linear with the bias voltage and
becomes meaningless for the evaluation of the circuit performance. The figure of merit is particularly
important to estimate the read-out performance for quantum devices if the input power is limited by mea-
surement back-action such that high input powers cannot be used to improve sensitivities.

Apart from capacitance sensing, I have presented measurements of the charge sensitivity using a GaAs
quantum dot device. The best measured charge sensitivity of 1650 pe Hz = was found at the varactor
bias that also produced the best capacitance sensitivity. In both experiments this corresponds to the best
matching condition in the tuning range of the varactor, which indicates that the increased conductivity
of the quantum dot tuned to the flank of a Coulomb peak does not significantly alter the resonance of
the circuit. There is, however, a trade-off between bandwidth and sensitivity depending on the quality
of the impedance matching — the bandwidth is higher for poorer matching while the sensitivity improves
for better matching. Even in perfect matching, the charge sensitivity is much worse than in other mea-
surements due to the high impedance of the sample (see Eq. [32)). Despite the low charge sensitivity, it is
possible to resolve Coulomb diamonds in RF with a similar contrast to a DC current measurement that
was carried out in parallel.

In this chapter I have demonstrated a method that employs tunable varactors to tackle reduced sensitivi-
ties in RF read-out due to unpredictable impedance mismatches from bondwires or changes in the sample
impedance. Additionally I have shown how the capacitance sensitivity of a reflectometry circuit can be

measured independent from conductance or inductance changes in a device. I will use this method again
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in the next chapter to further optimize a circuit with respect to the read-out of quantum capacitance in

e.g. a singlet-triplet qubit.
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4.3 Capacitance sensing using a SQUID amplifier

In the previous section I have demonstrated how impedance matching can lead to improved sensitivities
in reflectometry circuits. Given a limited input power in perfect matching, the remaining limitation for
the sensitivity is the noise in the circuit. In quantum dots and other SETs, the noise from the device is
typically dominated by shot noise and increases with current. For high signal powers in highly conductive
devices the noise is therefore fundamentally limited by the device, while noise from the RF-amplifiers
dominates for low conductance and signal powers [50} [82]. In this section I will present measurements on
the tank circuit with the GaAs quantum dot from the last section, where the tunnel barriers do not allow
for high currents through the device. Since the system is dominated by noise from the RF-amplifiers I

will introduce a low noise amplifier based on a SQUID to improve sensitivities.

4.3.1 SQUID amplifier optimization

As discussed in Sec. [2.3] the amplifier noise in a reflectometry circuit is dominated by the noise from
the first amplifier given sufficient gain in all parts of the amplifier chain. Consequently, if the input
power is fixed in a circuit with negligible device noise, the signal-to-noise ratio of the reflected signal,
and therefore the sensitivity, is limited by that noise. An improvement in sensitivity due to a low noise
SQUID amplifier therefore requires optimization of the SQUID amplifier gain and noise temperature.

The used SQUID amplifier was described in Sec. f.1.3] and is implemented in the circuit as shown in
Fig. [ The green line ending in port 3 is used to test the amplifier chain independent of the reflection

on the tank circuit and is coupled directly into the RF output line at the base temperature stage of the
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dilution refrigerator. The SQUID amplifier is characterized using a single frequency tone at the optimized
matching frequency of the tank circuit fc = 196 MHz (see next Section) and with a power of -124 dBm
at the SQUID input. While this power is well below the specified maximum input power of -100 dBm, it
turns out to be larger than desirable for the best noise performance.

The gain of the SQUID amplifier was determined by comparing the total gain from port 3 to port 2
between a measurement with the SQUID amplifier in the circuit and a measurement without the SQUID
amplifier in the circuit. The noise temperature at the SQUID input is determined from a measurement of
the output power at port 2 after a single probe tone is applied to port 3. The power vs frequency spectrum
contains a peak at the frequency of the tone with power Pp as well as the noise power after amplification
Py that can be taken from the power level away from the tone frequency. The gain in the RF output line
with SQUID amplifier and BJT can be determined by comparing the power at the SQUID input to Pp. The
noise level at the input of the SQUID can then be calculated from Pg via Py = Pg — Pp — 124dBm and the
noise temperature follows from Eq. All measurements were adjusted for cable and line resonances
that were measured separately, thus avoiding uncertainties that could arise from the sample board or the
uncharacterized SQUID amplifier.

To find the optimal noise temperature and gain, the amplifier was characterized with respect to Isg and
Irr, as shown in Fig. @ The amplifier was switched on with a bias current Isq above the critical current
resulting in a voltage drop across the SQUID. To optimize the performance, the voltage drop was tuned for
optimal sensitivity to the flux oscillations from the input signal 8®. This can be achieved by optimizing
the flux offset @y using Iry, such that the flux-offset tunes the amplifier to a steep point in Vour (P + dP)

— remember that that the gain is proportional to dVout/d®.
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Figure 28: Characterization of the SQUID amplifier as a function of the current bias Isq (black) and the flux coil
bias Igp. (purple) at frequency 196 MHz and SQUID input power —124 dBm. The black markers indicate the chosen
values for the measurements in the remainder of this section Isg = 13.1 uA and Ig, = —5 pA. a) Amplifier power
gain at Jrr. = 0 as a function of Isq. b) Gain as a function of Ir, at Isqg = 13.1 pA. c¢) Noise temperature Ty as
a function of Isq determined from a power vs frequency spectrum at every point in a). d) Noise temperature as a
function of Igr.. The minimal noise temperature 7y, min = 730 =60 mK was measured at Jr;, = —5 tA and this point
was chosen for the measurements in the remainder of this section. The gain at this point is 15.54+0.7 dB, while the
maximum gain at Igp, = —6.5uA is 17.4£0.7 dB (T = 890 £ 45 mK).

Figure@ shows the performance of the SQUID amplifier as a function of the bias current Isq (Fig. |T_gp,c)
and Igp (Fig. @b,d). For low Isq the SQUID junctions are biased below their critical current and the
output voltage is close to zero which leads to a gain below unity (less than 0 dB). As I5q is increased
above the critical current (12.9 A in Fig. [28p), a voltage drops across the SQUID and the gain increases
abruptly. When the amplifier is on, the gain varies with the bias current due to the self-inductance of the
system. This effect can be accounted for with the flux current, such that the gain can be optimized for
all measured bias currents larger than the critical current. As indicated by the black marker in Fig. 28,
a bias current of Isg = 13.1 pA was chosen to minimize heating from the current bias while being above

the critical current.
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Figure shows the power gain of the amplifier at Isg = 13.1 nA as a function of current through
the nearby coil Irr. The gain varies periodically with /gy reflecting the periodicity of the maximum
supercurrent as a function of flux through the SQUID as approximated by Eq.[34] This periodical variation
does not follow the square of a cosine, like it would for the simplified ideal case presented in Sec. {.1.3]
because thermal effects, self-inductance and capacitances cannot be neglected [105]]. The black marker
in Fig. 28p indicates Ir. = —5 1A that was chosen for the remaining measurements with the SQUID
amplifier producing a gain of 15.5 +-0.7 dB. Note that the gain for this value of Ir, is not at its maximum
of 17.4 £0.7 dB, that is reached for Ir;, = —6.5 1A, because the amplifier was tuned for minimum noise
rather than maximum gain. The error in the measurement of the gain is accumulated over multiple
measurements that are needed to determine the losses in lines, cables and the gain of the BJT amplifier.

Figures [28.d show the noise from the SQUID amplifier parameterized by the noise temperature Ty as a
function of bias current and flux current. Figure shows the noise temperature as a function of bias
current at /g, = O uA. Before the amplifier switches on at Isq = 12.9 pA the dominant noise power in the
measurement stems from the low noise BJT amplifier, such that 7y in that regime is not representative
for the noise from the SQUID. For Isq > 12.9 uA the amplifier is on and the noise temperature follows
the inverse of the gain as expected from Sec. [f.1.3] Figure 28d shows the noise temperature at Isq =
13.1 A as a function of Igp. Again the noise temperature follows the inverse of the gain except for
some discrepancies around the points of highest gain/lowest noise temperature. The minimum noise
temperature at Iy, = —5S 1A is Ty = 730 £60mK and was chosen for the remaining measurements to
optimize the sensitivities of the circuit, not maximize gain (black marker in Fig. 28d). The highest gain

of 17.4+£0.7 dB is recorded at Ir;, = —6.5 1A where the noise temperature is 890 £45mK. A shift in
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Figure 29: Noise temperature 7y as a function of input power into port 1 Py (bottom axis) as well as the power on
the SQUID amplifier input Py sq (top axis). The average Ty = 286 mK below Py < —31dBm.

Ir1, between optimal power gain and optimal noise temperature has been observed before by Schmidt
etal. [108]] and linked to current noise from induced currents close to the highest gain.

The minimum noise temperature 7y = 7304+ 60mK is about a factor of 5 better than the noise temperature
from the BJT (3.7 K), but far away from the best reported value of 47 mK for a SQUID amplifier at
519 MHz in a dilution refrigerator with a bath temperature below 100 mK [[109]. It can be reduced by
applying less input power to the SQUID as shown in Fig.[29] In this figure the noise temperature is plotted
against the input power into port 1 in a reflectometry experiment that is discussed in the next section. To
estimate the input power to the SQUID from the input power into port 1, the reflection coefficient and
the attenuation in the input line need to be considered — a rough estimate, using the circuit specifications
and the resonance for the best impedance matching, yields Pinsq = Piv — 96 dB. The average noise
temperature in Fig. [29|for Py < —31 dBm (Pin;sq < —127dBm) is Ty = 286 mK and therefore still larger

than the 47 mK reported in Ref. [109]. Possible reasons for the low input power tolerance and increased

110



noise temperature are poor matching to the impedance of 50 on the input side of the amplifier, radiation

from outside of the dilution refrigerator and/or poor thermalization [101].

4.3.2 Impedance matching and capacitance sensitivity

In this section I will follow the impedance matching procedure that is required to optimize sensitivities as
previously shown in Sec.{.2.2] Although the SQUID amplifier should have an input impedance close to
50Q and therefore not affect the matching condition, the best matching in this experiment is at a different
frequency and varactor voltage. This could be related to the measurement temperature that is reduced
from 1 K to 12 mK and could alter the properties of the surface mount components on the sample board
(e.g. from less free charge carriers in the varactors).

To optimize the impedance matching between the tank circuit and the input network, the varactor is
tuned using Vs. Figure shows the transmission from port 1 to port 2 |S;;| for different settings of
Vs. The lowest reflection coefficient and therefore the best matching is achieved at fc = 196 MHz when
Vs =6.8V.

Figure[30p shows the associated capacitance sensitivity Sc that was determined in a sideband experiment
similar to Sec.[4.2.3] For each value of Vs the frequency was adjusted to the point of minimal reflection
since the sensitivity is optimized at the best matching frequency. As expected, the best sensitivity of
Sc =0.940.2aF Hz % is measured closest to perfect matching at fc = 196MHz and Vs = 6.8V [50].
The sensitivities in Fig.[30b were measured with an input power of Py = —60dBm into port 1 which ap-
proximately corresponds to —156dBm on the SQUID input after attenuation and reflection on the circuit

board. This power should be well below the maximum input power of the SQUID and not cause non-
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Figure 30: a) Transmission between port 1 and port 2 |S>;]| as a function of carrier frequency fc at the varactor
voltages indicated. b) Capacitance sensitivity Sc at modulation frequency fy = 3 kHz, modulation amplitude V1 =
99 UV and input power Py = —60dBm as a function of varactor voltage Vs. The carrier frequency was adjusted
to the best matching point for each value. Inset: Capacitance sensitivity Sc as a function of Vy at fyr = 3kHz,
Py = —60dBm, Vs = 6.8V and fc = 196 MHz.

linearities or increased noise. The sideband experiment was carried out using a modulation amplitude
of Vm = 99 WV s, Where the sidebands were clearly visible and no harmonics could be observed above
the noise level. The frequency of the capacitance modulation was chosen as fyr = 3kHz which is large
enough for good separation from the main carrier peak and well below the cutoff from the filtering of the
lines.

The inset of Fig. [30b shows the sensitivity for the optimized matching parameters as a function of mod-
ulation amplitude Vj;. The sensitivity is worsening for higher amplitudes because power at the sideband

frequencies is lost to harmonics in the spectrum that arise from a non-linear response of the varactor.
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Figure 31: Capacitance sensitivity Sc (left axis, points) and the product of the capacitance sensitivity with the
applied voltage across the varactor VpSc (right axis, crosses) as a function of the input power at port 1 PiN. The
errors in Sc are smaller than the symbols and due to uncertainties in determining the noise level. The errors in VSc
are due to uncertainties from the noise level as well as the measurement of the input lines/cables. For clarity one
single error bar is marked. Other parameters: fyy = 3kHz, Vi = 80 WV, fc = 196 MHz and Vs = 6.8 V.

For further measurements the amplitude is chosen slightly smaller than in Fig.[30p to be Viy = 80 1V s,
which ensures that there is no non-linear effect from the varactor, but still sufficient modulation to clearly
distinguish the sidebands from the noise level in the measurement.

While the low input power yields the full benefit of the reduced noise from the SQUID amplifier, the ca-
pacitance sensitivity can be improved with higher input power due to increased signal strength compared
to the noise. For input powers > —31dBm this benefit can disappear due to increased SQUID amplifier
noise. I will therefore present a measurement as a function of the input power Py into port 1 and study the
capacitance sensitivity as well as the figure of merit ScVy. This measurement is shown in Fig. 31| where
the capacitance sensitivity improves with increasing power until an optimal power of Py = —31dBm. At
this power the sensitivity reaches Sc = 0.07 &0.02aF Hz~%3, which represents an improvement to the
measurement without the SQUID amplifier of x26. The optimized power corresponds to approximately

—127dBm on the SQUID input after attenuation in the input line and reflection on the circuit board. From
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—31dBm to around —18dBm (—127 to —114dBm on the SQUID input) the sensitivity stays relatively
constant before worsening at higher input power. The noise level in this measurement was extracted and
analyzed previously in Fig. 29]

The behaviour of Sc as a function of input power can be explained with the increasing noise in the SQUID
amplifier. The different regions in Fig. [31] could then be associated to the flux through the SQUID with
respect to the flux-voltage transfer function Voyr(®p). The constant region between -31 and -18 dBm
could be interpreted as the regime where the induced flux from the input signal d® is exceeding the linear
range of Vout(Po+ 8P) (compression). This results in additional frequency components in the spectrum,
such that there is less gain at the relevant sideband frequency while the noise increases — an increasing
power is therefore less beneficial. For Py > —18dBm, when the flux exceeds a quarter of the period
of Vout(®y), the flux oscillation is reaching beyond the maxima and minima of Voyr(®g) causing the
amplification to break down and the sensitivity to worsen rapidly (above saturation).

For many applications, including direct read-out of spin-qubits, the measurement back action cannot be
neglected if e.g. quantum states are close enough in energy such that a bias from the RF signal could
cause a transition. As discussed before, it is therefore useful to optimize a circuit with respect to the
figure of merit ScVj — especially since it is not meaningful to optimize Sc when the SNR can be improved
with higher input powers in case there is no power limited amplifier. ScVy is shown in Fig.[3T]on the right
y-axis as a function of input power into port 1. Until —41dBm (or -137 dBm on the SQUID) ScV} is con-
stant before it increases for higher powers. While this behaviour can be attributed to the increasing noise
shown in Fig. @]for input powers Py > —31dBm, ScVj seems to increase already at lower input powers

Py > —41dBm. Given the relatively large fluctuation of the extracted noise temperature in Fig. [29] it is
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possible that the increasing noise temperature between —41 dBm and —31 dBm was not observable.

4.3.3 Estimated read-out time for a spin singlet-triplet qubit

As mentioned previously, reflectometry with a low noise amplifier is beneficial for the read-out of devices
that produce a negligible noise power. If additionally the input power into the reflectometry circuit is lim-
ited by the requirements of the device rather than the input power limitations of the amplifier, it is possible
to achieve highly improved read-out sensitivities with a SQUID amplifier. One example for such a system
is a singlet-triplet spin qubit in a double quantum dot. In this section I will estimate the time it would take
to read out a singlet-triplet qubit in a GaAs double quantum dot measured by Petersson et al. [47] based
on the sensitivities from the experiments presented in Sec. d.2]and 4.3]that are summarized in Table|[I]
This type of qubit is made from two electrons trapped in a double quantum dot. The spins of the electrons
can be aligned such that hybridization is not allowed due to Pauli’s principle and the electrons remain in
two separate electron states (triplet-state) even if there is a finite tunnel coupling. If the spins are antipar-
allel, the Pauli exclusion principle does not apply and the spins hybridize (singlet-state). The distribution
of the wave function over two quantum dots in the singlet-state can thus be locally manipulated resulting
in a quantum capacitance. An applied RF signal can therefore change the charge distribution, which alters
the impedance and therefore the reflected signal in reflectometry compared to a qubit in the triplet state.
In that way reflectometry can be used to read-out the qubit state via its quantum capacitance. Since the
qubit itself is not investigated in this thesis, I want to refer the reader to e.g. Ref. [80] for more details
about singlet-triplet qubits.

The maximum quantum capacitance in the qubit from Petersson et al. is around Cq = 19 fF (assuming
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A =1 and Vy = 0 in Eq.[39), such that one could naively estimate the read-out time using Eq.[37] and

conclude that read-out should be possible with unity SNR in a bandwidth:

VAf=e (38)
Sc

This would convert to a read-out time of T = (Sc/Cq)? which yields 7 ns without the SQUID amplifier
and 14 ps with the SQUID amplifier. This naive calculation does not take into account the behaviour of
the quantum capacitance as a function of detuning between the quantum dot chemical potentials, which

can be derived following Ref. [47]:

(21)°
2 ((XeVo)z + (2:)2)

Co = (eL)? (39)

3/2
Here AeV) is the detuning between the chemical potentials of the two quantum dots from the applied RF
signal, A = 0.3 is the gate coupling, = h x 500MHz is the coupling energy between the two quantum
dots and I have considered the limit kg T < 2t¢.

The naive calculation according to Eq.|38| assumes that the quantum capacitance remains constant over
the entire cycle of the RF oscillation — this is only valid for eV < 2¢. I will therefore estimate the read-out
time for larger amplitudes using the average capacitance over the RF cycle:

Co ! VOC dx 40
Q_2V0/VO Q(x) (40)
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The read-out bandwidth can then be calculated via [58]]:

Co
VAr=3 (@1)

At an input power of —29dBm this yields T = 62 us given the best capacitance sensitivity without the
SQUID amplifier and A = 0.3. Figure [32|shows the read-out time T as a function of input power in the
experiment with the SQUID amplifier. At higher powers the average quantum capacitance is low and the
noise temperature increases such that the SNR drops and the read-out takes longer. At low powers the
average quantum capacitance is high, but the signal level is small such that the SNR is low. A sweet spot
is found at Py = —46dBm where the predicted read-out time is 26ns.

The result of a quantum computation needs to be read-out before the qubit state decays and the infor-
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Figure 32: Predicted read-out time 7T as a function of input power at port 1 Py (bottom axis) and the corresponding
power at the SQUID amplifier input Py sq (top axis).

mation is lost. For a state-of-the-art decay time of 34 ps [110] this means that read-out without a SQUID
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Sc @F Hz 7 99) [ ScVo (10721 CHz 9?) | T (ps)
No SQUID amplifier 1.6 0.2 61
With SQUID amplifier 0.07 0.006 0.026

Table 1: Overview of the capacitance sensitivity Sc, figure of merit ScVp and predicted read-out time 7 for the
measurements with and without the SQUID amplifier.

would require averaging over multiple cycles of the computation, while the read-out with the SQUID

amplifier could be done in a “single-shot”.

4.3.4 Charge sensitivity

In this section I will optimize the charge sensitivity of the reflectometry circuit with the SQUID amplifier
and the GaAs quantum dot. The noise in this circuit is dominated by the amplifier chain such that em-
ploying a SQUID amplifier can improve the sensitivity if the input power limitations of the SQUID are
not exceeded. This is the case since the charging energy of the device limits the input power at port 1 and
the reflected power that reaches the SQUID input is further reduced by good impedance matching. I will
therefore demonstrate the same factor of improvement in charge sensitivity as in capacitance sensitivity
(x26).

The charge sensitivity can be calculated from the SNR of the sidebands that arise when the charge on
the gate is modulated (see Eq. [28)). To calculate the charge modulation one needs to compare the volt-
age modulation 8V, to the distance between Coulomb peaks AVcp that corresponds to the addition of
one electron. The ratio 8V1,/AVp was determined by measuring the Coulomb peaks in DC-current as a
function of V;, and applied modulation voltage (see Fig.[53|in the Appendix). The distance between the

Coulomb peaks can be taken from the current-1, trace at zero modulation amplitude, while the broaden-
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ing at higher modulation voltage is used to determine V1, in units of AVg.

Figure|33|shows the charge sensitivity as a function of gate voltage. The parameters used in this measure-
ment were chosen without optimization to be fc = 197MHz, Vs =7V, PN = —38dBm, f\ = 6kHz and
OVL = 117.8 WV 5. The charge sensitivities were determined considering the different values for dQ cor-
responding to the different distances between Coulomb peaks. In comparison with the DC conductivity,
that is plotted as a function of gate voltage Vi, and bias voltage Vg in Fig.[37h, Fig.[33|confirms that the sen-
sitivity reaches a minimum at the flanks of the Coulomb peaks. The best sensitivity Sq = 295 neHz =93 is
measured at V. = —315.6mV (green marker in Fig. [33)), such that the next optimization steps are carried
out at that gate voltage. Note that the optimal gate voltage after the optimization of the other parame-
ters might be slightly different, because the optimized modulation voltage and RF power might cover a
slightly different parameter space in V1, and V. For example a large RF-power might cause fluctuations in
the quantum dot potential via capacitive coupling to the source that encompasses more non-linear features
of the Coulomb peak, causes additional sidepaks and therefore reduced SNR at the measured sideband
frequency.

Figure @ shows the optimization of Sq with respect to varactor voltage Vs. Since the sensitivity is
best close to perfect matching, as demonstrated in Sec. [#.2] the carrier frequency is adjusted to the best
matching point for every voltage. The best sensitivity of Sq = 182 peHz 7 is found at Vs = 6.1V and
fc = 194.56 MHz (green marker in Fig. [34p). This is slightly different from the ideal matching condi-
tion in the capacitance sensitivity optimization, since the quantum dot is contributing to the tank circuit
impedance differently when it is more conductive.

Figure [34b shows Sq as a function of the input power Py applied to port 1. The input power is lim-
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Figure 33: Charge sensitivity Sq as a function of gate voltage V. at fc = 197MHz, Vs =7V, fy = 6kHz, |, =
117.8 uVys and Py = —38dBm. The chosen gate voltage for further optimization Vi, = —315.6mV is indicated
by the green marker.

ited by the SQUID amplifier such that Sq(Pn) shows similar behaviour to Sc(Pn) shown in Fig.
Small differences could be caused by a changed matching condition due to a more conductive sample,
which causes a slight difference in the powers on the SQUID input as a function of Pn. Additionally
the trade-off between larger input power to the device and increased noise in the SQUID amplifier can
result in a sweet spot at a different Piy. The best charge sensitivity Sq = 93 ueHz %3 was measured at
PNy = —26dBm (green marker in Fig. @b).

Figure [35|shows the optimization of the sensitivity with respect to the modulation amplitude 8V . Simi-
lar to the capacitance sensitivity as a function of the modulation amplitude of the varactor, the sensitivity
worsens for increasing gate modulation amplitude due to non-linearities that lead to additional sidebands
and less power at fc & fy —here the non-linearities are inherent to the flank of the Coulomb peak. The best
sensitivity in Fig. [35/Sq = 80 neHz % is measured at the lowest modulation amplitude Vi, = 12 1V .
At smaller modulation amplitudes other peaks become larger than the sideband at fc £ fu.

Finally, the charge sensitivity is measured again as a function of gate voltage using the optimized parame-
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Figure 34: a) Charge sensitivity Sq as a function of varactor voltage Vs at Vi, = —315.6mV, fiy = 6kHz, 6| =
117.8 Vs and Py = —38dBm. The chosen varactor voltage for further measurements Vg = 6.1V is indicated
with the green marker. The associated carrier frequency is fc = 194.56 MHz. b) Charge sensitivity Sg as a function
of Py at Vi = —315.6mV, fc = 194.56MHz, Vs = 6.1V, fyy = 6kHz and 8V, = 117.8 uVs. The optimal
Pin = —26dBm is indicated with a green marker.

ters and a modulation frequency of fy = 3kHz. The best charge sensitivity improves to Sq = 58 ueHz 02
at Vi, = —315.556mV (shown in Fig.[36h). The frequency trace associated with the best measured sensi-
tivity is shown in Fig. 36b. While the most dominant sideband is at fc + fu there are many other peaks
in the spectrum above the noise level. It is unclear where the other peaks come from but a link to the low
power tolerance of the SQUID is likely — careful filtering and shielding might improve the performance.
In this experiment, the best charge sensitivity is far way from the best reported values in a semiconduc-
tor device Sg = 7.2 weHz %3 [40] (or 1.3 peHz %3 with a superconducting spiral inductor [41]]). I can,
however, report a x26 improved charge sensitivity compared to the measurement without the SQUID
amplifier in agreement with the improvement in capacitance sensitivity [50]. The poor charge sensitiv-
ity can be explained with the theory from Eq. [32]that predicts good sensitivity for high charging energy

and low resistivity: the charging energy in the GaAs sample is comparable to the silicon quantum dot in
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Figure 35: Charge sensitivity Sq as a function of gate modulation amplitude 8V, at Vi, = —315.6mV, fc =
194.56 MHz, Vs = 6.1V, fys = 6kHz and Py = —26dBm. The best sensitivity is Sq = 80 peHz 3.

Ref. [40]], but the resistance on the Coulomb peak is much higher (55kQ in Ref. [40]] to 6.7MQ in the
GaAs quantum dot) [39]]. I therefore conclude that the charge sensitivity in the presented setup is limited
by the device resistance and could be improved with an optimized device.

Finally the GaAs quantum dot was measured in RF-reflectometry as a function of gate voltage V1, and
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Figure 36: a) Charge sensitivity Sq as a function of gate voltage Vi, measured using 8V, = 15.7uVims, fc =
194.56MHz, Vs = 6.1V, fyy = 3kHz and Py = —26dBm. The best sensitivity Sq = 58 peHz % is indicated with
the green marker. b) Power P at port 2 (after additional room temperature amplification) as a function of frequency
in the sideband experiment that leads to the best observed charge sensitivity Sg = 58 weHz 0. Parameters: Vi =
—315.556mV, 8V, = 15.7 Vs, fc = 194.56 MHz, Vs = 6.1V, fiy = 3kHz and Py = —26dBm.
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bias voltage Vg using the optimized charge sensing parameters and the homodyne detection circuit (shown
in Fig. {). For comparison, Fig. [37h shows the differential conductance G calculated from the parallel
DC current measurement (numerical derivative), while Fig.[37p shows the demodulated voltage Vp. Both

measurements clearly show the characteristic Coulomb diamonds.

-0.32 V. (V) -0.3

Figure 37: a) Conductance G as a function of gate voltage Vi, and bias voltage Vg. The black arrow indicates
the Coulomb peak where the charge sensitivity was measured. b) Demodulated voltage Vp from the homodyne
detection as a function of gate voltage V1, and bias voltage V3.

4.3.5 Conclusion

In this section I have presented data from my experiments with a radio frequency SQUID amplifier that

can improve the sensitivity of the RF read-out in case the noise in the circuit is dominated by the ampli-
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fiers and the input power is limited.

The SQUID amplifier was characterized with respect to offset flux and bias current displaying a behaviour
that agrees qualitatively with previous work. The extracted noise temperature of 730 mK is much higher
than expected and related to the high input power. For lower input powers the noise temperature improves
to 286 mK, but is still away from the best reported value of 47 mK [109]. Nevertheless the addition of
the SQUID amplifier leads to a significant improvement compared to the 3.7 K noise temperature from
the BJT amplifier that dominated the noise in the previous measurement.

After the SQUID was optimized for low noise, the impedance matching was carried out similar to
Sec. The optimized capacitance sensitivity Sc = 0.07aFHz "> has improved by a factor of 26
between the experiment with and without the SQUID amplifier. This is a larger improvement than ex-
pected for the difference in noise temperatures, that should contribute a factor of \/m =3.6
according to Ref. [58]]. The additional improvement is related to a reduced insertion loss into the tank
circuit and reduced losses in the tank circuit at colder temperatures. Rewiring the circuit to accommodate
the SQUID amplifier and thereby fixing the broken connector, that caused losses in the previous experi-
ment, is responsible for a large fraction of the improvement.

The performance of the capacitance measurement in terms of ScVj was evaluated with respect to the read-
out time of a singlet-triplet qubit. While the performance in the experiment without the SQUID amplifier
would require a read-out time of 61 us, the experiment with the SQUID suggests a read-out time of 26 ns.
Given a state-of-the-art decay time of 34 us in a singlet-triplet qubit it should therefore be possible to
read-out the qubit state in a single shot with the SQUID amplifier [110].

The best charge sensitivity was found to be Sg = 58 neHz =93 which is not a state-of-the-art value, but

124



corresponds to a factor of 26 improvement with respect to the previous experiment without the SQUID
amplifier. This can be explained with the low transparency tunnel barriers in the device: Since charge
sensing benefits from a big impedance change as a function of electric field, the ideal sensitivity can be
reached at the flanks of the Coulomb peaks. While the optimal Coulomb peak is very conductive with
highly transparent tunnel barriers according to Eq.[32] it also needs to be sharp which means that lifetime
broadening cannot not be too strong. Since transparent tunnel barriers also lead to lifetime broadening,
this results in a trade-off between conductivity and broadening. Ideally the optimal tunnel barrier is found
in a device where the tunnel barriers can be tuned independent from the island potential — this is not pos-
sible in the measured GaAs quantum dot because one gate does not work. The present tunnel barriers do
not allow for a high conductivity such that the GaAs quantum dot cannot be used for charge sensing with
a sensitivity close to the theoretical limit.

In the next section I will present an experiment on the silicon nanowire device from Sec. [3.3.1| where
Coulomb blockade is dominating the transport. The tunnel barriers in that device are more transparent

than in the GaAs quantum dot such that better charge sensitivities should be possible.

125



4.4 Charge sensing with a silicon nanowire single electron transistor

In the previous two sections I have introduced an impedance matching circuit and a low noise SQUID am-
plifier to improve the capacitance and charge sensing performance of an RF reflectometry circuit. While
impedance matching improves the sensitivity of the circuit independently of device and amplifiers, the
SQUID amplifier is only beneficial for low device noise and input power.

In this section I will demonstrate charge sensing using the silicon nanowire from Sec. [3.3.1] (see Fig.
which shows a better sensitivity than the previously used GaAs quantum dot. In this device the transport
is dominated by Coulomb blockade with more transparent tunnel barriers than in the GaAs quantum dot.
Since there is only one gate, however, it is not possible to tune the tunnel barriers independently of the
island potential. The transparency of the barriers can therefore not be tuned to the optimal point where
transparency is maximized without significant lifetime broadening. Nevertheless I will show charge sen-
sitivities close to the best reported values in a top down fabricated device that could be integrated in a

CMOS architecture.

4.4.1 Charge sensitivity

As demonstrated previously in Sec. [4.3.4] the optimal charge sensitivity is achieved when modulation
amplitude, modulation frequency, input power, matching frequency and varactor voltage are optimized.
The optimal sensitivity can only be reached if the tank circuit can be tuned into matching within the
available varactor voltage range. Since the impedance of the tank circuit changes significantly with the

more conductive device, it cannot be matched within the tunable range of the varactor when using the
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same inductor as in the previous experiments. A different inductor with L = 140nH was therefore used
in this experiment and the associated matching frequencies are elevated as a result. This prevents the use
of the SQUID amplifier that does not operate at the new frequency range.

As demonstrated in Fig. , where |S,| is shown as a function of f¢ for different Vs, the tuning range
of the varactor is sufficient to tune the circuit impedance through a point close to perfect matching. In
this measurement the best matching is recorded at Vs = 10.6 V and fc = 330.4 MHz, but the resonance at
Vs = 11.6 V indicates very similar matching. Since the matching needs to be optimized for charge sens-
ing on the flank of a Coulomb peak, but at this point of the optimization it is not clear which Coulomb
peak will produce the best sensitivity, the gate voltage in the measurements from Fig.[38a was chosen at
an arbitrary Coulomb peak flank.

Figure [38pb shows the charge sensitivity Sq obtained in a sideband experiment as a function of varactor
voltage Vs. As this is the first step of the optimization procedure, the other parameters in the sideband
measurement are chosen close to the values from previous experiments. Additionally, since the sensi-
tivity is improving for improved matching, the carrier frequency fc was adjusted to the best matching
for every varactor voltage in Fig. 38b. Note that the gate voltage was changed from Vg = 649.5mV
to Vg = 643.5mV between Fig. [38a and b (neighbouring Coulomb peak flank and a small adjustment
for gate drift). The best charge sensitivity of Sq = 16.4 neHz =% is measured at Vs = 12.6 V using
fc = 333.2MHz. These matching parameters are slightly different from the best matching found in
Fig.[38h. However, the sensitivity in both matching points is very similar given the flat region in Fig. [38p
from Vs =10 V to 13.5 V and a sensitivity measurement at the previous gate voltage also yields a compa-

rable sensitivity of Sg = 17.5 ueHz 0. This suggest that small changes in the matching condition do not
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Figure 38: a) Resonances in |Sy;| as a function of carrier frequency fc for different values of Vs as indicated. The
gate was set to Vg = 649.5mV. b) Charge sensitivity Sq as a function of Vs. For every data point the frequency was
adjusted to best matching. The other measurement parameters are Py = —35dBm, 8Vg =99 1V, fy = 3kHz and
Vo = 643.5mV.

significantly impact the sensitivity and slight changes in conductance between different Coulomb peaks
should not require adjustment of Vs and fc.

The modulation frequency fy was taken from previous measurements since the filtering in the asso-
ciated DC line is the same — there is no need to optimize this parameter again. On the other hand, the

input power Py at port 1 as well as the gate voltage modulation amplitude 8V depend on the measured
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Figure 39: Current Ipc close to zero-bias voltage as a function of gate voltage Vi and applied gate voltage modu-
lation 8Vg.

device and require optimization. Additionally, given the variations in the Coulomb blockade from e.g.
changing tunnel barrier transparency as a function of gate voltage, the sensitivity needs to be optimized
with respect to the measured Coulomb peak.

The gate voltage modulation amplitude should be large enough to produce sidebands that are clearly
distinguishable from the noise in the measurement, but should not reach the non-linear regime of the
Coulomb peak flank to avoid significant additional sidebands — ideally the modulation amplitude is there-
fore much smaller than the width of a Coulomb peak on the gate voltage axis. Figure [39] shows the
current Ipc close to zero bias voltage as a function of Vg and 8V. Note that the broadening of the
Coulomb peaks is not significant at 8Vg = 99 uV which was used in the measurement from Fig. .
Nevertheless a slightly reduced amplitude of 8V = 751V is chosen in the remaining measurements in

this section, since the sidebands remain distinguishable at that modulation amplitude. The broadening of
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Figure 40: Charge sensitivity Sq as a function of input power PNy applied to port 1. Other parameters Vs =
12.6dBm, fc = 333.2MHz, 6Vg = 751V, fm = 3kHz and Vg = 649.5mV.

the Coulomb peaks in this figure was also used to determine 8Q from 8Vj as discussed in Sec.[4.3.4]
After the modulation frequency and amplitude as well as the matching frequency and varactor voltage
were optimized, Sg was measured as a function of the applied power to port 1 Pin. The measurement
is shown in Fig. with the best recorded charge sensitivity Sq = 12 ueHz %3 at an input power of
Py = —26dBm. This corresponds to approximately -109 dBm reflected power from the tank circuit to
a possible additional low temperature amplifier, when assuming the absolute of the reflection coefficient
that can be inferred from Fig. [38]and +32 dBm gain from the BJT amplifier.

Finally, the charge sensitivity was measured as a function of gate voltage with optimized parameters
(Fig. @1p). This measurement can be compared to the DC conductance G and the demodulated volt-
age Vp, that are shown as a function of gate voltage and bias voltage Vg in Fig. BIp,c. The minima
in the charge sensitivity are located at the flanks of the Coulomb peaks and the best charge sensitivity

So=9=%1 ueHz % was measured at Vg = 635.5mV. Note that the demodulated voltage in Fig.
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shows particularly strong contrast between Coulomb blockade and conductive region for the Coulomb
peaks with the best charge sensitivities. While Fig. shows a relatively small gate voltage region
around Vg = 635.5mV, the gate voltage range in the measurement was much larger in order to find the
most suitable Coulomb peak (see Supplementary Information).

The DC measurement in Fig. FIb shows two lines in the DC measurement close to =1 mV in bias volt-
age, that are artefacts from the data acquisition process and not related to the sample behaviour. Apart
from these artefacts, Fig. @Tb shows a significant conductance within the Coulomb diamonds that can be
attributed to co-tunneling processes [[111]]. These processes require multiple tunnelling events to happen
simultaneously, such that the individual probabilities multiply and the processes become very unlikely
for large tunnel barriers with low tunneling probability (low transparency) [111]. The presence of co-
tunnelling is indicative of highly transparent tunnel barriers and might also explain the conductivity in
the diamonds at lower gate voltage from Fig.[I4f. For more details about co-tunneling I want to refer the
reader to Ref. [[111], since those processes are not covered in the theory of Sec.[/| Note also that the as-
sumptions that were made in Ref. [39] to estimate the ideal charge sensitivity do not include co-tunneling

effects.

4.4.2 Conclusion

In this section I have demonstrated charge sensing using the silicon nanowire device from Sec. [3.3.1]
First the charge sensitivity was optimized with respect to varactor voltage, carrier frequency and the input

-0.5

power. The best charge sensitivity Sq = 9+ 1ueHz was recorded on the flank of a Coulomb peak in

a subsequent measurement as a function of gate voltage.
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Figure 41: Data from the measurement of the silicon nanowire from Sec. m a) Charge sensitivity Sq as
a function of gate voltage Vg at Vg = 0. Other measurement parameters: Py = —26dBm, Vg = 12.6dBm,
fc =333.2MHz, 6Vg = 75V and fp = 3kHz. b) Conductance G as a function of Vg and V3 in the same gate-
voltage window as a). ¢) Demodulated voltage in reflectomentry Vp from a measurement in parallel to b). Other
measurement parameters: Py = —30dBm, Vs = 12.6V and fc = 333.2MHz.

To determine whether the charge sensitivity is limited by shot noise or the BJT amplifier, the noise level
after reflection can be extracted from the power next to the sideband in any of the sideband experiments
by subtracting the amplification in the RF output line. The resulting noise power of Py = —178 £ 1dBm

at 30 Hz resolution bandwidth corresponds to a noise temperature of 7y = 3.4 £0.9K in agreement with
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the specified noise temperature of the BJT amplifier (3.7 K). The sensitivity is therefore limited by the
amplifier noise, not the device noise.

Based on the measurements as a function of Py from Fig. 0] I can estimate whether the charge sensitivity
could be improved with the SQUID amplifier assuming it would operate at the increased carrier frequency
in this experiment. Considering the estimated threshold for low noise performance of the SQUID ampli-
fier (-127 dBm), the reflected power at Py = —26dBm would increase the noise temperature to 6.4 K
according to Fig. [29] While this is clearly worse than the noise temperature from the BJT amplifier (3.7

K), there might be a lower input power where the SNR could be improved. This can be calculated by

rewriting Eq. 28}

,‘ ‘,
Sg o< 107 42)

To estimate Px(PiN), I consider the power law regime of the noise temperature as a function of PN for
PN > —31dBm in Fig. An improvement in SNR would then require that Py(PN) o< (PIN)é with
& > 1. Since Ty o Py this corresponds to e.g. one order of magnitude change in 7Ty per 10 dB change in
PN (equivalent to one order of magnitude in Pv). The incline in Fig. @] is much smaller, such that the
sensitivity cannot be improved for lower Py according to Eq. @2} T therefore conclude that employing
the SQUID amplifier would not improve the charge sensitivity at any input power unless the carrier tone
can be cancelled, filtering can improve the input power tolerance of the SQUID or the matching can be
improved. Another way to improve on the measured charge sensitivity could be an optimized device with
tunable tunnel barriers. In such a device it might be possible to find a better trade off between lifetime

broadening/co-tunneling and high conductance.
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5 Outlook

The results on nanowire transport presented in this thesis contribute to the much bigger effort of devel-
oping a generation of transistors that is based on top-down fabricated silicon nanowires. The study of the
important transport length scales, e.g. the mean-free path, allowed me to identify the important scatter-
ing processes and can be beneficial in future device development. Additionally the work in this thesis
stresses the importance of 1D transport, that will have an impact on the device physics of future nanowire
transistors if the diameters reach ~ 10 nm.

The presented work also suggests a pathway to top-down fabricated ballistic silicon transistors at cryo-
genic temperatures. These cryogenic CMOS devices could become crucial for e.g. control electronics in
quantum information processing architectures because they could run with very low heat dissipation and
be integrated similar to state-of-the-art CMOS devices with a very small footprint. Especially the low
temperature measurements on nanowires, that demonstrate transport in the quasi-ballistic limit for the
first time in a top-down fabricated silicon nanowire device, suggest that the ballistic regime with minimal
energy dissipation could be reached for lower doping densities and/or shorter devices. For large quantum
computing architectures this could be a key requirement [20, [19]].

Similar silicon nanowires could also be modified as zero dimensional CMOS devices if tunnel barri-
ers can be engineered reproducibly. One possible application would employ reproducible zero dimen-
sional systems as parallel charge pumps that produce a very accurate current when an AC signal is ap-
plied [112} 113]]. Compared to other charge pumps made from single devices, where the currents are

accurate but small, these multi-device charge pumps could increase the output current significantly. Such

134



a charge pump is highly sought after in the metrology community, where the ampere could be redefined
only using the pump frequency and the electron charge. A scalable silicon architecture with many parallel
devices could solve the remaining problems because the current could be both accurate and large [37]].
The radio-frequency reflectometry experiments presented in this thesis demonstrate charge sensing in a
nanowire device with a state-of-the-art charge sensitivity. While the tunnel barriers in this device were not
introduced in a reproducible way, other work showed how single-electron transistors can be implemented
in similar devices in a more deterministic way using local strain over steps in device height [35]]. If this or
a similar fabrication technique could be developed for the nanowire devices, it would be possible to build
reproducible charge sensing devices that can be integrated in a computing or sensing architecture. Since
RF-SET charge sensors are fundamentally limited by shot noise as opposed to the effects from scattering
in a diffusive channel that dominate in FETs, it should be possible to outperform FET charge sensors
with silicon single electron transistors. In principle, large improvements in charge sensing could also be
achieved if reflectometry is carried out on FETs that have reached the ballistic limit [82] — low temper-
ature ballistic nanowire transistors could therefore also be a candidate for charge sensing with superior
sensitivity compared to regular FETs.

Applications of RF-reflectometry on a charge sensor include the read-out of qubits after spin-to-charge
conversion [49,[114]. To build a quantum information processing architecture from many qubits, it would
be beneficial to avoid a dedicated charge sensor and read out the quantum state directly on the qubit via
quantum capacitance. In this thesis I have, for the first time, demonstrated sufficient sensitivity for single-
shot read-out in this scheme. Crucially the read-out circuit can be attached directly on an already existing

contact to the device, such that the read-out electronics have minimal footprint in the qubit layer and the
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architecture remains scalable.

While this could have great benefits for the scalability of the qubit layer in a quantum processing architec-
ture, the control and read-out electronics in such a system would have to scale with the qubit number as
well. Since it is not realistic to install one refletometry circuit per qubit, the read-out and control of many
qubits would require some form of multiplexing using e.g. a 2D array of transistor switches as proposed
in Ref. [[19} [115]]. Since the qubit and control layer of a large quantum processing architecture will most
likely be located in a dilution refrigerator, there will only be a very tight thermal budget per qubit for
read-out and control electronics. An architecture made from optimized ballistic silicon nanowire transis-
tor switches and the reflectometry read-out circuit could combine the desired sensitive and fast read-out

with minimal footprint and heating.
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Figure 42: Line cut from the EELS measurement in TEM as indicated by the white frame in the inset of Fig.
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1pF variable capacitor

(x4)

10pF variable capacitor

Coilcraft inductor

0402 capacitors (330pF)
x32 this side

Figure 43: Layout of the sample board (topside). The sample is placed in the grey area in the middle and 3 of the
4 parallel RF circuits in the design have been disconnected by scratching the stripline for the experiments.
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4k99 resistor 0402
(x13)

i Values based on
;o simulation/experience

Unused Inductor slot

\ Component Supplier Part Number
PCB board Easy circuits custom design
Nano-D connector Airborne NH-2E2-051-325-THO0
SMP launcher Fairview SC5335
4-pin header TE connectivity 826926-4
100 k€ resistor Susumu RRO510P-104-D
4.99 kQ resistor Susumu RRO0510P-4991-D
300 pF capacitor | TDK cooperation | CGA2B2COG1H331J050BA
0.033 pF capacitor | TDK cooperation | CGA4J2COG1H333J125AD
82 pF capacitor Vishay VJ0402A series
10 pF varactor Macom MA46H204-1056
1 pF varactor Macom MA46H120
Inductors Coilcraft 1206CS series

Table 2: List of components on the sample board.
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Figure 44: Layout of the sample board (backside).
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48 DC lines OUTPUT (plug)

RC filter
C2=empty
R2=5.36 KQ

[ LFCN 5000+ e
(5000 MHz)

LFCN 1450+ €=

Mini-circuits (1450 MH?)

(several stages of A
LC ﬁlters) LFCN 80+
(80 MHz)

Meander
lines

RC filter
C1=330 pF
R1=0Q

48 DC lines INPUT (socket)

Figure 45: RC-filter for DC wires on the mixing chamber stage of the dilution refrigerator.

(PCB board from PCB train)

24 DC lines 24 DC lines

83513/10-D01CN 25P RIGHT ANGLE PCB
NN CBR,

3513/13-DO1CN 258 RIGHT ANGLE PCB
NN CBR,

Sapphire substrate Meandering striplines to ensure
(100mm AI203 sapphire wafer, IDB Technologies Ltd) good thermalization

Figure 46: Sapphire heatsink for the DC wires on the mixing chamber stage of the dilution refrigerator. The shown
box is closed and screwed to the mixing chamber plate for optimal thermal connection. The sapphire wafer is glued
to the box using silver paste.
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Figure 47: a) Entire measurement of the current / as a function of gate voltage Vg from Sec. b),c) Zoom into
two gate regions.
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Figure 48: Conductance G as a function of bias voltage V and gate voltage Vi in the low gate region from device

B in Sec. @
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Figure 49: Conductance G as a function of gate voltage Vg at all measured temperatures from 12 mK to 28 K (blue

is 12 mK, purple is 28 K). Four traces are shown in Fig.[T3] The noise at high temperatures and gate voltages is due
to saturation of the amplifier in the measurement and not the device.
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Figure 50: Conductance G as a function of gate voltage Vi at all measured temperatures from 12 mK to 28 K (blue
is 12 mK, purple is 28 K) after a 2" order polynomial fit was subtracted to isolate the conductance fluctuations.
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Figure 51: Waterfall and transconductance plot analogous to Fig. [16|for device C (doped Si:P 2 x 102 cm™3).
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Figure 52: Capacitance sensitivity Sc in the experiment with the SQUID amplifier from Sec. as a function of
modulation frequency fy1. Other parameters: Py = —60dBm, Vi, = 0.19mV s, Vs = 6.8V and fc = 196 MHz.
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Figure 53: Current through the GaAs quantum dot as a function of gate voltage and applied modulation voltage.
Gate voltage and modulation voltage are given in applied voltage to a resistive bias-T.
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Figure 54: 1/100 divider for the modulation voltage and resistive-T for the application of a DC- and modulation
voltage to the gate in charge sensing experiments. The 195Q resistor after the offset voltage is made from 19

parallel 3.7kQ resistors to carry the current
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Figure 55: Full gate range in the charge sensitivity measurement from Fig. .
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