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Abstract

The experimental study of semiconductors has advanced to the point where
individual atoms can be addressed in measurements and, more importantly,
manipulated. Single atoms are of great interest as they provide charge, orbital,
and spin degrees of freedom, which can be harnessed for emerging quantum
technologies. In this thesis state-of-the-art silicon field-effect transistors have
been used to probe and control single atoms. This approach benefits from the
availability of a highly-developed fabrication platform for silicon nanostructures.
In addition, silicon naturally provides a small density of nuclear spins, producing
little magnetic background disturbance.

The main focus of this thesis is the investigation of single boron atoms in
silicon. The quantum states of holes bound to acceptor atoms are attractive for
quantum information processing because of the presence of spin-orbit coupling.
Under the right conditions, this gives rise to a strong dipole coupling in a two-
level quantum system. Such spin-orbit quantum bits are promising, because of
their fast electrical control by local electrodes and long-distance quantum bit
coupling via cavity modes.

In this thesis single boron atoms have been identified in both electrical
transport and rf gate reflectometry measurements of transistors at cryogenic
temperatures. A comprehensive study of the Zeeman effect on the four-
fold degenerate ground state of an acceptor shows a strong influence of the
local environment. Furthermore, measurements on two coupled acceptors
demonstrate, for the first time, the interaction between heavy holes and light
holes, which is governed by the spin-orbit coupling. Fundamental heavy-light
hole relaxation and heavy-light hole mixing have been observed.

Additionally, the potential of single-atom transistors to be used as efficient
single-electron pumps has been explored in this thesis. Quantized charge pumps
are promising single electron sources, which could produce a new quantum
standard for the Ampere. A single-atom specific model has been developed to
describe the distinctive operation of a silicon single-atom electron pump, as
observed in recent experiments, and to investigate possible improvements of
this pump.

These results demonstrate the distinct dynamical behavior of individual
atoms in silicon and thereby show their prospect to be used in the fields of

quantum information and quantum metrology.
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chapter 1

Introduction

"Nature gives us all, including Prof. Lorentz, surprises. It was very quickly
found that there are many exceptions to the rule of splitting of the lines only
in triplets. The French physicist Cornu was perhaps the first to observe that,
contrary to the elementary theory, in some cases splitting into four lines, a
quadruplet, occurs. In other cases splitting into five, siz or even nine lines can
be observed."

- Pieter Zeeman, 1902, Nobel lecture. The Nobel prize in Physics in 1902
was awarded to Hendrik Antoon Lorentz and Pieter Zeeman in recognition of
the extraordinary service they rendered by their researches into the influence

of magnetism upon radiation phenomena.



Introduction

1.1 Impurity atoms in semiconductors

In the last hundred years individual atoms, building blocks of all matter,
have made a remarkable transition from being merely a physical concept to
become measurable objects, which in the last decennia have become the basis
for potential applications. In solid state physics in particular, the quantum
mechanical properties of atoms are essential to explain the macroscopic behavior
of materials. The characteristics of these materials are set by the nature of
the atoms and their specific arrangement at the atomic scale, such that any
imperfection plays a critical role. This is especially true for semiconductors,
where point defects such as the vacancy of an atomic site or the addition of a
foreign atom, can significantly change their electronic, magnetic and photonic

properties.

The study of imperfections in semiconductor crystals started in the first
half of the 20" century, supported by the new theory of quantum mechanics.

Experiments on photo-luminescence®

could then be explained in terms of
atomic orbital levels of impurity atoms? and electronic band structures of
the host semiconductors.®* Additional experimental techniques, such as x-ray
diffraction, photo-absorption, Raman scattering, and electron paramagnetic
resonance, started to provide a very comprehensive understanding of many
defects in semiconductors.®” The interest in semiconductor defects increased
greatly with the invention of the transistor technology at Bell labs in 1947.
In particular impurity atoms in silicon and germanium became of interest,
both experimentally® and theoretically,” driving the field of semiconductor
technology forward. As a consequence, devices based on semiconductor struc-
tures, such as transistors, lasers, and diodes, have become indispensible to the

modern world.

Research in the 215 century has focused on a new approach to use quantum
mechanical effects in semiconductors for applications in emerging technologies.
The goal of these investigations is to directly manipulate quantum degrees of
freedom, in order to take full advantage of the quantum mechanical properties
of superposition and entanglement. One of the most challenging objectives is to
build a network of quantum bits, or qubits, representing quantum information in
the form of superposition states of quantum two-level systems, and to accurately
control the entanglement between these qubits.!'? These quantum computers
are predicted to outperform classical computers in computational efficiency for
a still increasing number of algorithms.!'! This has stimulated a large global

research effort in identifying quantum two-level systems and characterizing
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Figure 1.1: Single defects in semiconductors. (a) The negatively charged
nitrogen-vacancy centre in diamond can be manipulated with visible light
at room temperature, which makes it promising for quantum computation
and quantum sensing. (b) The phosphorus donor in silicon has very long
lived electron and nuclear spin states, which can be controlled with an AC
magnetic field. (c) The boron acceptor in silicon has a hole spin which is
strongly affected by the spin-orbit interaction, and can therefore be controlled
with an AC electric field.

their properties, which has led to many ground-breaking discoveries in the
last decade.'? Recently this work has been even more encouraged by the
investment of some of the biggest technology companies in the world like Intel,
IBM, Microsoft and Google.'® Next to the pursuit of a quantum computer,
quantum systems are investigated to be used for inherent secure communication
protocols using quantum key distribution, ' to be used as exceptionally precise
quantum sensors ® and to base our measurement standards on fundamental

quantum constants of nature. 16

The quantized properties of individual impurity atoms in semiconductors
form attractive prospects for several of these quantum technologies. Although
many of these systems have been successfully studied, two have gained the
most attention, being single phosphorus (3!P) atoms in silicon and nitrogen-
vacancy (NV) centres in diamond, as shown in Figs. 1.1a and 1.1b. In electron
paramagnetic resonance studies on ensembles of phosphorus atoms in the
late 1950’s, both the electron and nuclear spin relaxation times of 3'P atoms

17719 which led, almost 40 years

in silicon were found to be extremely long,
later, to the proposal of Kane to use these atoms as qubits.?? Likewise, the
photo-luminescence and electron spin resonance properties of NV centres in
diamond have been known since the 1970’s from studies on ensembles of these

defects. 21,22

Studies on individual defect centres in semiconductors started to take place

from the 1980’s, a time at which the dimensions of electrical structures had
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become small enough (< 1 um) to sense the effect of single impurities. The first
identification of the effect of a single impurity was made through the detection
of random telegraph noise coming from the charging and discharging of a single
defect in a silicon transistor.?3 More details of individual impurities, such as the

charging energy and magnetic spin splitting, were uncovered in resonant tun-

neling experiments, first performed on Si donors in GaAs quantum wells, 2426

27,28

and later in silicon transistors. Direct observations of the spatial extend

of defect centres in semiconductors were obtained using scanning tunneling

2931 which resulted in a comprehensive knowledge about

32

microscopy (STM),

their electrical and structural arrangement.>* The first optical identifications

of single defect centres were reported on NV centres in diamond,3? followed by

individual acceptor atoms and pairs of nitrogen atoms in GaAs, 3435

36,37

, nitrogen
and Te impurities in ZnSe, and pairs of nitrogen atoms in GaP.3®

In recent years substantial progress has been made towards realizing quan-
tum technologies using single impurities in semiconductors. Individual phos-
phorus atoms have shown nuclear spin coherence times over 30 seconds, while
having a high enough quantum gate control fidelity to envision quantum error
correction protocols, 3?40 thereby showing their potential use as qubit. Fur-
thermore, placement of phosphorus atoms with atomic precision has been
demonstrated using scanning tunneling lithography.*! Meanwhile, NV centres
in diamond have been used as quantum sensors with ultrasensitive detection

42-45 47,48 and pressure. ¥ NV

of magnetic fields, electric fields, % temperature,
centres have also been used in the study of fundamental quantum physics, by

performing a loop-hole free Bell test. 551

1.2 Addressing single atoms in silicon transistors

The increasing knowledge about defect centres and the improved control
over the concentration of impurities in semiconductors allowed for the first
operational n-p-n transistors in 1951.%2 In the decades to follow, the accuracy
in the doping of silicon substrates, with both n-type donor atoms and p-type
acceptor atoms, drove the exponential miniaturisation of transistor technology
and thereby the exceptional growth of the semiconductor industry. In the last
decade this continuous miniaturisation has reduced the size of the transistors
to the point where the conductive properties are governed by about a hundred

53 as shown in Fig. 1.2a.

dopant atoms,
Around ten years ago, the downscaling of the widely used metal-oxide-

semiconductor field-effect transistor (MOSFET) through advancements in
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Figure 1.2: Random discrete doping in the semiconductor industry. (a) The
average number of dopant atoms in the transistor channels of the different Intel
technology nodes over time. The visible plateau around ~100 dopant atoms
shows the limiting effect of the random discrete doping distribution. Image
adapted from reference.®® (b) Simulation of the electron density in a 35-nm
long transistor channel, illustrating the strong effect of the random placement
of dopants on the transistor profile. Image adapted from reference.?*

lithography techniques, reached fundamental limits. At that time, the small
number of dopants controlling the operation of the transistor, shown in
Figs. 1.2a and b, led to an increasing variability between transistors, due
to the effect of discrete random dopant fluctuations. As a result of this vari-
ability, and to keep all transistors operational, the tight bounds of on- and
off-voltages needed to be alleviated, leading to an undesirable higher power

consumption.

Improved gate control over the channel barrier could cutback the need for
doping control. However, an increase in gate capacitance requires a reduction
of the thickness of the gate-oxide, which also met a fundamental limit set by
the gate leakage through the oxide, due to the quantum tunneling effect. A
solution to these problems was found in the form of high-x dielectric materials,
replacing the silicon dioxide, in combination with metal gates. This increase
in gate control, eliminated for a large part the variability effect of the discrete
random dopant distributions. Further improvements in gate-control were
achieved by wrapping the gate around the transistor channel, leading to new
transistor technologies, such as fin field-effect transistors (FinFETs), tri-gate
transistors, and gate all around (GAA) transistors. The transition away from

doping controlled transistors is visible in Fig. 1.2a as a sharp decline in number
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of dopant atoms used in the 45 nm technology node of Intel.

Although the placement of discrete dopant atoms in sub-100 nm transistors
formed a challenge for the semiconductor industry, it also offers an opportunity
to use these devices to study the behavior of single dopant atoms. The signature
of a single arsenic atom in a silicon transistor was first observed in resonant
tunneling transport spectroscopy in 2006.2” Thereafter, the same measurement
technique was used to study a variety of impurity atoms in silicon transistors,
like boron,?® phosphorus,® and platinum.®® Further studies showed the effect
of a nearby interface on a single atom,®’ the determination of the location of
a single atom,®® and the effect of the single atom on the room temperature

behavior of the transistor.??

1.3 This thesis

In this work the dynamics of single atoms in silicon was studied using state of
the art silicon nanowire transistors. The main focus of this thesis is the study
of individual boron atoms in silicon, see Fig.1.1c. Holes bound to these boron
atoms have a strong spin-orbit coupling, which makes these acceptor atoms
promising candidates to create electrically controllable qubits. The energy and
total angular momentum of the acceptor eigenstates are strongly dependent on
the environment of the atom, such as the electric and magnetic field, strain and
the proximity to an interface. Due to this sensitivity to the surroundings, a large
inhomogeneous broadening is found in most measurements on acceptor atom
ensembles, which has restricted experiments to strictly controlled environments,
such as zero strain and zero electric field. The study of single boron atoms
presented here, opens up the possibility to study the acceptor atom under
different conditions, of which some have been indicated as favorable for spin-
orbit qubits. Experiments on the spin-orbit dynamics of individual boron
atoms are presented in this thesis as follows:

Chapter 2 describes the system of acceptor atoms in silicon. It starts
with an overview of the known physical properties of boron atoms, based
on ensemble measurements in bulk silicon. In the next section a theoretical
framework of a single acceptor atom in silicon is given, which is used in the
following section to describe two coupled acceptor atoms. Finally the potential
of acceptor atoms in silicon to be used as qubits for quantum computing is
discussed.

Chapter 3 outlines the transistor geometries and experimental techniques

used in the measurements presented in this thesis. Two types of silicon
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transistors were used in this work, and their characteristics are described in
the first section of this chapter. This is followed by two sections discussing the
experimental techniques of dc transport spectroscopy and rf gate reflectometry.
The transport measurement technique is presented in terms of resonant hole
tunneling for a single acceptor atom and two coupled acceptors. This is
followed by a discussion of the effect of the hole tunneling on the reflection of
a LC-circuit in the rf gate reflectometry technique.

Chapter 4 presents the study of the electric and magnetic properties of
single boron atoms in silicon transistors. The acceptor atom was identified by
comparing the charging energy and excited state spectrum found in transport
spectroscopy to the known bulk values. The magnetic properties of the fourfold
degenerate ground state of the first hole bound to the acceptor atom were
found by a systematic investigation of the Zeeman effect. This is followed by
the study of the rotation of the magnetic field and the strength of the electric
field on the Zeeman effect.

Chapter 5 describes the measurements on two coupled boron atoms in
a silicon transistor. The identification of both boron atoms and a two-hole
system were demonstrated by rf gate reflectometry measurements of an avoided
crossing in the charging of a single acceptor. A singlet-triplet transition was
identified by the measurement of Pauli spin blockade. This was used to
investigate the heavy-light hole relaxation processes, which are dominant in
this two-hole system, and the mixing between the heavy and light hole states.
Further insights into the origins of the heavy-light hole mixing was given by
the analysis of the two-hole excited state spectrum found in magneto-transport
spectroscopy.

Chapter 6 demonstrates the resulting effects of microwave radiation on
a single acceptor atom and coupled acceptor atoms. The first section shows
the measurement of a coherent excitation of the two-hole system, as described
in chapter 5, from a bonding to an antibonding heavy hole singlet state.
Next, the coherent interference in a Landau-Zener-Stiickelberg configuration,
demonstrated for a single acceptor atom, is presented. Finally, the effect
of photon-assisted tunneling on the transport spectroscopy measurements of
acceptor states is discussed.

Chapter 7 explains the dynamics of single-atom electron pumps. The
possibility to use a single atom, embedded in a silicon double-gate transistor,
to periodically transfer single electrons was theoretically investigated. Analysis
of the effects of the charge dynamics on the accuracy of these devices shows

a strong dependence on the orbital relaxation rates of the atom. The first
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section gives an overview of the important progress in the field of quantum
metrology based on single electron pumps. This is followed by a theoretical
framework developed here to describe an electron pump using the coulomb
potential of a single phosphorus atom to trap electrons. Simulations of the
operation and accuracy of this single-atom electron pump were compared with
recent experimental results and used to investigate the feasibility of such a
charge pump.

A conclusion of this thesis is presented in chapter 8, along with an outlook

of potential further research directions.
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chapter 2

Acceptor atoms in silicon

To support the experiments on the dynamical behavior of single acceptor atoms
in stlicon, this chapter summarizes prior theoretical and experimental studies
of acceptors in silicon. Most of the experimental studies were performed on
ensembles of boron atoms in bulk silicon, but recent studies performed on single
acceptors are also included. Furthermore, a theoretical framework describing
the single acceptor and coupled acceptors in silicon is presented in this chapter.

Finally, the use of acceptor atoms for quantum computation is discussed.

11



Acceptor atoms in silicon

2.1 Shallow acceptors in silicon

Boron doped silicon is the most used p-type semiconductor in the CMOS
technology and therefore boron is by far the most researched acceptor in silicon.
In this chapter the general theory of shallow acceptors is discussed, where all
specific values are given for boron atoms, as these acceptor atoms were used in
the experiments presented in the chapters 4, 5, and 6.

The band structure of silicon, as shown in Fig. 2.1a, has an indirect bandgap
of around 1.1 eV. The top of the valence band is found at the I'-point (|k|=0),
while the bottom of the conduction band is positioned at |k| = 0.85ky towards
the X-point (|k| = ko). Because the conduction band minimum is not located
at the T'-point, a total of six minima, called valleys, are found in the (100) and
equivalent directions. The physics arising from the valley degree of freedom
in silicon has been the topic of many studies as it has a strong impact on the
implementation of a bound electron as a quantum two-level system.% The
spin-orbit interaction is minimal in the conduction band of silicon,'” which is
one of the main reasons for the remarkably long coherence times achieved for
electrons in silicon. Another reason is the relatively low amount of the nuclear
spin carrying isotope 2?Si in natural silicon (around 5%), which are sources of
random magnetic field fluctuations. The isotope purification to 28Si leads to
even longer coherence times for both the electron and nuclear spin.

In contrast to the conduction band, a strong spin-orbit interaction is present
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Figure 2.1: Silicon band diagram. (a) Part of the band structure of silicon,
showing the valence band maximum at the I'-point and the conduction band
minimum at |k| = 0.85k¢. The three bands at the top of the valence band are
the heavy hole band (red), the light hole band (blue) and the split-off hole
band (green). (b) Detailed energy diagram of the top of the valence band,
with atomic levels of a boron atom in the band gap.
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for holes in the valence band of silicon. The valence band state is p-type (1=1),
where the two bands at the top of this band carry a total angular momentum
of j=3/2, with the heavy hole (m; = £3/2) and the light hole (m; = £1/2)
bands degenerate at the I'-point. These bands are separated from the j=1/2
split-off band due to the spin-orbit interaction. In silicon this splitting Ago is
44 meV,%! as shown in Fig. 2.1b.

The single hole states of an acceptor are build from the different valence
bands, and in bulk silicon the degeneracy between heavy and light holes is
preserved in the acceptor ground state, as the spherical symmetric confinement
of the atom does not break the cubic silicon symmetry. The energy transitions
from the acceptor ground state to the higher lying excited states and the valence
band were first investigated by infrared photo-absorption measurements.%2:63
The binding energy of the ground state, which has a fourfold degenerate I'g
symmetry, was found to be 46 meV. The first excited state, 23 meV away from
this ground state, has a twofold degenerate I'; symmetry, coming from the
split-off band. This state was first detected by electronic Raman scattering
experiments.% Although recent experiments have questioned the binding
energy of this state,% the original value was confirmed by a combination of
electronic Raman scattering, acceptor bound-exciton spectroscopy, and infrared
absorption measurements. 66

The calculation of the energy spectrum of acceptors in silicon was first
given by Schechter, 57 following the effective mass approximation introduced by
Kohn and Luttinger for donors in silicon. 8 Furthermore, a complete theoretical
description of the energy spectrum using a spherical approximation of the atom

69,70 and an overview of the measured

71

was given by Baldereschi and Lipari

binding energies of these states is given by Ramdas and Rodriguez.

2.2 Splitting of the acceptor ground state

2.2.1 Zeeman effect

The fourfold degeneracy of the acceptor ground state is lifted by an external
magnetic field. The magnetic field part of the Hamiltonian (Hp) for the
spin-orbit states of holes in semiconductors was first given by Luttinger "? and

formulated for acceptor atoms by Bir et al.: ™

Hi = gipp {JoBo + JyBy + J.B.} + ghun { J3Bo + JiBy, + J2B.}, (21)

where B is the magnetic field and pp is the Bohr magneton, given by efi/2m..

g} and g4 are the linear and cubic part of the Landé g-factor respectively and

13
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the matrices J,, Jy, and J, are given by:

0 V3 0 0
-3 0 2 0
Pt , (22)
210 -2 0 V3
0 0 =3 0
0 vV3 0 0
11v3 0 2 0
Jy == V3 , (2.3)
210 2 0 V3
0 V3 0
30 0 0
1101 0 0
J, == 2.4
210 0 =1 0 (24)
00 0 -3

The Zeeman Hamiltonian can be further extended with a quadratic term in
magnetic field, as discussed by Bhattacharjee and Rodriguez. ™ However, this
term is negligible for boron atoms in silicon™ and therefore omitted here.
Observing the Zeeman splitting without any perturbation due to strain
or electric field, takes a great effort in sample preparation. The first elec-
tron paramagnetic resonance measurements on zero-strain boron doped silicon
samples were performed by Neubrand,®33 followed by acoustic paramag-

82 75

netic resonance®s and dielectric resonance ‘° measurements. Recently electron

paramagnetic resonance measurements have been performed on purified 28Si

Table 2.1: Linear and cubic g-factors for boron in silicon as reported
in several studies based on electron paramagnetic resonance, %7 Raman

scattering,®® photoabsorption,®!' acoustic paramagnetic resonance,®? and
dielectric resonance ™ experiments.
Reference H g g ‘ ratio g5/¢}
Feher et al.,® calculated by Bir et al. ™ 1.21 0.002 0.2%
Cherlow et al.®0 0.84 0.13 15.5%
Shimizu and Tanaka "’ 1.048 | 0.061 5.8%
Merlet et al.®! 1.03 0.04 4%
Neubrand ™® 1.0676 | 0.0317 | 2.97%
Zeile and Lassmann®? 1.067 | 0.037 3.5%
Kopf and Lassmann”° 1.070 | 0.033 3.1%
Stegner et al.™ 1.0728 | 0.0315 2.94%

14
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Figure 2.2: Zeeman effect. (a) Energy dependence of the acceptor ground
state as a function of an external magnetic field applied in the [001] direction,
without external strain or electric field. (b) Anisotropy of the g-factor in the
(110)-plane given by Eq. 2.5, where the splitting between the different states
is divided by Am;upB to find an effective g-factor.

samples, ™ which resolve the effect of the different silicon isotopes on the boron
resonance. The observed resonances in these experiments depend on the angle
between the applied magnetic field and the crystallographic axis. When the
magnetic field is rotated in the (110)-plane, starting from the [001] direction,
reaching the [111] direction at 45° and [110] at 90°, the total Zeeman energy

is given by: 7884

Ez(6) = mjugp|B| {g’l + (;1(1) + {m? - ;1(1)] (1 — bsin’6 + {fsin%))} (2.5)
For all group III acceptors in silicon it is found that g} > g5,™ and for boron
g} and gh are around 1.07 and 0.03 respectively. An overview of values of ¢}
and g5 measured for boron atoms in silicon is given in table 2.1. Using the
values found by Kopf and Lassmann, the Zeeman splitting of the ground state
is shown in Fig. 2.2a. The splitting between the different states as a function
of the angle between the magnetic field and crystallographic axis is expressed

in effective g-factors, shown in Fig. 2.2b.

2.2.2 Effects of strain and electric field

Although the degeneracy of the heavy and light hole states is preserved in an
unstrained silicon crystal, a perturbation of the atomic Coulomb potential by

strain or electric field lifts this degeneracy. The effect of strain is given by the
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Bir-Pikus strain Hamiltonian™ (H.), which is written as:

Iﬂ:dd+U{Cﬁ—20¢m+(ﬁ—ZOQW+QE—ZOQ%

[JrJy] €xy + [Jz ] €z + [JyJZ] Eyz}v

o (2.6)
+ﬁ{
where I is the identity matrix and o, ¥, and d’ are the deformation potential
constants for boron atoms in silicon, whose values have been experimentally
established. "®8% As can be seen from this Hamiltonian, strain will mix the
heavy and light hole states and is expected to lift the degeneracy of these states.
This explains why the presence of a random strain in a bulk silicon sample leads
to an inhomogeneous broadening of the linewidth in resonance experiments. In
the earliest electron paramagnetic resonance measurements the resonance only
became visible when a large homogenous strain was applied to the sample in
order to split the heavy and light hole states thereby diminishing the mixing
between them.”® Zero external-strain resonance measurements became possible
when the defect density in silicon samples decreased enough to suppress the
inhomogeneous broadening, ”® where the measured residual linewidth originated
from the random strains introduced by carbon and oxygen defects.®? Recently
it has been shown that a further reduction of the resonance linewidth can
be achieved by isotopically purifying the silicon to 28Si. "85 The broadening
caused by the different isotopes is explained by the local fluctuations of the
valence band edge at the positions of the isotopes.®6
The effect of an applied electric field, described by Bir et al.,®”, can be
separated in three Hamiltonians. In the diamond cubic crystal structure of
silicon, which has an octahedral Oy = T; x I symmetry, only terms quadratic

in electric field add to the Hamiltonian, given by:

@:dﬁuﬁ{ﬁ@+ﬁ@+ﬁ@—}ﬁ}
05 (2.7)
‘1’% {[Uady| Bz By + [JoJ2| ExE, + [JyJ.| EyE. },

where o/, 3, and ¢ are the coupling constants for these quadratic terms, and
are estimated by Bir et al. using the effective mass approximation.8” The
presence of the acceptor atom breaks the inversion symmetry of the silicon
crystal, which reduces the symmetry close to the atom to tetrahedral T},
thereby adding terms linear in electric field (Hf) and products of electric and

magnetic field (Hgg), given by:

= p—g (B [JyJ:) + By [JoJ2) + B [Jo )} (2.8)
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2.2. Splitting of the acceptor ground state

H/EB = 'Yi {Jz [Esz] + Jy [E.Bg] + J. [Esz]}

+9 { T2 [ByB:] + J; (BB + J2 [E.B,) | + 2’Y§ vExsy, &Y

where V is given by V, = [Jx (Jg — JZQ)} and its cyclic permutations of x, y,
and z. Furthermore, peg is the effective electric dipole moment for the linear
electric field coupling and 1, 72, and 3 are the coupling constants between
the electric and magnetic field, also estimated by Bir, Butikov, and Pikus. "
The linear Stark coupling given by Eq. 2.8 was measured for different acceptors
in silicon by Kopf and Lassmann, giving a value of peg of 0.26 4+ 0.06 Debye
for boron acceptors,” where 1 Debye is equal to 1/(1-1072'¢) Cm with c the

speed of light in vacuum, which is around 0.021 e-nm.

As mentioned before, the linewidths observed in resonance experiments
on ensembles of acceptor atoms in silicon regularly show an inhomogeneous
broadening due to random local perturbations, such as strain, electric field,
and the random distribution of isotopes. This is the reason why in ensemble
measurements the properties of acceptor atoms have only been measured in
the extreme experimental conditions of either a light-heavy hole splitting far
exceeding the Zeeman splitting (Apg > Ez) or in the vicinity of zero light-
heavy hole splitting (A ~ 0). However a condition of small strain or electric
field, such that the light-heavy hole splitting is of the order of the Zeeman
splitting (Arg ~ Ez), has so far been inaccessible as a large inhomogeneous
broadening is expected due to the strong mixing of heavy and light holes in
this regime. Furthermore, the inhomogeneous broadening in the resonance
measurements makes it difficult to detect any spin dynamics of the acceptor

atoms.

Inversely, the study of a single acceptor atom allows to probe its local
environment. Experiments on single acceptors in silicon Shottky barriers, have
shown both the linear Stark effect?® and the effect of local strain.®® Scanning
tunneling spectroscopy experiments have shown the effect on the splitting of
the acceptor ground state created by the perturbation caused by a nearby
interface.®? The experiments presented in this thesis show a detailed study of
the Zeeman splitting of the ground state of a single boron atom (chapter 4)
and the first investigation of the spin dynamics of a single acceptor by the
study of the quantum states of two holes bound to two coupled boron atoms
(chapter 5).

17
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2.3 Coupled acceptor atoms

In this section the description of the single acceptor atom is extended to two
coupled acceptor atoms. In particular, the system of two holes bound to two
boron atoms is discussed, where the case of having each hole located on a
different acceptor is compared with the case where both holes are bound to

the same acceptor atom.

2.3.1 Two holes bound to two acceptors

First, the case of two holes bound to two acceptor atoms is discussed in the
situation where this system is far detuned from the resonance points where
one hole can tunnel to the other acceptor. In this case the two-hole state can
simply be described as a product state of the single particle states. For each
acceptor atom the mixing between the heavy and light hole states and the
splitting between these states (Ary) are defined by the local environment,
which is taken to be different for each acceptor. Although in general the hole
states are mixtures of heavy hole and light hole states, the predominantly
heavy hole states will be referred to with "H" and the predominantly light
hole states will be referred to with "L". The states are written as ¢y, with
energies E' , where n denotes either the first (n = 1) or the second (n = 2)
acceptor and X denotes the predominantly heavy (X = H) or light (X = L)
holes. The light-heavy hole splittings of the acceptors at zero magnetic field

are then defined as:
AN _ gl pl®) (2.10)

The two-hole energy spectrum can be described by the product states of
the two single particles, leading to an energy spectrum of 16 states divided
into 4 fourfold degenerate manifolds at zero magnetic field. If both Ai g >0
and A? ;> 0, the lowest energy manifold, consisting of two heavy holes, is
found at E}Ii + E%{i. The two fourfold manifolds consisting of one heavy
hole and one light hole are Al ,; and A%, higher in energy, while the states
build from two light holes are (A}, + A2 ;) higher in energy. Each fourfold
manifold splits into a singlet and a triplet state when an exchange interaction

is introduced, similar to the case of two-electron systems. For the heavy hole

18



2.3. Coupled acceptor atoms

manifold, this is written as:

Sun = N ([ 4 = [, 1),

Tﬁ = [U?U]’

TZIH_ ] (2.11)
= 7 (I U+ [0,

T;—IFH = [ﬂ?ﬂ]’

where [i, j] represents the spin state i of acceptor 1 and spin state j of acceptor
2, and predominantly heavy holes are represented by a double arrow ({ or 1),

while predominantly light holes are represented by a single arrow (J or 1).

2.3.2 Two holes bound to one acceptor

The two holes are found to be bound to the same acceptor in the coupled
acceptor system when the potential landscape is tilted far enough to one
side. This doubly occupied and positively charged acceptor state (A") has
an exchange energy much larger than the Ay of this acceptor. Due to this
exchange energy, only 6 out of the 16 possible two-hole states can be bound to
a single boron atom in silicon.”” These six states are similar to the states found
for two-holes bound to two closely placed boron atoms®!' and the neutral states
of two holes bound to group II acceptors. "2 Each state is build from a linear
combination of two different spin states, which leads to one possible H H-singlet
state, one possible LL-singlet state and four possible L H-quadruplet states.
These are all separated by the light-heavy hole splitting Ay, which again is

assumed positive:
1
Sung = —
V)

where [ij] now represents the spins i and j of the two holes bound to the single

(] =4, (2.12)

acceptor. The LH-quadruplet states are Ay higher in energy:

Qi = 75 (W= 1),
Qui = % (W] = (1), -
Qtn = 75 (4= 0D,
L= \2 (1] = [110) -
And the LL-singlet state is another Ay higher in energy:
Sue == (11— [41). (2.14)

V2
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Figure 2.3: Coupled acceptor energy versus detuning diagram. On the left
hand side the system of two holes coupled to one acceptor is shown. On the
right hand side the two holes are bound to one acceptor each. The relevant
energy of the tunnel coupling (t), the light-heavy hole splitting (Ary) and
the light-heavy hole exchange (Jrg) are indicated. In the insets the relevant
potential diagrams and the total angular momentum of the two-hole states
is shown, where pure heavy (m; = £3/2) and light (m; = £1/2) hole states
are assumed.

Furthermore, when an exchange interaction, Jpp, between the heavy and
light holes is introduced, the Qr, states splits into a singlet and triplet state.”3
Taking the states given in Egs. 2.11, 2.12, and 2.13 the energy diagram of the
two hole system is schematically drawn in Fig. 2.3. Here the states where each
acceptor has one hole bound to it are referred to as (1,1) (right side of the
figure) and the states where two holes are bound to one acceptor are referred
to as (2,0) (left side of the figure). Only the heavy hole singlet state is drawn
for both the (1,1) and (2,0) state, and a tunnel coupling between the acceptors
leads to a mixing of these states when brought into resonance. Although a
finite mixing is also present between most other (1,1) and (2,0) states, these
transitions require a change of the spin-state. Therefore these anti-crossings
are expected to be smaller than the one shown for the heavy hole singlet state,

and omitted in the schematic drawing in Fig. 2.3.
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2.4. Acceptor atoms for quantum computation

2.4 Acceptor atoms for quantum computation

Recently, a number of single defects in semiconductors have shown to possess
robust quantum two level systems, which have emerged as promising candi-
dates to form a basis for quantum computing. Specifically the spin states of
negatively charged nitrogen-vacancy defect centres (NV ™) in diamond and
neutral phosphorus donors (D) in silicon have been demonstrated to have
characteristics desirable for quantum bits (qubits).

The NV~ centres in diamond are of particular interest as they can be
initialized, manipulated and readout at room temperature using optical tech-
niques, as shown in Fig. 1.1a. Many important steps towards operable qubits
have been demonstrated, such as coherent control and readout of the qubit, %
coherent coupling between two spins,?® and reliable fabrication techniques
using ion implantation. %697

Phosphorus atoms in silicon are very promising for quantum computing
because of their long coherence time, especially when the effect of a random
fluctuating magnetic fields is minimized by purifying the silicon to the zero-spin
28Gi isotope. These donor atoms can be electrically initialized and read-out,
while the spin-state can be manipulated with an oscillating magnetic field,
as shown in Fig. 1.1b. The essential steps of qubit readout,“® coherent qubit

1,39:99,100 “and atomically precise fabrication of devices?! have been

contro
accomplished at the single-donor level.

Acceptor atoms in silicon exhibit a strong spin-orbit interaction between
light and heavy holes, in contrast to the negligible spin-orbit coupling found
for donor bound electrons in silicon.'” This gives the possibility to create
spin-orbit qubits with single acceptors, which can be controlled with oscillating
electric fields, as shown in Fig. 1.1c, while maintaining the beneficial properties

of the silicon material as a host semiconductor.

2.4.1 The spin-orbit qubit

The coupling of spin degrees of freedom to oscillating electric fields has the
potential to boost the prospects of scalability for spin qubits. In particular,

101,102 o} ore

electric field control enables fast, local single-qubit operations,
the oscillating field can be applied using the electrostatic gates already in
place to control the energy of the qubit levels or readout the spin state of the
qubit. This minimizes the number of gates needed to operate a spin qubit,
which is essential for future many-qubit architectures. Furthermore, a strong

interaction with electric fields allows the coupling of spin qubits to photons
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in microwave resonators, which allows for long-range coupling of qubits via

103,104 Coupling of spins to electric fields

circuit quantum electrodynamics.
has recently been realized via spin-orbit coupling in III-V based, gate-defined

electron 92195 and hole!'%® quantum dots.

The intrinsic spin-orbit coupling between the heavy and light hole states
of acceptor atoms in silicon, has given rise to several proposals of acceptor
spin-orbit qubits.?3197199 Each proposal defines a different local environment
of the acceptor atoms as favorable to achieve certain qubit qualities, such as
fast Rabi oscillations through a strong dipole coupling or long relaxation and
coherence times through weak interactions with phonons. These works suggest
that with a precise control over the local environment of the acceptor atom,
the acceptor properties can be drastically changed, producing a particularly

highly tunable quantum two-level system.

In the proposal of Ruskov and Tahan,'%7 a zero-strain acceptor qubit is
proposed, as shown in Fig. 2.4a, where the two lowest energy states are a
heavy hole and a light hole state. It is suggested to manipulate these states
with phonons in a nanomechanical cavity. In the proposals of Salfi et al.,?31%
the complex local environment of the acceptor creates either two light hole
or two heavy hole states as the two lowest energy states. For the light hole
qubit, as shown in Fig.2.4b, rapid manipulations with a rotating electric field

are predicted due to a strong dipole coupling, while the qubit stays insensitive

(@) (b) 4

Energy
Energy

Magnetic field Strain / Electric field Magnetic field ’

Figure 2.4: Acceptor qubit schemes. (a) Zero-strain acceptor levels, as
also shown in Fig. 2.2a, where the lowest heavy and light hole states can
be operated as an electrically driven or phonon driven spin-orbit qubit. (b)
Acceptor levels when strain or electric field splits the heavy and light holes.
In this example the light hole states can be used as an electrically driven
spin-orbit qubit, which is to first order protected from gate noise®® and
interactions with phonons. %7
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2.4. Acceptor atoms for quantum computation

to electrical gate noise in first order. 3

2.4.2 Relaxation and coherence times

The most important parameters to evaluate the potential of a quantum two
level system for quantum computing are the time it takes to manipulate the
system, set by the Rabi frequency, and the coherence time T5 of the system.
An upper bound for the coherence time is given by the relaxation time 73 of
the system, where T3 < 277. For acceptor atoms in silicon 75 is expected to
be close to this upper bound, 2197108 55 the decoherence from other sources
are predicted to act on longer time scales. This includes the decoherence from
gate noise, from the charging and discharging of nearby charge traps (assuming
a trap density below 10°e¢m=3), and from magnetic field noise through the
hyperfine coupling to nuclear spins in the lattice.?® The hyperfine coupling
of holes, expected to be smaller than for electrons due to the p-symmetry
of the atomic orbitals, was confirmed by measurements on quantum dots. 19
Furthermore, silicon can be isotopically purified to ?8Si to drastically reduce
the number of nuclear spins in the lattice.

The relaxation time of the acceptor system depends strongly on the local
environment of the acceptor. In the zero-strain acceptor case, as shown in
Fig. 2.4a, the relaxation time at low temperature for a magnetic field applied

in the [001] direction is given by the phonon spontaneous emission rate: %3107

1 () (1 2
— = 2d”° | =4+ —= 2.15
Ty 20mpht vy * 3vp )7 (2.15)

where Aw is the energy splitting between the lowest two acceptor levels, the

heavy and light hole state, set by the Zeeman energy. p is the mass density, d’
is a deformation potential constant as given in Eq. 2.6, and v; and v; are the
transverse and longitudinal sound velocities in silicon (v; = 9.0 10° cm/s, v;
= 5.3 10° cm/s).1%7 In the case where the heavy hole and light hole manifold
are split, such as shown in Fig. 2.4b, the phonon relaxation rate within the
lower manifold depends on the coupling to the upper manifold, which strongly
depends on the electric field. %107 This rate has an extra quadratic dependence
on the energy splitting,”® which gives T% ~ (hw)®. For the qubit proposed by
Salfi et al.,”? the relaxation time is about 100 times longer than the zero-strain
acceptor relaxation time.

Only few measurements of the coherence and relaxation time of acceptor
atoms in silicon have been reported. A 'no external strain’ EPR measurement

has been reported by Song and Golding, ''! where a T of 2.6 us and a T} of
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7.4 ps were found. Furthermore, an intentionally strained boron doped silicon
sample was probed with a pulsed EPR hole burning experiment by Dirksen
et al.,''? where a maximum 7} of ~ 80 ms was reported. This T} shows
a quadratic dependence on the applied strain, as expected for the splitting
between the light and heavy hole manifolds. Relaxation from the higher orbital
excited states of acceptors around 60 ps have been measured. %5113

The experiments presented in chapter 5 of this thesis show the first re-
laxation measurements on single acceptor atoms and the first magnetic field
dependence of the relaxation rate. The relaxation rate found in this magnetic
field dependent measurement shows a light to heavy hole relaxation rate with
a (hw)?® dependence.

2.5 Conclusion

This chapter has introduced the effect of a magnetic field, electric field and
strain on a single acceptor as well as two-hole states bound to two acceptors.
These descriptions were used to analyse the experiments shown in the following
chapters. From the equations given in this chapter it follows that the specific
local environment of an acceptor atom has a strong effect on the energy levels
and their splitting in magnetic field. This commonly causes inhomogeneous
broadening in resonance measurements on acceptor ensembles. Therefore
measurements on single acceptor are important to the understanding of acceptor
atoms, in particular to gain knowledge about the spin-orbit dynamics between
the heavy and light hole states. Due to the spin-orbit coupling, the states of
acceptor atoms in silicon are predicted to form electrically driven and highly

tunable qubits.
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chapter 3

Experimental background

This chapter provides background information about the experiments and data
analysis presented in the following chapters. In the first section, the geome-
try and room temperature performance of the silicon transistors used in this
work are presented. Then the single hole transport measurement technique
is described, introducing transport through a single acceptor and two coupled
acceptors. Finally, the radio frequency (rf) gate reflectometry measurement
technique is introduced and the recent improvements of this technique are

reviewed.
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Experimental background

3.1 Silicon field-effect transistors

In this thesis several types of silicon transistors were used to study the dy-
namical behavior of single atoms. The main force behind the growth of the
semiconductor industry over several decades has been the miniaturization of
planar metal-oxide-semiconductor field-effect transistors (MOSFETs). These
devices consist of different layers making up the semiconductor channel, a thin
dielectric layer of oxide, and a metal gate layer on top. The downscaling of the
planar MOSFETSs became more challenging when the size of the transistors
reached ~ 1 pm, where so-called short channel effects (SCE) start to influence
the transistor performance.''* The introduction of high- dielectric materials
to replace the native silicon dioxide and multiple gate field effect transistors
(MuGFETs) allowed for an improved gate control, which enabled the further
miniaturization of the transistor. The transistors used in the experiments
presented here make use of the high-x dielectrics and multiple-gate layout.
Several types of MuGFETs have recently been developed, which rely on in-
cluding more than one gate-surface facing the silicon channel. These multiple
gate surfaces are often contacted by a single electrode, wrapped around the
silicon channel resulting in surfaces on three sides of the channel (see Fig. 3.1).
Fin field-effect transistors (FinFETs) and tri-gate transistors, the transistor
types used in this work, are examples of these type of MuGFETs, which are
discussed in detail in the following sections. Alternatively, multiple gates can
also be attached to different electrodes to get a more dynamical gate control
over the channel. This type of MuGFET was used in the experiment presented
in chapter 7, where a double gate FinFET is used to accurately control the

movement of electrons in the transistor.

3.1.1 FinFET

To realize this work on single acceptor atoms, two types of transistors were
used, which have similar design features with a gate nanowire wrapped around
a silicon channel. The first type, which is referred to as FInFET in the thesis,
has a fin-type channel, i.e. a greater height than width. These FinFETs were
fabricated on a complementary metal-oxide semiconductor (CMOS) platform,
using silicon on insulator (SOI) wafers, at the Interuniversity Microelectronics
Center (IMEC) in Leuven, Belgium. The scanning electron microscope image
of a typical FinFET, shown in Fig. 3.1a, illustrates the layout of the device,
consisting of a silicon nanowire between a source and drain region around

which a gate nanowire is wrapped. The gate stack consists of 5 nm TiN and
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3.1. Silicon field-effect transistors

(b)

Figure 3.1: FinFET structure. (a) False color scale scanning electron
microscope image of a FinFET, showing the silicon channel nanowire between
source and drain, with a gate nanowire wrapped around it. This SEM image
has been provided by IMEC. (b) Schematic representation of the FinFET,
showing the notation used for the dimensions of the channel.

100 nm poly-silicon. An oxide layer of 1 nm SiO5 and 2.3 nm HfSiO separates
the gate from the silicon channel. On both sides of the gate 35 nm wide nitride
spacers are fabricated, before doping the source and drain regions with a large
concentration of boron atoms. The channel of the FinFET is undoped, but
a few dopant atoms can diffuse into the channel.''® The dimensions of the
channel are given by the height and width of the fin, Hy;, and Wy¢;,, and
the length of the gate, Lgqte, as shown in Fig. 3.1b. The fin height of these
FinFETs is 40 nm, while the fin width and gate length vary from device to

device. More details about the fabrication can be found elsewhere. 116

3.1.2 'Tri-gate transistor

The second type of transistor used in the experiments is referred to as tri-gate
transistor. Although the geometry also consists of a gate wrapped around
a silicon channel, these transistors have a channel with a width larger than
the height, making tri-gate a more fitting name. They are fabricated by the
Laboratoire d’électronique et de technologie de l'information (Leti) in Grenoble,
France, on a CMOS platform using 300 mm SOI wafers. The transistors used
for this work have a channel height of 11 nm and a background doping of
boron in the channel with a concentration of 5 x 1017 cm™3. A gate stack of 5
nm TiN and 50 nm poly-silicon is placed on top of the oxide layer consisting of
0.8 nm SiO2 and 1.9 nm HfSiO, as is shown in Fig. 3.2a. On both sides of the
gate 25 nm wide SiN spacers are fabricated. The substrate of the SOI wafer,
which is separated from the channel by 145 nm of buried oxide, can be used

as an extra gate, called back gate in the experiments. Due to a relatively low

29



Experimental background

(a) 10nm  (b)500———————— 10°
400 o 10
z z
— 300 101 =
c Gate leakage —> c
o o
3 200 10° 3
100 10°
SD Current 7>
<+ SD Current
0 e 107
-1.0 0 V. 037V 1.0

Th

Gate voltage [V]

Figure 3.2: Tri-gate transistor. (a) Cut through the centre of the transistor,
showing the measurements for a 12 nm long gate transistor. This TEM image
has been provided by Leti. (b) Behavior of a typical tri-gate transistor with
a gate length of 14 nm, channel width of 42 nm, and channel height of 11
nm, showing the source-drain current as a function of gate voltage on a linear
and logarithmic scale, while also the gate leakage is shown on the logarithmic
scale. A gate threshold voltage of 0.37 V and a subthreshold slope of 86
mV /dec were extracted.

boron doping concentration in the substrate of 5 x 10 em™3, above-bandgap
light was needed to induce charge carriers in the substrate in order to use it as
a back gate at temperatures below 4.2 K.

Preliminary to the measurements at liquid helium temperatures shown in
chapters 4 to 6, these transistors were characterized at room temperature. For
these measurements a Cascade Microtech probing system was used and about
50 transistors with varying geometries were tested. These transistors were
taken from the same wafer as the transistors used in chapters 5 and 6. The
measurement of the transistor with a 42 nm wide and 14 nm long channel,
shown in Fig. 3.2b, represents a typical room temperature performance. The
measured source-drain current is shown as a function of gate voltage at a
source voltage of 5 mV, both on a linear and on a logarithmic scale. The
threshold voltage Vryp, is defined as the zero-current crossing point of a linear
fit to the linear part of the transistor current curve. The exponential decrease
in current below the threshold voltage is visible on the logarithmic scale, and
the reciprocal value of the slope of this decay is referred to as subthreshold
swing. Additionally, the leakage current from the gate is measured and shown
on the same logarithmic scale.

An overview of the characteristics of the probed set of transistors, with
gate lengths and channel widths ranging from 10 nm to 10 ym and a fixed
channel height of 11 nm, is shown in Figs. 3.3 and 3.4. The short channel
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Figure 3.3: Threshold voltage and subthreshold slope. (a) The threshold
voltage for a set of tri-gate transistors with different gate lengths, shown on the
x-axis, and channel width, shown with different colors. (b) The subthreshold

slope for the same set of transistors.

effect on the transistor behavior is found in the dependence of the threshold
voltage and subthreshold swing on the gate length, as shown in Fig. 3.3. The
threshold voltage, shown in Fig. 3.3a, is lower for transistors with a short gate
length, which indicates that the threshold is not exclusively set by the work
function of the gate. This reduced gate control is especially visible for the
wide channel transistors. In contrast the tri-gate structure ensures a good

gate-control for narrow channel transistors even when scaled down to lengths
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Figure 3.4: Source-drain current and gate leakage. (a) The source-drain
current at 1 V gate voltage and 5 mV source-drain voltage for a set of tri-gate
transistors with different gate lengths and channel widths, shown as a function
of the cross section of the channel, A¢gp, divided by the gate length. The
dashed line shows the resistivity of the open channel. (b) The gate leakage
for the same set of transistors as a function of the total gate surface. A fit of
the data reveals a gate leakage of 5 x 103 A/m?, shown by a dashed line.
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around 20 nm. The subthreshold swing, shown in Fig. 3.3b, has a similar
dependence on gate length as the threshold voltage, as it is directly dependent
on the gate control. The minimum subthreshold swing is bound by the thermal
energy (Ss—¢, > In(10)kpT/e), which is about 60 mV /dec at 300 K. This lower
bound of the subthreshold swing is reached for the longer transistors and down
to the shortest gate lengths for the narrow channel transistors.

In Fig. 3.4a the source-drain current at a gate voltage of 1 V and a source-
drain voltage of 5 mV is shown as a function of the cross section of the channel,
divided by the gate length. The transistors with longer gates, which have
reached the saturation region at 1 V, have a linear current behavior, indicating
a resistivity of the open channel of 3 x 1073 Qcm. The transistors with smaller
gate lengths do not have a completely open channel at a gate voltage of 1 V,
instead a rise in the source-drain current is still visible at this gate voltage, see
for example Fig. 3.2b. Fig. 3.4b shows the gate leakage as a function of the
total gate surface surrounding the transistor. A clear linear behavior reveals a
constant gate leakage of 5 x 10® A/m?, and indicates the homogenous quality

of the high-x dielectric layer.

3.1.3 Differences between FinFETs and tri-gate transistors

Some differences between the fabrication schemes of the FinFETs and tri-gate
transistors are reflected in the measurements. The undoped channel of the
FinFET, compared to the boron doped channel of the tri-gate transistor, gives a
smaller chance to measure a single boron atom and a minimal chance of finding
a pair of atoms. Furthermore, only the substrate of the SOI wafer of the tri-gate
transistors could be used as a back gate. Certain measurements presented
in this thesis require the use of a back gate, making the tri-gate transistor
the only choice for these measurements. Other effects in the single boron
measurements, such as different tunnel couplings, heavy-light hole splittings,
and spin-selective tunneling, are found to be sample specific. The number of
measurements performed for this thesis are not sufficient to conclude if there
is any general difference in these measurement characteristics between the

FinFETs and tri-gate transistors.

3.2 Transport measurements

The primary measurement technique to identify single acceptor atoms is

measuring the electronic transport through a transistor at or below liquid
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helium temperature of 4.2 K. This section presents the standard transport
experiments carried out for this thesis to resolve the electrical properties of

single acceptors.

3.2.1 Single hole transport

In transistors with gate lengths below ~100 nm hole transport via individual
impurity atoms located in the channel can occur and can be detected at
liquid helium temperatures. Because the electronic states of these atoms
are located in the band gap of silicon, the transport of the first electrons or
holes in the transistors can often be ascribed to transport via these impurity

27,57,59,117 This

atoms. is generally followed by transport through multiple

quantum dots, created either due to the roughness of the Si/SiO interface, !
or in the corners of the transistor channel between the barriers induced by the
spacers. 19

The classical effect of Coulomb repulsion results in a charging energy (E¢)
needed to charge a localized site with an additional charged particle, like a hole.
Charged particles that reside closer together due to a stronger confinement
potential, experience a larger charging energy. The Coulomb potential of a
shallow acceptor atom strongly confines a hole in all directions, leading to
a large charging energy. For a boron atom, Fc = 44 meV in bulk silicon,
and represents the difference in the binding energy of the first and second
hole. 1120 However, perturbations to the confinement potential due to for
instance a nearby interface or local electric field, can strongly influence the
charging energy.®"12! In general, the total energy needed to add a hole to a
localized site, the addition energy, consists of the charging energy and the level
spacing between the energy level of the added hole and highest occupied energy
level, A. However, for shallow acceptors only two holes can be bound to the
atom, which will fill the same energy level with opposite spin and therefore
the level spacing is not observable in a measurement of the addition energy of
the atom.

The effects of the Coulomb repulsion on transport measurements are well
understood. 1?2 Here the hole transport via an individual impurity atom in a
transistor is described for the low temperature limit, kT < E¢, and the weak
coupling regime, hI' < F¢, A, where the tunnel coupling to the source and
drain does not exceed the relevant energy scales of the atom. This regime is the
most relevant for single acceptor atoms in transistors due to their large charging

energy and level spacings in the order of several tens of meVs, compared to
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Figure 3.5: Single hole transport. (a) Schematic presentation of the sequen-
tial hole tunneling process via the first hole ground state E%,_; (black) and
excited state EX_; (red). Note that hole transport via the excited state can
either follow a relaxation path to the ground state before tunneling out of
the atom or tunnel directly from the excited state, depending on the ratio of
the tunnel and relaxation rates. (b) Typical source-drain current (blue) and
trans conductance dlgp/dV¢ (red) as a function of gate voltage, when single
hole tunneling is possible through both the ground state and an excited state.
In this example the ground state shows a thermal line broadening, while the
excited state has a lifetime broadened line shape.

tunnel rates which are typically ranging from a few tens of MHz to a few tens of
GHz for detectable atoms.>? If the phase information of the hole is lost while
traversing the transistor, because of a weak tunnel coupling compared to the
phase coherence time, the hole transport can be described by a sequential hole
tunneling process, as schematically shown in Fig. 3.5. This is the transport
behavior observed in most of the experiments presented in this thesis.

In the case where only a single energy level of the atom contributes to the
transport, i.e. when the source-drain bias voltage is smaller than the level
spacing (eVgp < A), and assuming sequential tunneling, the occupation of

this atomic level (Pp) is described by the following master equation:

dPy/dt = Y Tin 1 =P] — > Tou [P, (3.1)

where the density of states is included in the tunnel-in rates (I';;,) and tunnel-
out rates (I'syz). The filling of the source and drain reservoirs at the energy
of the atomic level determine if holes can tunnel in or out of the atom. The
distribution of holes in the reservoirs can be described using the Fermi-Dirac
distribution:

1
FulB) = 1= Ju(B) = 1 - <, (32)

where Er is the Fermi energy. At a low temperature, this results in a sharp

transition from occupied states to unoccupied states, where an occupied hole
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state is needed to tunnel in, and an unoccupied state is needed to tunnel out.
Using Eq. 3.1 it can easily be observed that if the energy level is below the
Fermi energy of both the source and drain, when the tunnel-in rate is zero, the
energy level will be empty in the steady-state solution (dPy/dt = 0). Similarly,
if the energy level is above the Fermi energy of both the source and drain when
the tunnel-out rate is zero, the energy level will be occupied in the steady state
solution. In both situations there is no hole transport possible through the
transistor, where the current is described by 'yt Py. Only when the energy
of the atomic level falls between the Fermi energy of the source and drain
reservoir, hole transport is possible. The difference between the Fermi levels of
the source and drain is set by the source-drain bias voltage as eVgp, as shown
in Fig. 3.5a, called the bias window. If the atomic level is far from the Fermi
energy of either lead and inside the bias window the maximum steady state

current is found by solving dPy/dt = 0 in Eq. 3.1:

111'71]-101115

_— 3.3
eFin + Pout ( )

Imax -

Both the heavy-light hole degeneracy and the spin degeneracy are of
importance for acceptor atoms, and are taken into account in the tunnel rates.
Any tunnel-in rate is multiplied by the degeneracy of the energy level, to
account for the possibility to tunnel to multiple quantum states, whereas
any tunnel-out rate is not altered as the hole comes from a single quantum
state. As a result of the degeneracy of the atom energy levels and the often
observed asymmetry of tunnel barriers, different current maximum are found
for the different polarities of the bias voltage. In the limit of a strong barrier
asymmetry, Isource <€ Tdrain OF I'source => Udrain, the degeneracy can be found
as the ratio of I, found at positive and negative bias voltages.

Furthermore, the density of states of the atomic level has an effect on the
measured current. The density of states of the atomic level originates from the
tunnel coupling to the source and drain, given by the time-energy uncertainty

relation, resulting in a Lorentzian lineshape:

1 T

(3.4)

where Fy is the energy of the atomic level. The lineshape of the steps in
current and peaks in differential conductance (dI/dVgp) and trans conductance
(dI/dVg) is given by the combination of the Fermi-Dirac distribution in the
reservoirs and the Lorentzian broadening of the atomic level. In Fig. 3.5b
the thermally broadened limit, kg1 > hlI, is illustrated as a Fermi-Dirac
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broadening of the EY,_; resonance and the lifetime broadened limit, hI' > kpT,
is illustrated as a Lorentzian broadening of the E3},_; resonance.

When multiple energy levels of an atom lie within the bias window, addi-
tional transport paths for the hole to traverse the transistor are available. In
the case of two energy levels, three first order transport processes are possible,
which are illustrated in Fig. 3.5a: i) the hole tunnels in and out via the ground
state of the atom, ii) the hole tunnels in and out via the excited state of the
atom, and iii) the hole tunnels in via the excited state, relaxes to the ground
state and tunnels out from the ground state. This can be described by the

master equations for the ground state (FP) and excited state (Py):

dPO/dt: ngn [17P07P1] - ngut [PO] + Lrel [Pl]’ (35)

dPijdt = > Tj, [1—=Py—P] — > Ty [Pl — Dy [P1]. (3.6)

The maximum current through the transistor can again be established by
finding the steady state solution to these differential equations, and is strongly
dependent on whether a tunnel rate or the relaxation rate is dominant. In
the limit of a fast relaxation rate (I',¢; > T'), the extra energy level merely

increases the tunnel-in rate:

e (F?n + Fz'ln)rgut ) (37)
Lo + i + 1

out

Imax -

This typically applies to the case of a large level spacing, like for the atomic
orbital energy levels. In transistors with asymmetric barriers, this only leads
to a significant increase in current if I';, < I'py. For this reason, in such
transistors the addition of excited states in the bias window is usually only

detectable in one of the transport directions.

3.2.2 Signatures of a single acceptor

The single atom in the transistor can be modelled in the simple electrostatic
picture shown in Fig. 3.6a. The potential on the atom is controlled by the
voltages on the top and back gate as well as the voltages on the source and
drain. By changing any of these voltages, the energy levels of the atom can be
moved in and out of the bias window. The ratio by which the potential on the
atom changes by adjusting one of the electrodes potentials, follows from the

capacitive model:

AViom = AV = iV, (3.8)
tot
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where i represents any of the electrodes and Ciot = Cs + Cp + Crg + Cge.
The factor « is called the lever arm.

The signatures of an individual acceptor atom are visible in a map of the
current measured between the drain and ground as a function of the voltages
applied to the gate and source, as illustrated in Fig.3.6b. The charging energy,
which separates the energies where the first and second hole can be bound
to the acceptor, defines the Coulomb blockade regions of zero current in this
transport diagram, which are called Coulomb diamonds. In each successive
diamond an extra hole is trapped on the atom. The height of the first diamond
indicates the source-drain voltage where the energy levels of the first and
second hole are found on each side of the bias window and the current can
not be blocked anymore by moving the potential of the atom. This voltage
directly relates to the charging energy, which is given by:
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The width of the diamond scales with the height of the diamond, with a

proportionality of arg. A measurement of a charging energy above ~25 meV

Ec (3.9)

is a strong indication of hole transport via an atom in the transistor, since
quantum dots formed in the channel have typical charging energies ranging
from 5 to 20 meV.

The exact shape of the diamond depends at which voltages the atomic
levels enter and exit the bias window. In the capacitive model presented here
the drain electrode is grounded, therefore the size of the bias window is solely
dependent on Vg. The potential of the atom changes both by adjusting the
top gate voltage and the source voltage, which leads to the specific slopes of
the diamonds. Here the positive slope represents the tunneling from and to
the source reservoir given by Crg/(Ciot — Cs). The negative slope represents
the tunneling from and to the grounded drain reservoir given by Crg/Cs. The
measurement of the relative capacitive coupling of the atom to the different
electrodes gives an idea of the location of the atom within the channel of the
transistor.

The presence of excited states within the bias window results in a step
in the current. The height and even the sign of this step strongly depend on
the tunnel rates and relaxation rates present in the probed system. The most
common signature is a positive step at either the positive or the negative Vg
region, which indicates a system with asymmetric barriers and a fast relaxation
time as described before. The excited state energies can be directly readout

by the size of the bias window set by Vg, as shown in Fig. 3.6b. The measured
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(a)
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Figure 3.6: Coulomb blockade. (a) Electrostatic representation of an
individual atom capacitively coupled to four electrodes and tunnel coupled to
the source and drain. (b) Depiction of a stability diagram, which shows the
hole transport as a function of the voltages applied to the gate and source.
The effect of Coulomb blockade causes the diamond shaped regions of zero
current, where in each successive diamond an extra hole is bound to the atom.
The features are linked to the capacitive couplings in the system and the
energy spectrum of the atom.

excited state spectrum is also a good indicator of the presence of an acceptor
atom, as the excited state spectrum of an acceptor atom is irregular compared

to the more evenly spaced orbital levels of a quantum dot.

3.2.3 Signatures of a double acceptor system

The measurement of hole transport by sequential tunneling in series via two
atoms located in the channel of the transistor, reveals information about both
atoms and their coupling. The transport through two atoms is analogous to
the transport through a double quantum dot system, which has been studied
extensively. 124 Essential to a double acceptor measurement is individual control
over the potential on each atom. In a transistor this is usually achieved by the
difference in capacitive coupling of the atoms to the different electrodes. In
the example shown in Fig. 3.7 the difference in capacitive coupling to the top
gate and back gate is used to achieve separate control over each atom.

Hole transport becomes possible when the required potential to add a hole
to one atom is in resonance with the potential to add a hole to the other atom,
and they both are within the bias window, as schematically shown in Fig. 3.7a.
In this case the depicted transport process shows the addition of the first hole
to the left atom and the second hole to the right atom, when the bias voltage
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condition is such that the transport direction is from the left atom to the right
atom. In the case of sequential hole transport, this process consists of three
individual tunneling processes: i) a hole tunnels from the source to the left
atom (I';,), ii) a hole tunnels between the two atoms (I';,:), and iii) a hole
tunnels from the right atom to the drain (I'sy:). The tunnel rate between
the acceptor atoms does not only depend on the tunnel barrier between the
atoms, but also on the availability of a quantum state in the other atom for
the particular spin state of the hole. For an even number of holes this can
lead to the Pauli spin blockade effect, where two holes can form a triplet state
when located on different atoms, which is not available for both holes on the
same atom. Depending on the tunnel rates in the system and the spin-flip
rate, this effect can strongly reduce the current in the positive bias direction

compared to the negative bias direction.

As the potential on each atom is dependent on the charge on the other
atom through a mutual capacitive coupling, two transport paths are created.
In one of the transport paths the processes i) and iii) occur with one hole less
on the other atom as compared to the other transport path. For the scenario
in Fig. 3.7a this can be described by denoting the charge occupation of both
atoms as (N, Ng) during the transport as (0,1) — (1,1) — (0,2) — (0,1) for
the first path and (1,2) — (1,1) — (0,2) — (1, 2) for the second path. In both

transport paths the hole tunneling between the two atoms changes the charge

(@) (b) 4

Q
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Figure 3.7: Double acceptor transport. (a) Schematic presentation of the
sequential hole tunneling process via two atoms in the bias window of the
transistor.(b) Series transport through two atoms in a transistor results in
bias triangles in the top gate - back gate map. The alignment of the energy
levels at the corners of a triangle and the resonances with excited states are
schematically represented.
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occupation by (1,1) — (0,2), while a reversed source-drain bias voltage would
reverse this transition to the (0,2) — (1,1) transition. The potential at which
this transition is resonant forms a line in a map of two of the applied voltages,
like the top gate - back gate map shown in Fig. 3.7b. At a small applied bias
voltage, the signals from both resonant transport paths form the two dark
green lines in this map where hole transport is possible. When off-resonant
tunneling between the atoms occurs, and both relevant energy levels are in
the bias window, hole transport appears when no extra energy gain is needed
to tunnel between the atoms. In this scenario, the tunneling to the left atom
should occur at a lower potential than the tunneling to the right atom. This
results in a typical triangular shape of the off-resonant current, as can be seen
in Fig. 3.7b. Within these so-called bias triangles, other resonances might
occur when excited states of one of the atoms are aligned with either the
ground state or an excited state of the other atom. In Fig. 3.7b two resonances
are shown as thin dark green lines corresponding to the ground state of the

left atom aligning with the excited states of the right atom.

3.3 RF reflectometry measurements

An rf-gate reflectometry measurement technique was used to reveal charging
events that can not be measured in transport experiments, thereby probing
more of the atoms residing in the transistor channel. This technique relies
on a resonator, consisting of an inductor and capacitor, which is attached
to one of the gates, and has been demonstrated for several semiconductor
systems. 12°7129 Charging events in the transistor which slightly change the
resonant conditions of this resonator can be sensed in the reflected signal. This

section explains the working principles of the rf-gate reflectometry technique.

3.3.1 Charge transition sensing

A resonant circuit is created by attaching a surface-mount inductor, with an
inductance L, to one of the electrodes, and the parasitic capacitance of this
electrode, (), creates a tank circuit with a resonant frequency fqy given by:
fo= . 3.10
°" 2 /IC, (3.10)
To operate as a charge transition sensor, the circuit is driven at a frequency

far, close to the resonance frequency fy, and the reflection of this circuit, 'z o,
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Figure 3.8: RF reflectometry. (a) Resonant tunneling between an atom and
one lead causes a change in the reflection of the resonant circuit dependent on
the tunnel coupling I';.cs. (b) The same holds for resonant tunneling between
two atoms. (c¢) Maximum change in conductance and capacitance of the
circuit as a function of the ratio between the tunnel coupling and the driving
frequency.

is measured using a homodyne detection scheme. The reflection is given by:

Z —Zy

_Z=% 11
Z+ 2 (3.11)

I'ie

where Zj is the impedance of the transmission line, which is 50 € in the
experiments presented in this thesis, and Z is the complex impedance of the
resonant circuit. This frequency dependent impedance is minimized at the
resonance frequency, and can be expressed as the impedance coming from the
inductance, capacitance, and any parasitic resistance of the circuit, like the
resistance of the coils of the inductor. The resistance in the circuit causes
damping of the resonator, and a change of this resistance can be measured as
a change of the quality factor (Q-factor) of the resonance.

The resonant tunneling of holes in the channel of the transistor can be
driven by the ac voltage of the resonator, which changes the capacitance and
the resistance of the electronic circuit, depending on the tunnel rate of the
holes. The resonant tunneling can occur between an atom and one of the
reservoirs, as shown in Fig. 3.8a, or between two atoms, as shown in Fig. 3.8b.
The effect of hole tunneling is discussed in three different scenarios: fg. > I'yes,
far ~ Dres, and fg. < Tyes. In the case of fg. > 'yes, i€, the driving frequency
of the resonator is much faster than the tunnel rate of the holes, on average
no charge is transferred during a period of the resonator and the resonance
is unaffected by the hole tunneling. In the case of fy. ~ I',.s, one charge
transfer occurs on average every period of the resonator, however off-resonant
tunneling has a substantial contribution, leading to dissipation in the circuit.
In the case of fg. < ['yes, the resonant hole tunneling is dominant, and the

charge transferred in the transistor induces a change in capacitance due to the
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dipole coupling to the resonator. The maximum change in conductance and

capacitance, found when two levels are in resonance, are given by:

aZe? T
Ag — res 3.12
g 4kBT1 —I_F%es/fdr7 ( )
2 .2
1
C = 2a° (3.13)

~ 4kpT 1+ f3 /T2,

TES

where aa refers here to the difference in relative capacitive coupling of the hole
in the two charge configurations involved in the resonant tunneling process.
The Ag and AC' are shown as a function of the ratio between the tunnel rate
and driving frequency in Fig. 3.8c.

A change in capacitance primarily results in a shift in the resonant frequency,
whereas a change in conductance primarily produces a change in quality factor.
Depending on the chosen driving frequency fg,, these effects are measured as
either a change in the amplitude or phase of the reflected signal, which are

defined in terms of the in-phase (I) and quadrature (Q) detected signals:
Ae =T +iQ. (3.14)

As the amplitude and the phase change drastically around the resonant fre-
quency, the highest sensitivity to charge tunneling can be achieved by driving
the system close to the resonant frequency. Furthermore, the sensitivity
increases if the parasitic capacitance of the circuit is kept to a minimum,
leading to a larger relative change in capacitance by the addition of a quantum

capacitance.

3.3.2 Comparison transport and reflectometry measurements

The two measurement techniques presented in this section and used in the
experiments in this thesis have different boundary conditions and therefore
reveal complementary information about the atoms located in the transistor.

Transport measurements require the total tunnel rate (I';jnTous/(Tin + Towt) to

Table 3.1: Comparison of the bandwidth and sensitivity of three rf reflec-
tometry detection techniques reported in literature. 128:130-134

Detection technique H bandwidth [MHz] ‘ sensitivity [ev Hz]

rf-gate 20 10 4x10° 1%
rf-SET 1 13t 1x1076 132
rf-QPC 20 133 5x 10 %e/n 1

42



3.4. Conclusion

be large enough to give a detectable current. Typical transport measurements
are performed using a 10 Hz bandwidth, where a noise floor of ~ 100 fA
is reached. This gives a lower bound for the total tunnel rate of ~ 500
kHz. In contrast, the rf reflectometry measurements start to become sensitive
when the tunnel coupling approaches the resonant frequency of the LC-circuit,
which is typically chosen to be between 100 MHz and 1 GHz. Although this
regime is about 3 orders of magnitude higher than in transport measurements,
there is no requirement for the hole to traverse the transistor in reflectometry
measurements. This allows for the identification of atoms which are not detected
by transport experiments.'?” In general, transport measurements probe atoms
located in the centre of the transistor, where both the tunnel-in and tunnel-out
rate are sufficient for the detection of a current. Reflectometry measurements
typically probe atoms located near one of the reservoirs, or near another atom,
to ensure a sufficient resonant tunnel rate to be detected in the reflection of
the LC-circuit. The sensitivity and bandwidth of the rf-gate reflectometry
technique reported in the literature is compared to the state-of-the-art charge
detection techniques of the rf-QPC and rf-SET in table 3.1.

3.4 Conclusion

The tri-gate transistors used in the experiments in this thesis were characterized
at room temperature, and showed the typical behavior of state-of-the-art nano-
scale transistors, including short channel effects and a minimum sub-threshold
slope around 60 mV /dec. This demonstrates the ideal thermionic transport,
confirming the high device quality as expected from the industrial fabrication
process. The experiments presented in this thesis are performed using both dc
transport and rf gate reflectometry measurement techniques, which provide
complementary information about the charge and spin degrees of freedom
of acceptor atoms in silicon transistors. The transport measurements reveal
the energy spectrum and the charging energies of individual acceptor atoms
located near the centre of a transistor. In addition, the rf gate reflectometry
technique allows to probe charge transitions which do not add to the current
flow through the transistors, such as transitions occurring on only one side of

the transistor or between two localized states inside the channel.
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chapter J

Single acceptor atom

This chapter presents the study of the electric and magnetic properties of the
quantum states of a single hole bound to a single acceptor atom in silicon.
Single-hole transport reveals the signatures of an individual boron atom, which
is embedded in the channel of a CMOS transistor. The measured charging
energy and excited state spectrum of this atom are comparable to the known
values for boron in bulk silicon. Furthermore, the Zeeman effect on the acceptor
ground state, studied using magneto-transport spectroscopy, shows a splitting
in four states, which is unique for a single hole bound to an acceptor in a bulk
semiconductor. The two lowest spin states are heavy (|m;|=3/2) and light
(lm;|=1/2) hole-like. The identification of a bulk-like energy spectrum and
magnetic field dependence of a boron atom in a nano-transistor is remarkable
and demonstrates that it is possible to access both heavy and light holes states in
nano-structures. The measured Landé g-factors, |gnpn| = 0.81 £+ 0.06 and |gi| =
0.85 £ 0.21 for heavy and light holes respectively, are lower than the bulk value,
which shows the influence of the local environment on the confinement potential.
The Zeeman effect is further investigated by measuring the dependence of the
Landé g-factor on the direction of the magnetic field and on the strength of an
applied electric field.

Part of this chapter is published as:

e J. van der Heijden, J. Salfi, J.A. Mol, J. Verduijn, G.C. Tettamanzi, A.R.
Hamilton, N. Collaert and S. Rogge, Probing the spin states of a single
acceptor atom, Nano Letters 14, 1492-1496 (2014).
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4.1 Introduction

The promise of single atoms in semiconductors for quantum technologies is
driven by their well-defined confinement potential. Most properties of dopant
atoms in semiconductors have been studied in ensemble measurements in the
bulk regime. However, single atoms in nano-structures are needed for the
possible applications, such as quantum information processing or quantum
sensing. Therefore the investigation of the influence of a nano-device on a
single atom, like nearby interfaces, local strain, strong electric fields, and the
proximity of defects, is essential.

For single boron atoms in silicon nano-structures the perturbation of the
confinement potential by the environment can have a beneficial effect on the
properties vital for quantum applications, such as the dipole coupling strength

93,109 The spin states of confined holes in nanostructures are

and coherence time.
predominantly built up from heavy and light holes, in a way which is strongly
dependent on the symmetry of the confinement potential. The Coulomb
potential of an acceptor atom does not break the cubic symmetry of the silicon
lattice and therefore preserves the degeneracy of heavy and light holes. 387
In contrast, in a two-dimensional hole gas, the heavy holes form the lowest

135,136 while in an ideal one-dimensional structure with cylindrical

energy states,
confinement these consist of light holes.'3” Furthermore, the confinement of
self-assembled or gate-confined quantum dots also leads to a considerable
splitting between the heavy and light holes, making the heavy holes the lower
lying states. 138139

In a similar way, the bulk fourfold degenerate acceptor ground state can
be split in two Kramers doublets by an electric field, strain or a nearby
interface. 38" These split Kramers doublets have been observed in ensembles
of boron dopants in intentionally strained silicon,”® for single acceptors in
silicon Schottky barriers subject to random strains and electric fields®® and for
acceptor atoms nearby a vacuum interface.®? A large energy splitting between
the heavy and light hole states makes them unsuitable to drive electrically,

because of a large Larmor frequency and a short relaxation time.

As an alternative to gate-defined quantum dots in both III-V 106:139-142 51,4

group IV143149 material systems, the spin states of acceptors also couple to
oscillating electric fields, forming favourable two-level systems for electrically
controllable qubits. 197150 Ensemble acceptor measurements have demonstrated
that a large (~0.3 Debye) dipole coupling exists between the states of heavy
(mj=%3/2) and light (m;==+1/2) holes bound to acceptor atoms,”® which
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4.2. Experimental setup

is predicted to increase under the right local conditions for the acceptor.??

Moreover, due to the symmetric confinement of a hole by the Coulomb potential
of an acceptor in an unstrained crystal, the light hole and heavy hole manifolds
are degenerate. 87 A finite magnetic field lifts this degeneracy, such that a
heavy and light hole state form the lowest-energy spin states of the acceptor.
A qubit composed of these two levels is characterized by a magnetic field
dependent Larmor frequency and relaxation rate, which have suitable values
for qubit operations (e.g. a Larmor frequency of 4 GHz with a relaxation rate
of 6 us at ~0.3 T).107

In this chapter a single atom transistor is probed where single hole tunneling
through an acceptor dopant is controlled by a gate electrode. Magneto-
transport spectroscopy was used to study the spin properties of the single hole
bound to the acceptor atom. The results are analysed in terms of the lowest

order Zeeman effect:
Ez = gym; s B, (4.1)

where Ey is the Zeeman energy, g the linear part of the Landé g-factor, m;
the total angular momentum, pp the Bohr magneton and B the magnetic
field. Higher order corrections, including a m? term and a dependence on the
direction of the magnetic field compared to the crystallographic directions,
as described in chapter 2, are found to be negligible.”™ In this experiment
the magnetic field dependent hole transport spectroscopy shows that the
ground state splits into four well defined spin states. Previously only observed
in ensemble measurements on acceptors in unstrained silicon, 77881151 the
availability of this fourfold degenerate ground state for a single acceptor in a
nano-transistor, is promising to form a single qubit that can be electrically
manipulated with local gates. The observation of this fourfold degeneracy in
a single-hole transistor is nontrivial, as previous measurements have shown
a splitting between the heavy and light hole Kramers doublets due to local
strain, electric fields and a nearby interface.?8:8%89 Finally, the influence of the
magnetic field rotation and applied electric field were studied to demonstrate

the possible control over the acceptor states.

4.2 Experimental setup

In this chapter measurements on two different transistors are reported. The
main part of the chapter discusses electrical transport measurements on a

FinFET, as described in chapter 3 and of which a detailed description is given
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Figure 4.1: Experimental setup. (a) Scanning electron microscope image
of a multi-channel p-type fin field effect transistor (FinFET), similar to the
one used to detect a single boron atom. Fabrication details can be found
in the text and elsewhere. !¢ This SEM image has been provided by IMEC.
(b) Schematic view of the direct current measurement setup (top) and the
potential profile through the channel of the transistor (bottom), where a
single acceptor is located in the middle of the channel. Voltages are applied
to the source (Vg;qs) and gate (Vigate) electrodes and the current is measured
between the drain and the ground.

in the next paragraph. The experiments discussed in the last section, section
4.6, make use of a tri-gate transistor and the rf reflectometry measurement

technique.

As illustrated in Fig. 4.1a, the silicon FinFET used in the main part of
this chapter has two undoped fins connecting p-type (boron doped) source and
drain regions. The two fins are positioned 200 nm apart from each other and
have a fin height of 40 nm and a width of 25 nm. A gate nanowire is wrapped
around each channel, covering them on three sides. The width of this gate
nanowire is 40 nm and defines the channel length. An oxide layer consisting of
1 nm SiOs and 2.3 nm of HfSiO separates the channels from a gate stack of
5 nm TiN and 100 nm poly-silicon, which is enclosed by 35 nm wide nitride
spacers. These spacers create potential barriers, allowing single hole transport
through quantum dots, which are formed under the gate in the corners of the
channel,?"" as shown in Fig. 4.2a. In one of the channels a boron atom is
present, as schematically shown in Fig. 4.1b, which is assumed to be diffused
from either the source or drain electrode. Experimental indications of dopant
diffusion from the leads into the channel, have been observed in similar devices
with n-type leads.257152:153 This mechanism has recently been confirmed by

atom probe tomography. '

The electrical transport measurements were performed in a dilution refrig-

erator at a base temperature of 10 mK. The current was measured between
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Figure 4.2: Single hole transport. (a) Energy states in the channel of the
FinFET. In red the states of the boron atom, where the ground state of the
neutral atom A° has a binding energy Ej, of 46 meV, ! while the ground state
of the positively charged atom A* has a binding energy of 2 meV. 2 Between
the two potential barriers created by the spacers, gate-defined quantum dots
are formed in each top-corner of the transistor channel. The evenly spaced
quantum dot energy states have a smaller charging energy and are shown
in green. (b) IV traces of the single boron device at room temperature
(black) and 5 Kelvin (red) at 5 and 1 mV bias voltage respectively. Two
isolated current resonance peaks are the signatures of the transitions from
the negatively charged acceptor (A~) to the neutral acceptor (A°) and from
the neutral acceptor to the positively charged acceptor (A™) by binding one
and two holes to the boron atom respectively.

the drain and the ground using a low-noise current amplifier as a function of
the voltage applied to the source (Vj,s) and the gate (Vyate) electrodes, as
shown in Fig. 4.1b. Furthermore, a vector magnet was used to supply the
magnetic field. The nano-transistor used in this work provides the necessary
tunnel coupling between the dopant and the leads to identify a single atom

using direct current measurements. 277988154155

4.3 Single hole transport

With a boron atom present in the channel, two distinctive and well separated
current peaks were measured (see Fig. 4.2b) as a result of single hole tunneling
through the neutral (A°) and positively charged (A™) acceptor states. To
detect the acceptor atom, a small voltage was applied to the source terminal,
while the current is measured between the drain terminal and the ground
as a function of the applied gate voltage. In all measured FinFETs several
current peaks were detected at low temperature, and related to sequential
hole tunneling through the gate induced quantum dots, before a conductive
channel opens. The current peaks of the acceptor states appear before these

quantum dot peaks. By using multi-channel devices the chance of finding a
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Figure 4.3: Coulomb blockade. (a) Measurement of the current as a
function of the applied bias and gate voltages. A charging energy of 47 + 1
meV is measured between the one and two hole states of the boron atom. The
Coulomb diamonds are distorted by charging events of a nearby island, which
is capacitively coupled to the boron atom. Black lines indicate the different
slopes caused by the difference in capacitive couplings to the drain terminal
between the atom and the nearby island. (b) Measurement of the differential
conductance (dI/dVy;qs) as a function of the applied bias and gate voltages.
Colored arrows indicate lines of positive differential conductance in the first
hole transport region, also shown in (a). Green arrows indicate a change in
the density of states of the drain reservoir. The blue arrow indicates where
an excited state enters the bias window.

single acceptor is increased.

4.3.1 Charging energy

To investigate the electronic properties of the boron atom, a stability diagram
was recorded by measuring the current as a function of the source-drain bias
and gate voltage. Both the time-averaged current and the numerical differential
conductance dI/dVy;qs are shown in Fig. 4.3. The highest zero-bias resonance
at ~ -76 mV gate voltage was identified as the charging of the boron atom
with the first hole to the A? state. The resonance at ~ -210 mV gate voltage
is identified as the transition to the A' state. Between these resonances the
current is Coulomb blocked up to an observed charging energy of 47 +£ 1 meV,
which is in good agreement with the bulk charging energy of a boron acceptor
(44 meV), 1120

Signatures of additional charging events, often observed in this batch of
FinFETs, periodically disturb the shape of the Coulomb diamonds. This has
been observed in similar devices and interpreted as the charging of an island,
close to one of the leads. ™% In this measurement the island is located near the

source electrode and the charging events occur every ~10 mV in gate voltage.
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The difference in coupling to the different terminals between the island and
the acceptor is reflected in the slope of the conductance lines in the stability
diagram. This slope is given by Cy/(Cyq + Cy) with Cgq and C, the capacitive
coupling to the drain and gate leads respectively, as marked by black lines in
Fig. 4.3a and by white lines in Fig. 4.3b. The slope of the lines created by the
island is 1, which indicates the lack of capacitive coupling to the drain region,
while the conductance lines of the boron atom have a smaller slope as it is
capacitively coupled to the source, drain and gate leads. The conventional
measurement of the charging energy, which is directly related to the bias
voltage at the top of the Coulomb diamond (see Fig. 4.3), is not disturbed by
these additional charging events. At this intersection, where both the A? and
AT states are in the bias window, both states are affected in the same way by
the charge state of the island. The observation of the same disturbances in
the finite current regions of both the first and the second resonance, confirms
that both resonances originate from the same object and thereby validates the

measurement of the charging energy of the acceptor.

4.3.2 Excited state spectrum

In addition to the charging energy, the distinct excited state spectrum of a
boron atom was observed. The presence of an excited state results in a step
in current and a sharp positive differential conductance line at the negative
bias voltage side, intersecting with the Coulomb diamond at —27 £ 1 mV
bias voltage (see the blue arrows in Figs. 4.3a and b). At this intersection
the ground and excited state are perfectly aligned with the source and drain
reservoir energies respectively. For the same reason as for the charging energy,
this bias voltage can be directly translated to an energy splitting of 27 + 1
meV, which is close to the bulk value for the first excited state (23 meV) of a
boron acceptor.* In contrast, broader differential conductance lines are found
on both the positive and negative bias side parallel to the same edge of the
Coulomb diamond, but without significant change in the current. These are
likely a result of an energy-dependent density of states (DOS) in one of the
leads,'®7 here the drain reservoir, indicated with green arrows in Fig. 4.3. The
observation of similar DOS signatures in the finite current region of the second
resonance, confirms that this resonance is due to tunneling through the same
object as the first resonance.

To understand why the positive differential conductance line, reflecting

the presence of an excited state, was only observed in the negative bias
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Figure 4.4: Hole temperature. (a) Six bias traces fitted to a temperature
broadened Lorentzian peak. Inset: A close up of the zero bias crossing of
the A~ to AY transition in Fig. 4.3b, which is not disturbed by the nearby
defect and is used to determine the relative capacitive couplings to the three
terminals. The positions of the six bias traces are shown in this stability
diagram. (b) The extracted temperature (blue) and the relative lifetime
broadening to this temperature (red) are shown for all traces used to establish
the hole temperature. With colored dotted lines the positions of the traces in
(a) are shown.

voltage region of the stability diagram, two possible scenarios are discussed:
single hole tunneling with (i) asymmetric tunnel barriers and (ii) symmetric
tunnel barriers. At the bias voltage where an excited state becomes available,
the tunnel rate into the boron atom increases. Consequently, the positive
differential conductance lines will always run parallel to the tunnel-in edge of
the Coulomb diamond. In case (i) the excited state only leads to a step in
the current, and therefore a sharp positive differential conductance line, when
it increases the slow tunnel rate, which is the current defining rate. In case
(ii) the current is set by a combination of both tunnel rates and this would
result in positive differential conductance lines when the hole tunnels both
from the source and the drain.®” The observation of only one excited state line
at the negative bias side, without a counterpart at the positive bias side, is in

agreement with the case (i) of asymmetric tunnel barriers.

4.3.3 Hole temperature

The exact temperature of the holes in the experiment depends, not only on
the temperature reached in the dilution refrigerator, but also on the thermal-

ization of every connection to the transistor. To extract the hole temperature,
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4.4. Zeeman effect of the boron ground state

the Fermi-Dirac distribution of the holes in the leads of the transistor was
obtained from the experiments. Sixty bias traces were fit to a thermally broad-
ened Lorentzian line shape by taking the convolution of the Fermi-Dirac and

Lorentzian line shape as reported by Foxman et al.: 1?8

-4 1 hI'/2m
= /e(an—Eres—E)/kT+1 (hF/2)2+E2

dE (4.2)

Here A is an arbitrary amplitude, Vj is the gate voltage, o is a conversion
factor (in this case a =1-a5 = 0.63 meV/mV), E\.s is the resonance energy,
I' is the full-width half-maximum of the Lorentzian line shape and F is the
hole energy over which the integral is taken. To get the conversion factor from
the voltage to energy scale, the capacitive coupling of the boron acceptor to
the three terminals was determined. By using an undisturbed section of the
stability diagram (see the inset of Fig. 4.4a) the conversion factors for the gate
and source voltage are determined as ag = e Cy/Cy = 0.42+£0.02 meV/mV and
ag =e Cy/Cy = 0.37 £ 0.01 meV/mV respectively, where C; = Cy + C + Cjy.

Six of those fits are shown in Fig. 4.4a. The temperature and the ratio of
the lifetime broadening to the thermal broadening, extracted from each of these
fits, are shown in Fig. 4.4b. By fitting the data over this range of gate voltages
to the thermally broadened Lorentzian, a hole temperature of 55 + 8 mK and
a small lifetime broadening of hI'/kT ~ 0.2 were found. From Fig. 4.4a it is
apparent that the fit of the lifetime broadening is mainly set by the noise floor
of the measurement. Therefore this value of the lifetime broadening should be
regarded as an upper bound. The hole temperature determines the differential

conduction peak shape and is later used in the analysis of the Landé g-factors.

4.4 Zeeman effect of the boron ground state

To study the degeneracy of the ground state manifold of the acceptor, the
splitting of the A~ to A transition was measured in a magnetic field. A bias
trace at -75 mV gate voltage was measured as a function of magnetic field.
The magnetic field was applied parallel to the top plane of the silicon chip and
with a 19 + 5° angle to the axis perpendicular to the [110] direction of the
current flow, defined as the z-axis in Fig. 4.1a. As the ground state is expected
to shift towards a higher gate voltage when a magnetic field is applied, traces

were taken at a gate voltage higher than the zero-field zero-bias crossing.
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Figure 4.5: Effect of density of states in the lead electrodes. (a) The change
of density of states in the leads determines the change in current when the
energy states of the acceptor are not entering nor leaving the bias window.
This dependence on density of states was extracted from the measured current
(black) of a bias trace at zero magnetic field and a gate voltage of -75 mV. A
linear approximation was used to fit the density of states behavior (green)
and the measured current is divided by this linear function (red), which was
normalized at the position of the current step. (b) For a bias trace at 0.7
Tesla, both the current (black) and the differential conductance (red) before
(dotted lines) and after (solid lines) correcting for the density of states are
shown.

4.4.1 Influence of density of states

The current steps originating from spin-excited states and a positive differ-
ential conductance induced by the changing density of states of the leads
are superimposed. This DOS effect was subtracted from the raw data before
fitting the magnetic field dependence to a linear Zeeman effect. The bias trace
at zero magnetic field is shown in black in Fig. 4.5a. Because of the visibly
positive linear slope of this trace after the current step, the density of states
was approximated by a linear function, which was normalized at the position
of the conductance peak (green). For the fit of the magnetic field dependence,
all bias traces were divided by this linear approximation of the density of
states, as shown in Fig. 4.5a for the trace at zero magnetic field (red) and in
Fig. 4.5b for the trace at 0.7 T (black). In Fig. 4.5b the shift of the differential
conduction is also visible. The original data is shown as dotted lines and the

density of states corrected data as solid lines.
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Figure 4.6: Zeeman splitting of the A° ground state. (a) Magnetic field
dependence of the A% state at a gate voltage of -75 mV. The numerical
differential conductance shown here is calculated after correcting the data for
the DOS background. Between the 0.8 and 0.9 T a clear shift is observed,
which is caused by a change of the charge state of a nearby defect. (b) The
conduction peaks between 0 and 0.8 T are fit to four thermally broadened
peaks, with a linear dependence on the magnetic field and constant peak
heights. The trace at 0.7 T is compared to this fit. (c) The fit results with
95% intervals displayed on top of the differential conductance data. The
splitting between the heavy (red) and light (green) hole-like doublets are used
to calculate the g-factors.

4.4.2 Zeeman splitting of the A° ground state

The A ground state splits into four spin states under the applied magnetic
field, as shown in Fig. 4.6a. This confirms that the symmetry expected for
an acceptor in bulk silicon is preserved for the single boron atom in this
nano-transistor. Between 0.8 and 0.9 T, a change in the charge occupation of
a nearby defect causes a small shift in the data shown in Fig. 4.6a. At higher
magnetic fields, the current steps of the excited states decrease in amplitude,

because of the increasing relaxation rates.

The Zeeman-type interaction is approximated as a linear function F; =
gmjupB for each of the four states, where pp is the Bohr magneton, B
the magnetic field and m; the projection of the total angular momentum in
the direction of the magnetic field. The effects of electric field and strain
are not taken into account as they are, although not precisely known, small

compared to the Zeeman interaction as evidenced by the fourfold degenerate

95



Single acceptor atom

acceptor ground state. Thermally broadened peaks are used to approximate
the conductance peaks, using the earlier determined hole temperature, as
shown in the trace at 0.7 T in Fig. 4.6b. As the tails of the conductance peaks
overlap, it can not be excluded that some of these peaks have extra broadening
due to a finite lifetime of the states. However to find the relative positions of
the peaks the thermal fit is sufficient. A fit to the linear Zeeman model for
the data up to 0.8 T is shown in Fig. 4.6¢ with 95% confidence intervals. A
AEyz of 0.141 £ 0.010 meV/T was found between the ground state and third
excited state (red fits in Figs. 4.6b and 4.6¢) and a AEz of 0.049 £+ 0.012
meV /T was found between the first and second excited states (green fits in
Figs. 4.6b and 4.6¢), using the 1 — a; factor to convert the voltage scale to
energy. To calculate the g-factors and compare them to the values found in
electron paramagnetic resonance measurements, > the assumption made by
Kopf and Lassmann™ that the four boron states are constructed from only
light or heavy holes, with m;= +3/2, +1/2, -1/2 and -3/2 respectively, was
followed. The g-factors for the Am; = 3 (red) and Am; = 1 (green) cases are
|9Am;=3| = 0.81 & 0.06 and [gam,=1| = 0.85 £ 0.21 respectively.

The g-factors found in this nano-structure are significantly smaller than
the g-factors found for boron in bulk silicon, whose absolute value ranges from
1.08 to 1.18 depending on the direction of the magnetic field with respect to
the crystal axes.” The lower g-factor can be associated with a change in the
shape of the orbital, which influences the Zeeman splitting due to the presence
of spin-orbit coupling. This change in g-factor is remarkable, since the heavy
and light hole doublets are not split within the accuracy of the experiment,
meaning that the distortion does not significantly break the cubic symmetry
of the crystal. In this nano-scale transistor, with a channel of 25 by 40 by 40
nm, it is believed that the dominant contribution to the observed reduction of
the g-factors is the effect of the nearby Si/SiO2 interfaces (at most ~12.5 nm

away).

In the same batch of devices, acceptors with a twofold degenerate ground
state, a nearby first excited state, and a second excited state with a lower energy
splitting than the bulk value of 23 meV, were measured, which correspond to
acceptor atoms positioned very close to the interface.??1% By comparing these
measurements to observations of single donor atoms in similar devices,?”11?
which generally show that the atomic charging energies and level spacings are
affected by a nearby interface, the measurement of the fourfold degenerate

ground state is regarded as an uncommon case.
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Figure 4.7: Zeeman splitting in reversed bias regime. On the left side the
differential conductance is shown as a function of bias voltage and magnetic
field at a gate voltage of -75 mV. On the right side the lines following the
visible positive differential conduction lines are extended for both the positive
and negative bias voltage sides. The energy splitting per Tesla is shown for
these lines, making use of the correct conversion factors a and 1-a.

4.4.3 Negative bias direction

To support the measurement of the Zeeman splitting, the magnetic field
dependence for the reversed polarity of the bias voltage (holes tunneling from
the drain instead of the source to the atom) was also investigated. The
splitting of the A° state into four states is visible on the positive bias voltage
side in Fig. 4.7. At the negative bias voltage a splitting in two lines is visible.
All the energy splittings between the excited state lines, extracted using the
appropriate conversion factors (1-a; for positive bias and « for negative bias),
are presented in the right side of Fig. 4.7. As mentioned before, at the positive
bias side the splitting between the ground and third excited state is 0.141 +
0.010 meV/T and the splitting between the first and second excited state is
0.049 + 0.012 meV/T. At the negative bias voltage side an energy splitting
of 0.135 £+ 0.012 meV/T is measured. This splitting is in good agreement
with the splitting found between the heavy hole states at the positive bias
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voltage. This indicates that in the negative bias direction only the heavy hole
excited states are observed, while the light hole states are not. This could
be caused by the large broadening of the positive differential conductance
lines, which make the signatures of light hole states difficult to distinguish.
Another possible explanation is the presence of a heavy-light hole splitting at
the end of the drain lead, due to some additional confinement. A confinement
potential can act as a spin-filter such that only heavy holes can tunnel to the
acceptor from the drain. In this scenario, the magnetic field dependence of this
confinement potential in or near the drain lead could also explain the slightly
asymmetric splitting of the heavy holes in the negative bias direction and the
strong density of states behavior from the drain lead as shown in Fig. 4.5. The
observation of the heavy hole excited state in the negative bias region over the
full magnetic field range agrees with the model of asymmetric barriers and an
increase of the slow tunnel-in rate in this bias condition. The observed change
in current in the positive bias region indicates that the excited states must
affect the tunnel-out rate in this region. The tunnel-out rate is only affected if
the tunnel-out process from the excited state plays a role, which indicates that
the relaxation rate between the excited state and the ground state has to be
slower than this tunnel-out rate. This would explain the disappearance of the
excited state lines in the higher magnetic field region, as the relaxation rates

of the spin-excited states are expected to increase with magnetic field.

4.5 Magnetic field directional dependence

The dependence of the Zeeman splitting of the A® ground state on the direction
of the applied magnetic field gives additional information about the origin of
the observation of non bulk-like g-factors. The bias voltage trace at a magnetic
field of 1 T applied along the x-axis, shown in Fig. 4.6a, was used as the
starting point for this experiment. From this point the magnetic field was
rotated 360° around the y-axis (see Fig. 4.1a) using a vector magnet.

The numerical differential conduction in Fig. 4.8a, shows a change in Landé
g-factor as a function of the magnetic field direction, which is symmetric
around 180° as expected for the rotational symmetry of silicon. Fig. 4.8b shows
the g-factor dependence on the rotation of the magnetic field direction for
the heavy and light hole states, assuming pure +3/2 and +1/2 states, giving
Am;=3 and Am;=1. At 0° (i.e. with the magnetic field aligned with the
x-axis), g-factors of [gam,=3| = 0.81 £ 0.02 and [gam;=1] = 0.74 £ 0.06 were

found. The | gAmj:1| is smaller than the g-factor found in the low magnetic
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Figure 4.8: Landé g-factor dependence on magnetic field direction. (a)
Directional dependence of the Zeeman effect on the A° state at a gate voltage
of -75 mV and a magnetic field of 1 T, showing the numerical differential
conductance. The magnetic field is rotated starting from the x-direction in
360° around the y-axis (axes are shown in Fig. 4.1a). (b) The dependence
of the Landé g-factors, assuming Am;=3 and Am;=1, on the angle of the
magnetic field. The energy differences between the two heavy hole and the
two light hole states is calculated from four independent conductance peak
fits, combined with the known lever arm 1-c.

field region, shown in Fig. 4.6. This is most likely caused by changes in the
local environment of the atom, indicated by the nearby charge shift observed
between 0.8 and 0.9 T. The smallest g-factors, [gam,=3| = 0.70 & 0.05 and
|gAam;=1] = 0.48 £ 0.08, are found around a 90° rotation of the magnetic field.

This directional dependence of the Landé g-factor is compared to the
dependence found for boron in bulk silicon. ™7™ By using the values for ¢}
and g} reported by Kopf and Lassmann,”® g-factors ranging from 1.13 to 1.14
for Am;=3 and from 1.08 to 1.18 for Am,=1 are calculated, in agreement
with other experiments.”®" This gives a maximum relative change of 1 % for
Am;=3 and 8 % for Am;=1. In the experiment presented here the maximum
relative change in g-factor is found to be 1448 % for Am;=3 and 35+16
% for Am;=1. Similar to boron atoms in bulk silicon, the magnetic field
rotation has a stronger effect on the light hole states than the heavy hole states.
However, the effect of the magnetic field rotation is significantly stronger in this
experiment, highlighting the effect of the nano structure on the confinement of
the hole.

From the measurement of the magnetic field directional dependence, in-
formation about the local environment of the atom can be deduced. A larger

g-factor suggests a better alignment of the magnetic field with the quantization
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axis of the confined holes. This quantization axis is set by the confinement
symmetry of the hole, which depends on the local strain, electric field or
the presence of a nearby interface. A possible explanation of the directional
dependence observed here, is the influence of one of the Si/SiO, interfaces on
the side of the channel, since the maximal g-factor is found near the x-direction.
A full spherical rotation of the magnetic field should give a better description

of the local environment of the atom.

4.6 Electric field dependence of Landé g-factor

The effect of the strength of the electric field on the first and second hole
states of a single boron atom was investigated. In these experiments a tri-gate
transistor was used with channel dimensions of 104 by 42 by 11 nm (length
- width - height) and a background channel boron doping of 5 x 10'7 cm™3,
fabricated on a SOI wafer. For this specific device 10 nm wide Si3Ny spacers
are formed next to the gate. The experiments are performed at a temperature
of 4.2 K, where the silicon substrate can be used as a back gate without the use
of any light source. A 330 nH surface-mount inductor is attached to the top
gate, and forms a tank circuit together with the ~ 1 pF parasitic capacitance
of this gate. This LC-circuit is driven by an rf signal close to the resonant
frequency of 290 MHz. The input power was chosen just below the threshold
where the observed charging lines start to broaden. This maximizes the signal
to noise ratio, while maintaining thermally broadened line widths.

Many charge transitions were observed as a change in the amplitude of the
reflected signal from the tank circuit, as shown in Fig. 4.9a. This experiment
focussed on the two clear transition lines observed at top gate voltages less
negative than -400 mV, i.e. in the low energy regime, and indicated as A° and
AT in Fig. 4.9. These two charge transition lines have a similar slope and shift
of amplitude in the reflected signal, as shown in Fig. 4.9a. Exactly two lines
share these similarities in the low energy regime and are therefore attributed to
the charging of one and two holes on a boron atom. In contrast, quantum dots
would produce more lines as they are able to bind more than two holes. The
top gate voltage where the charge transition was observed only changed when
a voltage was applied to the drain electrode, and not to the source electrode
(see Fig. 4.9b). This indicates that the boron atom is located in the proximity
of the drain electrode.

The magnetic field dependence of the first and second hole transitions of

the boron atom were measured for three different electric fields applied in the
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Figure 4.9: Charge transitions with rf reflectometry readout. (a) Charge
transitions in a silicon tri-gate transistor measured as a change in the reflected
amplitude of a tank circuit as a function of the voltages applied to the top
and back gates. Two charge transitions are identified by the addition of the
first hole (A°) and second hole (A*) to a boron acceptor in the transistor. (b)
The same transitions, now as a function of the applied source and top gate
voltages. As these charge transitions are independent of the source voltage,
they are identified as originating from the tunneling of holes between the
drain electrode and a boron atom.
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Figure 4.10: Electric field dependence of the Zeeman effect. (a) Magnetic
field dependence of the first and second hole charge transitions of the boron
atom with an applied drain voltage of 10 mV and at a 0 V back gate voltage.
(b) The first hole transition is fitted to a thermally broadened line shape,
using the liquid helium temperature of 4.2 K, for magnetic fields ranging
from 0 to 8 T (red lines). The width of the peaks gives a relative capacitive
coupling of the atom to the top gate of ~ 0.4 meV/mV. The peak positions
are used to linearly fit the Zeeman effect (blue line).
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Table 4.1: Electric field dependence of the Landé g-factor. Measurements
like the one shown in Fig. 4.10 give effective g-factors g* for both the first
and second hole state of the acceptor at three different electric fields. The
calculated g-factor and the heavy () and light (k) hole fractions of the ground
state are shown.

Virain | A Efield [ g5 [ 1ol [ & | X | & |
10 mV 67kV/m 0.71 1 0.73 | 0.72 | 0.49 | 0.51

0 mV 0 kV/m 0.94 | 0.78 | 0.86 | 0.59 | 0.41
-30 mV | -200 kV/m || 1.42 | 0.63 | 1.03 | 0.88 | 0.12

transport direction, set by drain voltages of 10 mV, 0 mV and -30 mV. In
Fig. 4.10 the charge transitions of the atom at a 10 mV drain voltage and 0 V
back gate voltage are shown for applied magnetic fields up to 8 T, perpendicular
to the transport direction. This drain voltage results in a ~ 10 mV shift in
top gate voltage of the transition lines compared to those shown in Fig. 4.9.
The transitions were fitted as temperature broadened reflectometry signals. 2
From these fits the lever arm of the top gate was established to be 0.40
meV/mV for the A° and 0.39 meV/mV for the AT transitions. This supports
the interpretation of these signals as originating from the same confinement
site, located close to the drain reservoir. A linear magnetic field dependence
was extracted from the peak positions in gate voltage, shown in Fig. 4.10b,
using the calculated lever arms. The results of the measurements for three
different drain voltages are presented as |g*| = |g m;|, see table 4.1.

The combination of the magnetic field dependence of both the first and
second hole are used to extract the effect of the electric field on the g-factor
and on the total angular momentum of the hole states separately. The charging
energy of the atom is estimated at 32 meV, using the difference in top gate
voltage of the first and second hole transitions and the top gate lever arm
of 0.40 meV/mV. Because this charging energy is lower than the bulk value
for a boron atom, the assumption that the holes are pure £3/2 and +1/2
states is not valid for this particular atom. For the small electric field applied
perpendicular to the magnetic field in this experiment, the quadratic field
effect can be neglected and the m; = +3/2 state is mixed with the m; = +1/2
state, while the m; = —3/2 state is mixed with the m; = —1/2 state. These

states are written as:

A|=3/2> 4k |-1/2 >, (4.3)

A|=1/2> +k |-3/2 >, (4.4)
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A|+1L/2> 4k |+3/2 >, (4.5)

A+3/2> 4k |[+1/2 >, (4.6)

where A\? 4+ k2 = 1. In the case of A = 1 and k = 0, the pure £3/2 and +1/2
states are recovered. If the small cubic dependence of the g-factor on total
angular momentum, g4, is neglected and an equal g-factor is assumed for both
the heavy and light holes, the state defined in equation 4.3 is the ground state

with an effective g-factor of:

gi=-3/2g )\ —1/2 gk (4.7)
The effective g-factor for the second hole is given by:

g5 =—1/2g )% —3/2 g K> (4.8)

Using Eqgs. 4.7 and 4.8 the g-factor, A, and k were calculated. The mixing
decreases as the drain voltage becomes more negative. In this voltage direction
the g-factor increases, due to the perturbation of the local environment of the
acceptor atom. The acceptor states can be changed from completely mixed
states at 10 mV drain voltage to states with a predominantly heavy hole and
light hole character at -30 mV drain voltage. These findings are summarized
in table 4.1.

4.7 Conclusion

In this chapter the addressing of single boron atoms in nano-scale transistors,
using both electrical transport and rf gate reflectometry measurements, was
shown. This study demonstrates the possibility to have a bulk-like atom in a
nano-structure in terms of charging energy, excited state spectrum and the
fourfold degeneracy of the acceptors ground state. This observation validates
the prospect of controlling both heavy and light hole states of acceptors in
nano-devices. The control over the heavy and light hole character of the
acceptor states and the Zeeman effect on these states was investigated by the
study of their dependence on the magnetic field direction and the strength
of the electric field. These results demonstrate that electrostatic control of
a single acceptor can be obtained in a nano-scale transistor, without losing
the unique signature of the Coulomb confinement, i.e. a fourfold degenerate

ground state.
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chapter 5

Coupled acceptor atoms

Two level systems with strong spin-orbit coupling are of particular interest
for scalable quantum information technologies as they can be controlled by
alternating electric fields and coupled to cavity modes or phonons. A possible
realization of such a spin-orbit qubit is based on the strong spin-orbit coupling
between the heavy and light hole states of an acceptor atom in silicon. In this
chapter the study of the interaction between the heavy and light hole states
is presented. This study is based on measurements of coupled boron atoms
in a tri-gate tramsistor, using both the rf gate reflectometry and transport
measurement techniques. In the Pauli spin blockade regime of two holes bound
to the acceptors, the heavy-light hole splitting and heavy-light hole mixing are
probed by the investigation of the relazation time of this two-hole system. The
heavy-light hole relazation rate is found to follow the expected (hw)3 behavior
and s strongly influenced by the heavy-light hole mizing. Furthermore, the
two-hole excited state spectrum is measured by magneto-transport spectroscopy
and shows a change in quantization axis around 1 T. This indicates a g-factor

of around 1 for both acceptors in the high magnetic field limit.

Part of this chapter is in preparation as:

e J. van der Heijden, T. Kobayashi, M.G. House, J. Salfi, S. Barraud,
R. Laviéville. M.Y. Simmons and S. Rogge, Spin-orbit induced spin

dynamics of two coupled atoms in silicon.
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5.1 Introduction

The unique and highly tunable spin system of single acceptor atoms in silicon,
consisting of heavy and light hole states, is largely unexplored. Due to the strong
spin-orbit coupling between the heavy and light holes, acceptor atoms form
potential spin-orbit qubits.?3197:109 These qubits are advantageous for their all-

102,149 and their long-range qubit coupling

electrical qubit control by local gates
via the interaction with microwave cavities'% and phonons. %" These promising
properties have recently led to an increasing number of studies of confined

93,109,161,162 91,117,147-149

holes in silicon, both theoretically and experimentally.

Until now, experiments on boron ensembles have only probed the spin
dynamics of the heavy and light hole states in specific cases, such as the highly
strained acceptor system.!''? The main complication for these measurements
is the inhomogeneous broadening of the resonance signal, originating from
the splitting and mixing of the acceptor states by local strains and electric
fields. This can be resolved by addressing individual acceptor atoms which

can be measured using scanning tunneling spectroscopy 8!

or in transport
experiments on Schottky barriers?88 and CMOS transistors.''” The study
of single acceptors in silicon offers the possibility to probe these atoms in the
presence of small strains and electric fields, the conditions expected to be
needed for the realization of a robust spin-orbit qubit, 3109 which remains a

difficulty to measure in ensembles of acceptor atoms.

In this chapter the investigation of the spin dynamics of two holes on two
boron atoms in a silicon tri-gate transistor are presented. In this structure the
interactions between the heavy and light hole states are measured using a com-

t 17147148 and rf gate reflectometry techniques, 1267129

bination of hole transpor
as shown in Fig. 5.1. The double acceptor transport measurements give informa-
tion about the excited state spectrum, which relate directly to the light-heavy
hole splitting (Arfr) and the exchange coupling between light and heavy holes
(Jrr)- The spin state of the double hole system is probed at the crossover
point between one hole on each acceptor (the (1,1) state) and both holes on
one acceptor (the (2,0) state). When these two states are on resonance, a hole
can tunnel between the two acceptors, creating a superposition of both states,
which is detected as a frequency shift in the reflection of the LC-circuit coupled

to the top gate.
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5.2 Experimental setup

The silicon tri-gate transistor, as shown in Fig. 5.1, is fabricated using standard

128,148,163 51 d outlined in

CMOS technology, similar as previously reporte
chapter 3. The channel, defined by the top gate, is 11 nm high, 42 nm wide and
54 nm long. On both sides of this gate, 25 nm long Si3 Ny spacers form barriers
to the highly doped source and drain regions. With a background boron
doping of 5 x 1017 /em?, about 10 boron atoms are expected in the transistor
channel and about 10 boron atoms under the spacers. In a dilution refrigerator
at a base temperature of 40 mK, hole transport and rf gate reflectometry
measurements give complementary insights in the static and dynamic behavior
of the two-hole system of interest.

The noise floor of the transport measurement (~100 fA) allows to detect
currents with a total tunnel rate down to 500 kHz. A surface mount 270
nH inductor, attached to the top gate, forms a tank circuit together with a
parasitic capacitance of ~0.3 pF, as shown in Fig.5.1. Tunnel events in the
transistor with a tunnel rate higher than or equal to the resonant frequency

of 583 MHz result in a change of the reflected amplitude and phase of this

.

) \ 145 nm BOX

substrate
7| ’
L,

BG

Figure 5.1: Experimental setup. SEM image of the used tri-gate transistor
in the schematic diagram of the experimental setup for transport and rf gate
reflectometry measurements. A tank-circuit is connected to the top gate in a
homodyne detection setup, where a bias-tee allows for the rf and dc control of
this gate. Another bias-tee is connected to the drain electrode, which allows
to address the acceptors with microwaves. The silicon substrate is used as a
global back gate. The SEM image has been provided by Leti.
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resonator, as explained in chapter 3. Furthermore, low intensity light was
directed to the silicon chip through an optical fibre to enable the use of the

substrate as a back gate.

5.3 Identification of coupled acceptors

The charging of a boron atom is observed as a phase or amplitude shift of
the reflected rf signal, caused by a change in admittance of the LC-circuit
when a hole tunnels in the transistor channel. In Fig. 5.2 the measured hole
transport at a low bias voltage is shown (blue color) as a function of the top
gate and back gate voltages. Reflectometry shifts at energies lower than the
transport signal onset, which is further to the top right of Fig. 5.2, indicate
the resonant tunneling between a single lead and a localised site in the channel.
In this map of top and back gate voltages, a line in the reflectometry signal
corresponds to the equipotential of the localised site with the Fermi level of
the lead, where the slope equals the capacitive coupling ratio between the top
and back gate (arg/apa). Multiple lines with equal slopes (indicated by grey
arrows in Fig. 5.2) imply the charging of several charge states of a quantum

dot, formed unintentionally at the Si/SiO, interface.''® In contrast, a boron
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Figure 5.2: Top gate versus back gate stability diagram. The change in
the reflected phase from the tank circuit (red) is compared to the measured
current (blue), both at 1 mV Vp. The signals of an acceptor (black arrow)
and an unintentional quantum dot (grey arrows) are identified.
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Figure 5.3: Charge stability diagram of two coupled acceptors. The reflected
amplitude (red) and phase (blue/green) response showing a break in the
acceptor-drain charging, caused by the charging of a nearby second acceptor
atom. The different charge regimes are labelled for clarity.

atom would produce at most two charging lines, as it can only bind one or two
holes. The boron atom studied here, is identified by a single line (indicated by
a black arrow in Fig.5.2), which corresponds to the charging of the first hole
onto this acceptor atom.

The signature of the charging of another boron atom nearby is seen as a
sudden electrostatic shift in the charging signal of the acceptor, as shown in
Fig. 5.3. A negative phase response in the reflectometry signal is found within
the break of the line, which indicates the tunneling of holes between the two
atoms. The tunneling of holes between this second acceptor and either the
source or drain is not detected, which suggests a tunnel rate for this transition
which is reasonably smaller than the resonance frequency of the tank circuit
(I' < 583M H~z). In Fig. 5.3 dashed lines are drawn where the charging of the
second acceptor is expected and the charge configurations of the two acceptors,

as explained later in this chapter, are shown in this charge stability diagram.

5.3.1 Estimation of tunnel rates

The frequency response of the reflected signals reveals more information about
the tunnel rates involved in both the acceptor-lead tunneling and the inter-
acceptor tunneling. In Figs. 5.4a and 5.5a the amplitude and phase response

around the resonance of the LC circuit are shown (black lines) and compared
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to the slightly shifted signals when holes can either tunnel between the drain
and one acceptor (blue lines) or between the two acceptors (red lines). The
measured shift from the unperturbed resonance is shown as a function of
frequency and drain voltage in Figs. 5.4b and 5.5b, where Vpa and Vg are
chosen such that Vp cuts through the middle of the inter-acceptor transition
and the broken acceptor-drain tunnel signal shows up both on the left and
the right side. A clear difference in frequency response is found between the
acceptor-drain and the inter-acceptor tunnel signals, which is further illustrated
by line-cuts through both signals as shown in Figs. 5.4c and 5.5c.

The difference in response of the LC-circuit can be explained by a difference

in tunnel rate between these two processes, 12?

as explained in chapter 3. In the
case where the tunnel rate is much faster than the resonance frequency (I' > w)
of the LC-circuit, the tunnel process will predominantly add a capacitance
to the circuit (dispersive response), which shifts the resonance to a lower
frequency. In the case where the tunnel rate is of the order of the resonance
frequency (I" ~ w) of the LC-circuit, the tunnel process will predominantly add
impedance to the circuit (dissipative response). Depending on the pre-existing
matching conditions of the circuit, the added impedance can either increase or

decrease the Q-factor of the resonator.
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Figure 5.4: Amplitude change of reflection. (a) Amplitude response of the
tank circuit as a function of frequency when: i) no resonances are found in the
transistor (blue line), ii) holes tunnel between one acceptor atom and the drain
(dotted red line), iii) holes tunnel between the two acceptor atoms (dotted
black line). (b) Shift of the resonators response in amplitude, compared to
the black line in (a), as a function of frequency on a line cut through the
(1,1)-(2,0) transition. Here Vpg is 1.93 V and Vpg is -777 mV, where Vp
is used to sweep through the two acceptor-drain lines (left and right) and
the inter-acceptor line (middle), as shown in Fig. 5.3. The distinct different
frequency dependence of these tunnel processes is explained by the difference
in tunnel rate for these transitions. (c¢) Amplitude shift for the line-cuts on
the black and red dotted lines in (b).
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Figure 5.5: Phase change of reflection. (a), (b) and (c) are identical to
Fig. 5.4, only now showing the phase response of the tank circuit.

The acceptor-drain transitions show a reflected phase shift which changes
polarity around the resonant frequency, while maintaining a negative reflected
amplitude shift. This demonstrates an increase in Q-factor of the circuit,
which therefore implies a tunnel rate comparable to the resonant frequency
of 583 MHz. The inter-acceptor transition shows a negative reflected phase
response, peaked around the resonance, while the reflected amplitude shift
changes polarity at this point. This demonstrates a shift in resonant frequency,

which therefore implies a tunnel rate much faster than the resonant frequency.

5.3.2 Estimation of capacitive coupling

The relative capacitive coupling of the acceptor to the drain and top gate is
found by fitting the line shape of the acceptor-lead reflectometry signal. The
hole temperature is estimated from the quantum dot transport at ~300 mK,
which gives kT > RI' for the acceptor-lead tunneling process and thereby
justifies a thermally broadened fit.'?? This gives a relative coupling to the
top gate (arg) and drain (ap) of 0.50+0.01 and 0.41+0.02 respectively, and
places this atom roughly halfway between these electrodes, under the Si3 Ny
spacer. The second boron atom is likely to be located closer to the centre of
the channel, as it is only observed through the inter-acceptor tunnel process,

where the tunneling to both the source and drain is too slow to be detected.

5.4 Pauli spin blockade

The signature of Pauli spin blockade is the disappearance of the reflectometry
inter-acceptor tunnel signal when a magnetic field is applied along the axis

of the top gate nanowire (y-direction in Fig. 5.1a), as shown in Fig. 5.6a.
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This indicates the presence of an even number of holes in the two-acceptor
system. The inter-acceptor tunnel signal is therefore attributed to a (1,1)<+(2,0)
transition, since a maximum of two holes can be bound to a boron atom
in silicon. The exact occupation of the two atoms, extracted from pulsed

experiments (discussed later), is shown in Fig. 5.3.

To model the spin blockade, the theoretical framework introduced for the
two-hole system of coupled acceptors in chapter 2 is used. A distortion of
the silicon cubic symmetry at the acceptor site lifts the degeneracy of heavy
and light holes, 388 which in this experiment creates heavy hole ground states
for both atoms. Note that the energy splitting to the light holes, Arp, can
be different for the two acceptors. The total energy of the two-hole system
is constructed from the single particle energies plus the exchange energy J
between the holes. In the (1,1) region the two holes are located on different
atoms, therefore Apy > J is assumed. The energetically lowest states in this
region are the heavy hole singlet (Sgp) and triplet (T ) states. Here Xpp
denotes the presence of two heavy holes, whereas a combination of one light
and one heavy hole would be written as X7 . In the (2,0) region the two holes
are bound to the same boron atom and J > Arg. The six lowest states in

this region are then composed of combinations of different spin states, making
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Figure 5.6: Pauli spin blockade. (a) Measured magnetic field dependence
of the inter-acceptor tunneling phase response. The disappearance of the
signal is caused by hole spin blockade and reproduced using Egs. 5.3 and
5.4 in (b). Dashed lines show the magnetic field dependence of the singlet
crossing points with the triplet (Bgs_,7) and quadruplet (Bs_,q) states. (c)
The energy diagram of two holes bound to two acceptors at a finite magnetic
field as a function of detuning energy. The shift in reflected phase is found
for the holes tunneling between the (2,0) and (1,1) Sypy states around the
zero detuning point. The Sgg — Ty and Sgy — Q5 crossings are marked
with black circles.
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the heavy hole singlet (Sgp) the ground state. Four states consisting of one
heavy hole and one light hole, form a quadruplet (Qr ) found Ap g higher in
energy. The exchange interaction between heavy and light holes Jp g splits this
quadruplet in a singlet and triplet state.”® Finally, the light hole singlet (SLr,)
is found another Ay higher in energy. The energy diagram as a function of

detuning is shown in Fig. 2.3. As a reminder, the (1,1) states are given by:

Tan = 4],
I;H ; (5.1)
And the (2,0) states are given by:
S = ;5 (4] — 44]),
Qrir = \}5 (W] — [L4)),
Qi = \}5 (11— 114D,
| (5.2)
Qtn = 7 (M = [0,
= ¢1§ (1] — M)
Sip = \2 (It — [11)).-

Using this framework, the magnetic field dependence of the reflectometry
inter-acceptor tunnel signal is calculated, as shown in Fig. 5.6b. The shift in
phase response of the reflected signal can be ascribed to the effective addition of
a quantum capacitance (Cg) to the LC-circuit, !¢ which is linearly dependent
on the curvature of the lines as function of detuning, as shown in the finite
magnetic field energy versus detuning diagram in Fig. 5.6c. Only the lower
(upper) singlet branch has a significant positive (negative) contribution to this
capacitance, where the phase shift (A¢) depends on the occupation of these
states given by the Boltzmann distribution:

e(_ES*/kT) — e(_Eer/kT)

S o(~B:/KT) ’ (5:3)

Agp =Cop
with Cg given by:

1 —3/2
Co = 50[2624752 <62 + 2t2) / , (5.4)
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where Es_ and Eg, represent respectively the bonding and anti-bonding singlet
states and F; describes the energies of all the states involved. aa represents the
difference in capacitive coupling between each acceptor to the top gate, e is the
electron charge, and ¢ and € are the tunnel coupling and the detuning between
the acceptors respectively. A tunnel coupling of 4.34+0.3 GHz is estimated by
identifying the microwave frequency at which holes are most efficiently excited
from the bonding to the anti-bonding state,'% as shown in chapter 6. Finally
a aa of 0.14, extracted from transport measurements, which are discussed
later in this chapter, is used as an input for Egs. 5.3 and 5.4 to model the Pauli
spin blockade (see Fig. 5.6b). This gives a Sgg — Ty zero detuning crossing
point at 0.25+0.05 T and a difference in effective Landé g-factor (gx = gAmy)
between the Ty and Sy states of 1.2+0.3. The Sgg — Q5 crossing is
also taken into account in the model, however it has only a small effect on the
outcome of the model, which makes it difficult to extract the same values for
the Q7 state.

The Pauli spin blocked tunneling of holes between two acceptors can be used
as a readout mechanism for the spin state of a hole bound to a single acceptor.
This readout scheme, first introduced by Koppens et al.,'%* is performed at a
finite magnetic field where the Pauli spin blockade is observed. In the (1,1)
region, where the (1,1) T}, is the ground state, independent control of the
hole spins is possible. The flipping of one of these spins, by an electrically
driven spin manipulation, and subsequent pulsing to the zero detuning readout
point, prepares the system in either the Sy or T° 191 y state. The occupation of
the Sy state is measured as a phase shift of the rf gate reflectometry signal,
which can therefore be used as the readout of the spin flip process of the single

hole spin.

5.5 Relaxation rates in the two-hole system

The inter-acceptor tunnel signal, which disappears in a magnetic field (Fig. 5.6a),
is recovered by applying a voltage pulse to the drain electrode. This recovered
signal is shown in Fig. 5.7a, where the time-averaged amplitude and phase
response of the reflected signal are displayed for an applied voltage pulse of 0.8
mV to the drain for 40 out of every 200 ns at a magnetic field of 1.5 T. At this
magnetic field, the break in the line of the acceptor-lead tunnel signal is dis-
placed by the Zeeman-energy of the T, ground state. The recovered reflected
phase shift caused by the inter-acceptor tunnel process indicates the occupation

of the Sy state at the zero detuning point, which is utilised to explore the
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5.5. Relaxation rates in the two-hole system

spin dynamics of the two-hole system using time resolved spectroscopy of the
reflected signal. Fig. 5.7b shows the time dependence of the phase response
at a magnetic field of 1.5 T with a voltage pulse applied between the ¢y and
€1 points, marked in Fig. 5.7a, and averaged over ~ 10° pulse sequences. An
exponentially decaying signal is observed, corresponding to the relaxation of
the Syy state with a relaxation time 77 of 390440 ns.

Fig. 5.8a shows the inverse of the obtained T} times as a function of
magnetic field. The distinct behavior of the dependence of the relaxation time
on magnetic field is interpreted by considering different relaxation processes
between the Spp state and lower energy states, as schematically shown in
Fig. 5.8b. The T} crosses the Spp state at a magnetic field Bg_,p— of ~0.25
T, leading to the decrease of the reflected phase signal in Fig. 5.6a. At magnetic
fields higher than Bg_,7— the Sy state relaxes to the (1,1) T} state with a
relaxation rate I'g_,7. This process requires a heavy hole spin-flip, which is,
similar to the light hole relaxation discussed in chapter 2, expected to have a
(hw)® dependence and is considered as a relatively slow relaxation process. It
is found that this relaxation does not significantly contribute to the measured
relaxation rate. Furthermore, the (2,0) Q5 state crosses the Sy state at
a magnetic field Bg_,o--. At magnetic fields above Bg_,o--, the relaxation
from the Sy state to the QQ ; state, I's_,g, involves a heavy to light hole
relaxation. This relaxation process dominates for magnetic fields above 1.5 T
and follows the expected (Aw)? behavior, %197 as outlined in chapter 2. The
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Figure 5.7: Initialization pulse and time dependent measurement. (a)Time
averaged rf reflectometry amplitude (red) and phase (blue) measurement for
a 0.8 mV, 5 MHz pulse with 20-80 duty cycle, applied to the drain, at a
magnetic field of 1.5 T. (b) The time dependent phase signal for a pulse
between the points ¢y and €1, where the pulse sequence is shown at the top.
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Figure 5.8: Relaxation times and mechanisms of the two-hole system. (a)
Magnetic field behavior of the relaxation rate (1/7%) in a range of 0.6 to 2.5 T.
(b) Schematic view of the relevant relaxation rates in this system at the zero
detuning point (see inset). The data in (a) is fitted by combining Eqs. 5.5
(red dashed line) and 5.6 (green dashed line) to get the total relaxation rate

(blue solid line).

energy splitting Aw for this relaxation is described as function of the magnetic
field relative to the crossing point Bg_,o-- and the mixing of the Syg and
Q7 j states represented by Agg. This relaxation rate is given by:

Iswq = Asg (\/|B — Bsq--I*+ AéQ)g : (5.5)

where Agg is the relaxation amplitude between the Syy and Qrpy states.
In the vicinity of Bg_,o-- the mixing of the Sy and Q7 states, caused
by heavy-light hole mixing, strongly influences the relaxation to the T
state. The partial light hole character of this mixed state gives rise to a
light-heavy hole relaxation with a (Aw)? dependence. Here the energy splitting
is approximated as a linear function of the magnetic field relative to the
crossing point Bg_,p-. Furthermore the relaxation amplitude depends on the

light-hole character in the mixed state, which has a maximum at the mixing

76



5.6. Excited states of the two-hole system

point Bg_,o--. This relaxation rate is given by:

Agr(B — Bg_,p-)?
|B — Bg_,o— >+ A%’

Us/gur = (5.6)
where Agr is the relaxation amplitude between the @, and T~ HH states.
This relaxation dominates this experiment below 1 T. The full magnetic field
dependence of the relaxation rates (7 1) is fitted by the sum of Eqs. 5.5 and
5.6, shown as a blue solid line in Fig. 5.8a. From this fit Bg_,o-- is extracted
as 0.66+0.03 T and Agg as 0.17+0.02 T, when the Bg_,p- found from the

Pauli spin blockade measurement is used as an input parameter.

5.6 Excited states of the two-hole system

5.6.1 Zero magnetic field measurement

Hole transport measurements provide the full two-hole excited state spectrum,
which cannot be obtained with rf reflectometry measurements due to insuffi-
ciently slow tunnel rates to give a signal using this measurement technique. In
Fig. 5.9a the transconductance signal (dI/dVp¢) as a function of Vg and Vpg
at a drain voltage of 10 mV shows a bias triangle (dashed lines), demonstrating
sequential hole tunneling via both acceptors in series. The bias triangle starts
to emerge at source-drain voltages above 3 mV, indicating that this sequential
tunnel process is blocked in the low bias regime. The slope of the edges of the
triangles are given by the ratio between the coupling to the top gate and back
gate. The slope of the base line of the triangle comes from the difference in
the coupling to the top and back gate, which was used earlier to estimate ap
in Eq. 5.4.

The specific bias direction gives a transport direction for the holes from
the drain to the source. From the rf gate reflectometry experiments, as shown
in Fig. 5.3, it is deduced that the acceptor with a charge transition from
0 to 1 hole has a stronger tunnel coupling to the drain (detectable with rf
reflectometry) than the acceptor with a charge transition from 1 to 2 holes
(not detectable with rf reflectometry). It follows that the probed sequential
tunneling involves the (1,1)—(2,0) transition, where the two bias triangles are

formed by the two possible charge transfer processes:

(5.7)

7



Coupled acceptor atoms

(@) - (b)
di/dV. [uS] m’"‘ T (2,0) A* states
20t-001 0 0.01 ;
e = :
18} 5 1
= [ g
IZ,;% 1.6} \\ A|_H
14¢ /:s'.wl 'If' " m JLH I """ O QLH
10k Bun
774 772 -770 -768 1
V., [mv] Shn

Figure 5.9: Sequential transport of coupled acceptors at zero magnetic
field. (a) Transconductance dI/dVrqg as a function of the top and back gate
voltages at a 10 mV Vp. The bias triangle, marked by dashed lines, shows
three excited states parallel to the baseline. (b) Corresponding energy states
of the AT state, as outlined in chapter 2.

At zero magnetic field the (1,1) Syp and Ty states are nearly degenerate.
All higher lying (1,1) excited states include at least one light hole and are
therefore expected to have a short relaxation time. For this reason the observed
ground state and excited states, marked by arrows in Fig. 5.9a, are associated
with the (2,0) energy spectrum shown in Fig. 5.9b. This spectrum is similar
to the one reported for two holes bound to two closely located acceptors. 9!
Furthermore, this energy spectrum does not show the regular spaced excited
state spectrum as expected for a quantum dot. Consequently, the second
confinement site has to be a second acceptor atom. From this spectrum a Ay g
of 110+10 peV and a Jpg of 365 eV are extracted. This shows the first
addressability of individual acceptors with a heavy-light hole splitting in the
few hundred peV range, which is of particular interest as it matches the regime

where robust spin-orbit qubits have been proposed.??

5.6.2 Finite magnetic field measurement

The magnetic field dependence of the transition energy spectrum is studied by
measuring the transconductance at Vpg=1.4 V, a cut through the bias triangle,
in an increasing magnetic field in the y-direction, as shown in Fig. 5.10. The

slope of the baseline of the triangle (dVrq/dB) changes twice, around 250 mT
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and 500 mT, as marked by the arrows. The first change in slope indicates
the Sgp — Ty crossing at Bg_,p—, in agreement with the spin blockade
measurement in Fig. 5.6a. The second change in slope corresponds to the
Spn — Qp crossing at Bg_,o--, in agreement with the origin of the observed
relaxation rates in Fig. 5.8. It is noted that in the transport measurement this
crossing does not occur at the zero detuning point but at the detuning where
the (1,1) T}y and the (2,0) Sgpg are in resonance. This causes this crossing

to appear at a lower magnetic field compared to the Bg_,o-- found earlier.

The magnetic field behavior of the (1,1)—(2,0) transition lines, shown
in Fig. 5.10, describe the magnetic field dependence of the excited states of
the (1,1) and (2,0) configurations. At zero magnetic field, Ay reflects the
effect of the local environment on the confinement of the two holes. Either
the proximity of an Si/SiOs-interface, the local strain or the presence of an
electric field can break the cubic symmetry of silicon and give rise to this
heavy-light hole splitting. However, the direction of the resulting quantization
axis for the hole spins is unknown, making it impossible to predict the exact

Zeeman interaction in the low magnetic field range.

In a large magnetic field, the Zeeman energy becomes the dominant en-
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Figure 5.10: Magnetic field dependence of sequential transport of coupled
acceptors. The transconductance at 1.4 V Vg is shown. Arrows indicate
shifts of the baseline at the points of the Syy — Ty and Suypy — QL 4
crossings.
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ergy scale and a quantization of the angular momentum in the y-direction
is considered. If the perturbation in this direction is small, the heavy and
light hole states at high magnetic field can be described by a total angular
momentum of £3/2 and +1/2 respectively. This results in a total angular
momentum of {3, 0, -3} for the Ty states and {2, 1, -1, -2} for the Q1 states,
where all singlet states have a zero total angular momentum. Under these
assumptions, all possible (1,1)—(2,0) transitions can be simulated, as shown in
Fig. 5.11, where the relevant Landé g-factors and the heavy-light hole splitting
in the y-quantization axis (AY,) are input parameters. The slopes of the
measured (1,1)—(2,0) transition lines, shown in Fig. 5.10, are used to estimate
the g-factors of both acceptor atoms, while the zero-field crossing points gives
an estimate of AY ;. For the double occupied acceptor, a g3 /2 0f 0.85 and a gy /5
of 1.07 with a AY ;; of 30 eV are extracted, using aa to convert the voltage
scale to an energy scale. For the single occupied acceptor only the heavy hole
g-factor, estimated at 1.05, contributes to the Ty states. Furthermore, it is
noted that the excited state line corresponding to the crossing of the (1,1) T
and the (2,0) Sy disappears at a magnetic field around 2 T. This indicates
that this transition, expected to be spin-blocked, is still partially allowed at
low magnetic fields. At high magnetic fields, however, the mixing of the hole
states diminishes and this transition becomes spin-blocked.

In the analysis of the magnetic field behavior of this transition, only the
lowest (1,1) heavy hole manifold is considered. This is justified, as the T},
has the strongest decrease in energy due to the Zeeman interaction and is
therefore the ground state in the (1,1) region at magnetic fields above the
Sun — Ty crossing. It is recognized that some of the excited states from
the higher lying manifolds will also decrease their energy due to the Zeeman
interaction and thereby possibly cross states from the heavy hole manifold, yet
this has no significant effect on the presented measurements. The lifetime of
the excited states in these higher lying manifolds are expected to be short, due
to the available light to heavy hole relaxation process. The observation of only
one change of (1,1) ground state (the Sgy — Ty crossing), supports the fact
that heavy holes form the lowest manifold, where in the case of a light hole
ground state, a minimum of two changes of ground state are expected.

The observed g-factors in the high magnetic field limit are close to those
found for bulk boron acceptors.” "™ The effective g-factor in the low magnetic
field limit can be calculated from the singlet-triplet crossing and is found to
be three times as small under the same assumptions for the total angular

momentum. Such a reduction of the g-factor when a magnetic field is applied
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Figure 5.11: Simulation of magnetic field dependence. Comparison of the
magnetic field dependence to a model describing the high magnetic field limit.
Top panel: Overview of the (1,1)—(2,0) transitions at a magnetic field of 1.3
T, with the Sgp (blue), Ty (green), Qry (red) and Sy, (orange) displayed.
The total angular momentum of the two holes are indicated with arrows.
Bottom panel: Full magnetic field behavior of the transition points.
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in a different direction than the quantization axis, has been observed for holes

148

in quantum dots#® and predicted for holes bound to acceptors,”? as described

in chapter 2.

5.7 Conclusion

In conclusion, the spin dynamics of single acceptor atoms in silicon have been
measured. RF reflectometry allows for the detection of holes tunneling between
two boron atoms. Here the two-hole system is detected, where the signatures of
Pauli spin blockade are measured when a magnetic field is applied. From time
resolved spectroscopy, using a pulse detection technique, the relaxation time
in the two-hole system is measured as a function of magnetic field. Here the
heavy-light hole relaxation dominates, showing the expected (Aiw)? behavior,
which is the first experimental detection of this relaxation process for acceptor
atoms. Furthermore, the mixing between heavy and light hole states has a
strong influence on the relaxation process, which is measured as a hotspot-
behavior. Furthermore, the complex magnetic field behavior of the two-hole
excited states was probed using transport measurement techniques. In zero
magnetic field the light-heavy hole splitting was measured at 1104+10 peV and
the light-heavy hole exchange was measured at 36+5 peV. By applying a finite
magnetic field a change in quantization axis of the total angular momentum
of the holes is observed. In the high magnetic field limit, the light-heavy
hole splitting is reduced to 30 peV and the g-factors of the two acceptors are
found to be around 1, close to the known bulk value. The understanding of
this two-hole system, in terms of the heavy-light hole splitting and especially
the heavy-light hole mixing, is essential to create electrically driven acceptor

qubits.
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chapter 6

Microwave spectroscopy

Probing dopant systems in silicon using microwaves gives valuable insights into
tunnel couplings, relaration times and coherence times. Here, this approach
allowed to extract the tunnel coupling between two coupled acceptors, by the
resonant excitation of the two-hole system from a bonding to an anti-bonding
state. A tunnel rate of 4.3 £ 0.3 GHz was directly measured, without prior
knowledge about the g-factor or gate coupling. Furthermore, a single acceptor is
probed in a Landau-Zener-Stiickelberg interferometry configuration, and inter-
ferences in the rf gate reflectometry readout are measured. The acceptor-drain
charge transition shows a coherence time around 60 ps. Another double accep-
tor system is probed by transport spectroscopy and photon-assisted tunneling

between the two boron atoms in the single hole transport process is detected.
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6.1 Introduction

Some of the most interesting single dopant systems in silicon operate at energy
scales in the microwave frequency range. For two-level systems based on the
spin states of individual atoms in silicon the relaxation rate generally increases

165 Therefore systems with

with a power-law dependence on energy splitting.
small energy splittings are preferable to realize long-lived qubit states. However,
a lower bound is usually determined by the individual readout of both states, set
by the finite temperature of the system. Experiments in dilution refrigerators
are usually performed with electron and hole temperatures around 100 mK,
where kgT/h corresponds to about 2 GHz, leading to promising quantum
two-level systems in the microwave range.

For single impurity atoms in silicon, the Zeeman splitting reaches the GHz
range at magnetic fields above ~100 mT. Microwave spectroscopy is therefore
a valuable tool to study these spin states. For donor atoms, the spin states can
be manipulated with a microwave magnetic field, whereas for acceptors, due
to the spin-orbit interaction, the transitions between the spin states can also
be driven by microwave electric fields. Furthermore, for individual acceptor
atoms, the heavy-light hole splitting is often found in the microwave range if
the electric field and strain in the vicinity of the acceptor is not too large. For
systems with multiple atoms or an atom coupled to one or more reservoirs,
tunnel couplings within the system represent an important energy scale.

In this chapter the effect of microwave electric fields on the tunnel pro-
cesses of different systems is presented. First in the coupled acceptor system
introduced in chapter 5, holes were driven resonantly between the bonding
and anti-bonding state of the heavy hole singlet. Then the tunneling of holes
between one of these acceptors and the drain lead was investigated with
Landau-Zener-Stiickelberg interferometry. Finally, another system of two cou-
pled acceptors was studied, where photon-assisted tunneling processes were

induced by a microwave electric field.

6.2 Probing the tunnel coupling between two
acceptors

The tunnel coupling between the two acceptors, presented in chapter 5, was

measured by microwave spectroscopy. To estimate the tunnel coupling be-

tween the two acceptor atoms the resonance between the bonding (S% ) and

anti-bonding (5% ) singlet heavy hole states was measured, similar to the
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CYR

Energy

. 4 X 7
detuning detuning

Figure 6.1: Microwave spectroscopy to estimate the tunnel coupling. (a)
Schematic diagram of the two hole system, showing only the heavy hole singlet
state. The microwaves drive the transition between the bonding (5% ) and
anti-bonding state (S% ). (b) The quantum capacitance of the bonding
(green) and anti-bonding (red) state as a function of detuning.

measurement of two electrons on a hybrid donor-quantum dot system.'63 The
energy difference between the bonding and anti-bonding states is equal to
twice the tunnel coupling when the (1,1) and (2,0) singlet states are brought
in resonance, as shown in Fig. 6.1a. The energy of these states as a function

of detuning is described by:

Ebonding = Ep — €2+ (2t)2, (6 1)
Eanti—bondmg = Eo + €+ (2t)2.

As shown in Eqs. 5.3 and 5.4, the quantum capacitances for the system in the
bonding and the anti-bonding state are of opposite sign, as shown in Fig. 6.1b.
Because of the polarization of this system at low temperature (~ 300 mK),
the positive quantum capacitance of the bonding state dominates and results
in the negative phase shift as presented in chapter 5. A microwave driven
resonance decreases the polarization of the system and causes a decrease in
the phase shift of the reflected signal.

A bias-tee coupled to the drain lead, shown in Fig. 5.1, is used to apply
microwaves to the double acceptor system. In this experiment the inter-
acceptor signal is continuously probed with rf gate reflectometry, while the
microwaves are also continuously applied to the drain. The splitting of the
acceptor-drain signal is used as a calibration to keep the input power for the
acceptor system constant during the experiment by compensating for any
frequency dependent losses in the connections and coaxial lines. This splitting

depends linearly on the microwave power applied at the drain, as shown in

87



Microwave spectroscopy

(@)

[mV]

Drain

V

-30 -20 -10 0 -30 -20 -10 0
Applied MW power [dBm] Applied MW power [dBm]

Figure 6.2: Reflectometry signal dependence on microwave power. (a) Shift
in the I channel signal of the rf gate reflectometry readout at 7.6 GHz as a
function of the applied microwave power, which shows the microwave induced
broadening of the acceptor-drain resonance. (b) Shift in the Q channel of
the rf gate reflectometry readout at 7.6 GHz as a function of the applied
microwave power. This shows the decrease in the inter-acceptor tunneling,
caused by the decreased population of the S%, state and the increased
population of the S¢ state.

Fig. 6.2a. This measurement is used to calibrate the system for a. An input
power corresponding to a 50 pV splitting of the acceptor-drain signals is chosen
as the reference point for every frequency. The applied power to reach this
condition is shown in Fig. 6.3a.

The typical response of the inter-acceptor tunnel signal is shown in Fig. 6.2b.
The phase shift of the inter-acceptor tunneling signal at the reference power,
Ad, is compared to the phase shift without any applied microwaves, A®y. The
ratio A®/Adg is shown as a function of the microwave frequency in Fig. 6.3b.
The decrease in this ratio is fitted to a Gaussian function (red line in Fig. 6.3b).
A centre frequency of this resonance is found at 8.64+0.6 GHz, corresponding
to a tunnel coupling between the atoms of 4.3£0.3 GHz. The width of this
resonance indicates a T35 of ~ 200 ps for the bonding and anti-bonding states.
This value is similar to the one found for a two-electron system on a hybrid

donor-quantum dot in a similar tri-gate transistor. 163

This direct measurement of the tunnel rate between the two acceptor atoms
is particularly useful as it does not rely on prior knowledge of the g-factor
and the gate coupling to both acceptors. Because for acceptors in silicon the
g-factors strongly depend on the local environment of the atoms, in contrast to
the g-factors of donor atoms, the tunnel rate can not easily be extracted from

a spin blockade measurement. The tunnel rate determined by the microwave
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Figure 6.3: Estimation of the tunnel coupling. (a) The applied microwave
power to achieve a 50 puV splitting of the acceptor-drain signal. (b) The
change in phase shift of the inter-acceptor tunnel signal as a function of
microwave frequency, using the microwave power as specified in (a). The
resonant decrease in signal is fitted with a Gaussian function. A tunnel
coupling of 4.3 GHz between the atoms is extracted.

spectroscopy is ~10 times the rf driving frequency of the LC-circuit coupled to
the gate and confirms that this resonance mainly adds a quantum capacitance

to this circuit.

6.3 Landau-Zener-Stiickelberg interferometry

Landau-Zener (LZ) tunneling is the quantum mechanical effect to diagonally
cross an avoided crossing between two energy levels that repel each other, as

shown in Fig. 6.4a. The probability of such an event, Pz, is given by:

AZ
Py =exp <_27T4hv> , (6.2)
where A is the energy spacing between the two levels at the avoided crossing
point (zero detuning point), and v is the speed of crossing, given by de/dt.
When a system is driven by microwaves, multiple LZ transitions can occur
at an avoided crossing. The phase difference between the path where a LZ
transition occurs and the path where the LZ transition does not occur causes
interference patterns in the probability amplitudes found after multiple passages
of the avoided crossing. These Stiickelberg oscillations can be measured by
the so-called Landau-Zener-Stiickelberg (LZS) interferometry. The chance of
finding the system in the diabatic excited state P, at a certain detuning e

depends on the energy splitting A, the speed and frequency of the crossings,
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the population and phase coherence times T} and Th: 66

1 A2J?
P e,A,w = — n )
e (6 A w) = Xn: o + B (w — )7 + A2J2

(6.3)

where A and w are the amplitude and frequency of the microwave drive and J,, is
the n-th Bessel function as a function of A/w. An example in the interference
pattern of the probability to find the system in the diabatic excited state
is shown in Fig. 6.4b. LZS interferometry has been measured in a variety
of systems, including transport measurements on single dopants in silicon

167 and 1f gate reflectometry measurements on quantum dots in

168

transistors,
silicon transistors.

For the coupled-acceptor system shown in chapter 5, LZS interferometry was
measured for the acceptor-drain tunnel process. This microwave spectroscopy
measurement was performed far detuned from the (1,1)-(2,0) crossing of the
two acceptors. As a fast phase decoherence is expected for the drain reservoir,
it is likely that the probed transition occurs instead between the boron atom
and a confined state which is strongly coupled to the drain reservoir. No clear
signature of LZS interferences was found for the tunneling of holes between
the two acceptor atoms, possibly caused by an overlapping effect of the LZS
fringes of the acceptor-drain signal in this region, thereby obscuring the LZS
interference pattern of the inter-acceptor tunneling.

The measurement is performed by applying a continuous 23 GHz microwave

with varying power. Fig. 6.5 shows the measured phase shift of the rf gate
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Figure 6.4: Landau-Zener-Stiickelberg interferometry. (a) The Landau-
Zener transition has a probability Prz to occur between the two levels.
(b) Landau-Zener-Stiickelberg interferometry pattern showing the chance
of finding the system in the diabatic excited state, given by Eq. 6.3, where
Ty =T, = Y31
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Figure 6.5: Acceptor-drain transition for 23 GHz microwaves. (a) Phase
shift of the rf reflectometry signal as a function of the top gate voltage
and the applied microwave power, showing the Landau-Zener-Stiickelberg
interferometry pattern. (b) Cuts through figure (a) showing the oscillating
patterns for the first five photon transitions. The traces of the n=2 to n=>5
photon transitions are offset by -n°.

reflectometry signal as a function of gate voltage. The LZS interference pattern
seen in Fig. 6.5a shows up to 12-photon transitions, indicated by dotted lines.
An n-photon transition only occurs if the microwave power is high enough to
reach the avoided crossing. This leads to the typical V-shape appearance and
gives an independent measure of the microwave amplitude at the acceptor-lead

system.

The observation of both positive and negative phase shift in the interfer-
ence pattern, shown in Fig. 6.5b, correspond to both positive and negative
quantum capacitance. This can be explained by the positive and negative
quantum capacitance in the upper and lower state of the avoided crossing, as
shown in Fig. 6.1b, and observed in other reflectometry LZS interferometry

measurements. 168,169

At lower microwave frequencies the phase coherence is not preserved be-
tween each passage of the avoided crossing. This leads to the disappearance of
the LZS interference pattern, shown in Fig. 6.6. The LZS interference pattern
appears when the driving frequency is equal to 75, which is found to be around

17.5 GHz in this experiment. This corresponds to a phase-coherence time
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Figure 6.6: Frequency dependence of Landau-Zener-Stiickelberg interferome-
try. The LZS interferometry patterns for four different microwave frequencies:
(a) 10 GHz, (b) 12.5 GHz, (c¢) 15 GHz, and (d) 17.5 GHz.

around 60 ps for the acceptor-lead system, which is comparable to the coherence
time found for quantum dots in a similar transistor.'%® A possible dephasing
mechanism comes from charge noise in the system. This has been identified as
a likely source of decoherence in other systems consisting of a single charge in
a double quantum dot, such as GaAs quantum dots, " donors in silicon, 67
and quantum dots in carbon nanotubes,'”! for which phase coherence times in
the 100 ps range have been measured. An estimate of the charge noise that
could lead to this decoherence time is given by v/2h/Tj ~ 0.1 meV.

6.4 Photon-assisted tunneling in transport

spectroscopy

In addition to the rf gate reflectometry measurements, the effect of microwaves

on dc transport measurements was studied. A tri-gate transistor with a channel
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Figure 6.7: Double acceptor transport. (a) Current map as a function
of the voltages applied to the top gate and back gate, with a 1.5 mV bias
voltage applied. Bias triangles are indicated by red lines. An excited state is
indicated by a dashed red line. (b) The same measurement in a magnetic
field of 4 T, where excited state transitions (red arrows) are observed parallel
to the baseline (black arrow).

width of 42 nm, a channel height of 11 nm, a gate length of 34 nm and a

3

background boron concentration of 5 x 10'7 cm ™ was investigated.

6.4.1 Single hole system of coupled acceptors

Bias triangles are observed in the dc transport measurement map, shown in
Fig. 6.7a. It reveals a sequential tunneling through localized states as discussed
in chapter 3. From the shape of the triangles, relative capacitive couplings to
the top gate of ak; 0.82 £ 0.02 and a4, 0.60 + 0.03 were found for the two
localized states. Furthermore, the step in current parallel to one side of each
triangle (marked with dashed lines in Fig. 6.7a), corresponds to a low-lying
excited state. Because only one excited state is observed, this spectrum is
attributed to a boron atom with a small light-heavy hole splitting. The A g
extracted from the bias triangle is 140 £ 30 peV.

To establish the origin of the second localized state in the transport process,
the excited state spectrum was studied as a function of magnetic field. At
a magnetic field of 4 T several excited state transitions appear as current
oscillations parallel to the baseline of the bias triangle (indicated by arrows in
Fig. 6.7b). The magnetic field dependence of the transition energies are found
in a magneto-transport spectroscopy measurement presented in Fig. 6.8a. A
total number of 6 excited state transitions are resolved, which is in agreement
with a system consisting of two boron atoms, as outlined below.

The description of single acceptor atoms in silicon, introduced in chapter 2,
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Figure 6.8: Magneto-transport spectroscopy. (a) Numerical transconduc-
tance (dI/dVrq) as a function of magnetic field, showing the excited state
transition spectrum within the bias triangle. (b) A simulation of the excited
state transitions for a single hole on two coupled acceptors with different
light-heavy hole splittings and different Landé g-factors.

was used to predict the excited state transitions of two holes bound to two
acceptors in chapter 5. Here the single hole system is considered in the same
manner. The four lowest states of a single hole bound to an acceptor are
described by linear combinations of heavy and light hole states. For an applied
magnetic field larger than the light-heavy hole splitting the ground state has a
predominant heavy hole character for both acceptors. The transition between
the ground states is expected to depend only weakly on the magnetic field,
because of a possible difference in Landé g-factor. Transitions between the level
of the first atom with a smaller Zeeman shift than the level of the second atom,
will move inside the bias triangle. Under the assumption that the g-factor is
similar for both atoms, six of these transitions are expected.

These six excited state transitions are modelled using different g-factors
for the heavy and light hole states of both atoms and introducing a different
light-heavy hole splitting for each atom, shown in Fig. 6.8b. In Fig. 6.8a the
positions and slopes of the excited state lines, between 1 and 3 T, are used as
an input for this model. Light-heavy hole splittings of 30 ueV and 110 pueV
are found for the first and second acceptor respectively. The larger splitting is
in agreement with the excited state found in the bias triangle at zero magnetic
field. Effective g-factors (gx = gm;) of 0.47 and 1.77 were found for the light
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Figure 6.9: Photon assisted tunneling. (a) Schematic diagram of photon
assisted tunneling, where the absorption of one photon allows for the tunneling
between two atoms. (b) and (c) Photon assisted tunneling observed between
the two coupled acceptors with an applied microwave power of -25 dBm and
frequencies of 10 and 12 GHz respectively.

and heavy holes bound to the first acceptor and 0.72 and 1.72 for the second
acceptor.

Furthermore, a deviation from the linear behavior is observed for fields
above 3 T in Fig. 6.8a. Two different effects can explain this behavior. First,
the quadratic Zeeman effect, neglected in the discussion presented in chapter 2,
can be reconsidered as it could have an effect at the higher magnetic fields
applied in this experiment. Secondly, a change in quantization axis of the total
angular momentum of the hole can be the cause, as discussed for the two-hole
system in chapter 5. It is interesting to note that the Zeeman energy of a state
with an effective g-factor of 1 would be equal to the observed light-heavy hole
splitting of 110 peV around 2 T. This could be related to the deviation of the

linear behavior observed at higher magnetic field.

6.4.2 Photon assisted tunneling

Signatures of photon assisted tunneling are found in the transport bias triangles
measured by microwave spectroscopy. The tunneling process between the two
acceptor atoms is assisted by the absorption of a photon, as shown in Fig. 6.9a.
As shown in the case of Landau-Zener-Stiickelberg oscillations, multi-photon
processes can lead to the observation of an oscillating transport signal as a
function of the detuning. In Fig. 6.9b and ¢ these oscillations are shown for
microwave frequencies of 10 and 12 GHz respectively. The different frequencies
are expected to give a different energy spacing between the multi-photon

processes. This effect was observed in this experiment and thereby confirms
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Figure 6.10: Power dependence of photon assisted tunneling. (a), (b), (c),
and (d) Four different microwave powers, from -40 to -25 dBm, are applied
at a frequency of 10 GHz and an increasing number of photons are involved
in the photon assisted tunneling as the microwave power increases.

the oscillations originate from photon-assisted tunneling.

The microwave power dependence of these oscillations is shown in Fig. 6.10.
With increasing power, tunneling processes involving more photons become
possible. At an applied power of -40 dBm only the 1 and 2 photon processes
are observed, but at a 15 dBm higher power up to 5 photon processes are
visible.

These photon assisted tunneling oscillations show that the two acceptor
system can be manipulated with a microwave electric field applied by a local
gate. The next step is to extend this microwave control to the coherent
manipulation of single acceptor states in an electrically driven spin resonance

experiment.

6.5 Conclusion

In this chapter the microwave spectroscopy of coupled boron atoms and a
single boron atom coupled to an extension of a reservoir was analyzed. In
these experiments, the microwaves were applied to gate electrodes, meaning
that these gates are suitable to drive transitions between acceptor states as
proposed for acceptor qubits. The resonant excitation between the bonding
and anti-bonding state of a two-hole system enabled the direct measurement
of the tunnel rate between two atoms, without prior knowledge about the
g-factors or the gate couplings. Landau-Zener-Stiickelberg interferometry
in rf gate reflectometry measurements showed a coherence time around 60
ps for the charge transition between a single acceptor and the drain lead.
Furthermore, photon assisted tunneling in transport measurements was used
to probe the system of one hole bound to two acceptor atoms. All these

microwave spectroscopy experiments provide the first steps towards realizing
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an electrical coherent control over the spin states of a single acceptor atom.
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chapter 7

Single-atom electron pump

Single-electron pumps based on isolated impurity atoms have recently been
experimentally demonstrated. In these devices the Coulomb potential of an atom
creates a localised electron state with a large charging energy and considerable
orbital level spacings, enabling robust charge capturing processes. In these
single-atom pumps, the confinement potential is hardly affected by the periodic
driving of the system. This is in contrast to the often used gate-defined quantum
dot pumps, for which a harmonic and strongly time-dependent potential leads to
significantly different charge pumping processes. Here we describe the behavior
and the performance of an atomic, single parameter electron pump. This is
done by considering the loading, isolating and unloading of one electron at
the time, on a phosphorous atom embedded in a silicon double gate transistor.
The most important feature of the atom pump is its very isolated ground state,
which can be populated through the fast loading of much higher lying excited
states and a subsequent fast relaxation process. This leads to a substantial
increase in pumping accuracy, and is opposed to the adverse role of excited
states as observed for quantum dot pumps due to non-adiabatic excitations.
The pumping performances are investigated as a function of dopant position,
revealing a pumping behavior robust against the expected variability in atomic

position.

Part of this chapter is published online as:

e J. van der Heijden, G.C. Tettamanzi and S. Rogge, Dynamics of a
single-atom electron pump, arXiv:1607.08696.

99



Single-atom electron pump

7.1 Introduction

Quantized charge pumps can be used as single electron sources, > 177 which

178,179 and can be used

180,181

have potential applications in electron quantum optics

as a new standard for the Ampere in quantum metrology when they

175,176,182-184

can be operated with a sufficiently high accuracy. Essential to

semiconductor electron pumps is to control the energy states of a quantum

dOt, 175,176,184,185 177,186,187 or bOth7 188,189 in order to capture,

an impurity atom,
isolate, and emit a fixed number of electrons in every cycle of the electron
pump. The most common charge pumps are based on quantum dots where
the shape of the dot strongly depends on the ac driving voltage of the pump.
Due to the drastic reshaping of the confinement potential for the electron
during the pumping cycle, this type of charge pump is named the dynamical
quantum dot pump. This dynamic behavior of the electron confinement is in
sharp contrast with electron pumps based on single dopant atoms, where the
electron confinement originates from the fixed 1/r Coulomb potential of the
atom. This leads to a significantly different pumping process and requires a
new model to accurately describe the single-atom charge pumps.

176,190 75
)

Recent improvements in electron confinement pulse shapes,!™ and

191,192

readout techniques, have led to highly accurate single-electron pumps

based on dynamical quantum dots. The pumping process of these pumps has

193 and is accurately described by the universal cascade

been studied extensively
decay model.'* The best performing pumps have achieved an uncertainty
below 0.2 ppm at a driving frequency around 500 MHz. '®* Here back-tunneling
processes, where the electron tunnels back to its source, are found to be the

main source of systematic errors at these high pumping frequencies. 9194

195,196 start to play a

At even higher frequencies non-adiabatic excitations
detrimental role, as the fast ac driving voltage produces unwanted excitations
in the quantum dot, which can substantially increase the back-tunneling rate

and thereby decrease the accuracy of the electron pump.

Dopant atom electron pumps, using the fixed atomic potential as con-
finement, have the potential to lower these systematic errors. The Coulomb
potential of a donor atom provides a highly localized electronic state, which iso-
lates the electron during the pumping process and thereby reduces the chances
of back-tunneling. Furthermore, the large energy spacing between the ground
and excited states of an atom lowers the chance of non-adiabatic excitations.
However, as an inevitable consequence of the fixed atomic confinement and

isolated electronic state, the loading of the electron on the atom becomes a
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Figure 7.1: Single-atom electron pump. Schematics showing the electronic
potential in a 3-D cut through the transistor, cut in half in the y-direction,
and through the middle of the right gate in the x direction. The three crucial
stages of the electron pump are indicated: the loading, isolating and unloading
stage.

possible source of error. This sharply contrasts the behavior of dynamical
quantum dots, where the accurate description based on the universal decay cas-
cade model ascribes the pumping error to the ratio between the back-tunneling
probabilities of N and N+1 electrons, leaving out any loading and unloading

€rrors. 194

To accurately describe the behavior of a single-atom electron pump (as
schematically shown in Fig. 7.1), we present a model that takes into account
the loading, back-tunneling and unloading processes as the three main stages
of the pumping cycle, and capture all possible sources of systematic errors. It
is found that the most accurate charge pumping is achieved only when multiple
energy states of the atom contribute to the loading stage of the pump cycle.
In this scenario the tunnel rate from the leads to the ground state of the atom
is insufficient to load an electron. Instead an electron tunnels from the source
to one of the excited states of the atom with greater efficiency, because of the
higher tunnel rates associated with the spatially more extended excited states.
After this initial step, the electron relaxes to the ground state, where, due to

the slow tunnel rate between the ground state and the source, back-tunneling
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Figure 7.2: The loading stage. (a) Calculation of the potential profile in a
cut through the middle, i.e. in the direction of the width, of the double gate
transistor as used in this chapter, where one dopant atom is placed in the
centre of the transistor channel with dimensions 170-50-20 nm (length-width-
height). The voltages used to create this profile identify the loading stage
in the pumping cycle. (b) A plot of the profile in the x (length) direction
indicated with a dashed line is shown, indicating the tunnel-in rate which is
relevant for the loading stage.

is substantially suppressed. This beneficial effect of the excited states for the
single-atom pump clearly opposes their adverse role for dynamical quantum
dot pumps.

An incomplete relaxation from the atomic excited states to the ground
state is found to be the main source of error in the pumping process via atoms.
This is further investigated by studying the influence of the pumping frequency
and relaxation rates on the pumping accuracy. The last part of this work
focuses on the influence of the donor position in this scheme and shows that
the behavior of the single-atom electron pump is robust for displacements of

the donor over a distance of 30 nm.

7.2 Single-atom electron pump model

In the following section a complete description of the single-atom electron
pump model is given, by outlining the geometry of the pump, specifying the

used postulates and providing the theoretical framework.

7.2.1 Device description

The model is directly compared to experiments on a single-atom electron pump.
The specific geometry of this device, which has recently demonstrated single
electron pumping'”7 is used to calculate the tunnel rates, involved in pumping

the electrons one-by-one through the transistor, for our model. As shown in
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Figure 7.3: The isolating stage. (a) Calculation of the potential profile
similar to Fig. 7.2. The voltages used to create this profile identify the
isolating stage in the pumping cycle. (b) A plot of the profile in the x
(length) direction indicated with a dashed line is shown, indicating one of the
relaxation rates, which are critical in the isolating stage.

Figs. 7.2 to 7.4, both the left gate (LG) and right gate (RG) are 50 nm long
and are separated by 50 nm. The source and drain are separated from the
gates by silicon nitride spacers to get to a total channel length of 200 nm,
however some diffusion of the source and drain dopants under the spacers
is taken into account, which reduces the effective length to 170 nm. In our
model, the width and height of the channel are taken to be 50 and 20 nm
respectively and the dopant potential is initially placed in the centre of the
transistor channel in all directions, i.e. length, width and height. The effect of
changing the position of this potential along the length direction is discussed
in the last section. For the experiments, the single-atom electron pump is
mounted on a cold finger and measured at 4.2 K. A low noise battery operated
measurement setup was used to measure the source/drain current and to apply
dc voltages to the gates. Typical measurements were acquired at Vgp ~ 0
mV and by applying a sinusoidal rf input to the left gate via the bias-tee in a

typical single parameter configuration.!77193

7.2.2 Model postulates

The energy spectrum of the phosphorous atom is, in our model, always assumed
to be equal to the known bulk values'®” and fixed throughout the pumping
cycle. Especially at a distance of 10 nm from the Si/SiOy interface (i.e.
middle in the height direction, see black dashed lines in Figs. 7.2 to 7.4), this
assumption is justified, as the excited state energies and charging energy are

198,199

expected to approach the bulk values, which has been experimentally

confirmed. 4%2% Furthermore, we find a maximum electric field during the
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Figure 7.4: The unloading stage. (a) Calculation of the potential profile
similar to Fig. 7.2 and 7.3. The voltages used to create this profile identify
the unloading stage in the pumping cycle. (b) A plot of the profile in the
x (length) direction indicated with a dashed line is shown, indicating the
tunnel-out rate which is relevant for the unloading stage.

unloading stage of the pumping cycle of 4 MV /m, where in the more important
loading stage the field never exceeds 3.5 MV /m. For these electric fields it has
been shown that the excited state spectrum of a donor atom does not greatly
change®” and also the charging energy of the atom is stable.'?! The singlet
1s(Ap) state with a binding energy of 45.6 meV is used as the ground state in
our model together with the lowest three excited states, being the valley-orbit
triplet 1s(7%) and doublet 1s(E) states separated by 11.7 and 13 meV from
the ground state respectively and the 2pg state separated by 34.1 meV. The

binding energy of the second electron is taken to be 2 meV.!2?

Contrary to the decay cascade model, our model considers only the tunneling
via the first electron state, i.e. the D state, which restricts the voltages applied
to the gates to values for which the energy level of a second donor-bound
electron stays above the source and drain Fermi energy during the entire
pump-cycle. The doubly occupied, negatively charged donor state is referred
to as D~. Although this restriction in gate voltage space denies the modelling
of the pumping current regions that are related to more than one electron
and likely does not include the complete voltage space where one electron is
pumped, it still allows the capturing of the unique physics of a single-atom
pump. This because the large charging energy of the donor atom allows the
capturing of the first electron at a much lower energy and therefore much lower
voltages than the second electron. Lastly, for single-impurity charge pumps,
and in agreement with our theoretical approach, only the 1 electron plateau

can be effectively used to estimate the accuracy of the pump.!®®
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7.2.3 Theoretical framework

The model presented here is based on three consecutive calculation steps. First
the potential profile in the channel is calculated by solving the Poisson equation,
see Figs. 7.2 to 7.4. Second, this potential profile is used to estimate the tunnel
rates between the different energy levels of the donor atom and the source
and drain leads, see Fig. 7.5b, by using the Wentzel-Kramers-Brillouin (WKB)
method, as in Eq. 7.1. And third, these tunnel rates are used in a rate-equation
model, as in Eq. 7.2 to Eq. 7.4, to find the occupation probabilities of all the
states during the pumping cycle, see Fig. 7.5¢, which consequently gives the
average amount of electrons transferred per cycle, as in Eq. 7.5.

The Poisson equation is solved by using the finite difference method for
different combinations of voltages on the left and right gate, while keeping the
source and drain leads grounded, consistent with the experimental situation.
This solution gives the three-dimensional potential landscape in the transistor
for each set of gate voltages, see Fig. 7.1. Subsequently the tunnel rates
between the energy levels of the atom and the source and drain leads are
calculated with the use of the one dimensional WKB method:

Tdo — 22 /U(z.)—E, 2m*
dpe 2 U( ,t) El(t) (71)

2
" da,

Li(t) = ffo/o

where I';(¢) is the tunnel rate to or from energy state ¢ at time ¢ of the pumping
cycle, U(x,t) is the potential in the transistor at position x, as defined in
Figs. 7.2 to 7.4 , and at time t. E; is the energy of the considered donor state
and m* is the effective mass in silicon. The integral is taken from the end
of either the source or drain lead, denoted by position 0, to the position of
the dopant x4,,. Furthermore, { denotes the degeneracy of the state and I'g
is the attempt frequency, which symbolises the maximum tunnel rate in this
system. An estimation of the attempt frequency for the donor is made by
imagining an electron bouncing back and forth between two walls and counting
the frequency with which it hits one of these walls. To get an estimation of
the ’speed’ we use the binding energy as a kinetic energy and the Bohr radius
is used as the distance between the walls. This leads to a 'y of 2E;/k, which
is close to 100 THz for the phosphorus ground state.

The behavior of the single-atom electron pump is described by the occupa-
tion probabilities of all the atomic states during the pump cycle. The estimated
tunnel rates are used in a rate equation model to calculate the occupation
probabilities of all the atomic energy states. The occupation probabilities
are represented by the vector P(t) = [ P,(t) Py(t) Pi(t) Po(t) Ps(t) ],
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consisting of the probability for the atom to be unoccupied followed by the
probabilities of one electron to be in the 1s(A;), 1s(T3), 1s(E), and 2pg states
at time t. The occupation probabilities during the pumping cycle are found by

solving the following set of equations:

> R(t)=1, (7.2)

i=u,0..4

dP/dt = M(t) x P(t), (7.3)

- zoj 3Fg rg I I3 g

n=u..

) —I% I 2 Iy
M= I 0 -I9-T1y 0 0 ;o (T4)

I 0 0 -Ig—T% 0

T 0 0 0 —I'3 - 173

where T is the in-tunnel rate (i.e. from the source or drain to the atom state
n), I'? the out-tunnel rate (i.e. from the atom state n to the source and drain)
and I'7 the relaxation rate of the donor excited state m to the 1s(A;) ground
state. The tunnel rates, as calculated by Eq. 7.1 with taking spin and valley
degeneracies into account for the tunnel-in rates, are regarded as I'? if the
energy of the donor state is below the Fermi level of the source and drain and
I'° otherwise. For the source and drain contacts a Fermi-Dirac distribution
of electrons at a temperature of 4.2 Kelvin is assumed. The rate equation is
numerically solved using the explicit Runge-Kutta Dormand-Prince method.

The relaxation rates from the excited states to the ground state play an
important role for the single-atom electron pump. Estimations of the relaxation
rates from the 1s(7»), 1s(E) states to the 1s(A;) state are found in the 1 to
100 GHz range. 201203 Relaxation from the 2pg state is expected to follow a
double relaxation process, where it first relaxes to either the 1s(7%) or the

1s(E) state, 201202 with an estimated relaxation rate of several tens of GHz.20

The total relaxation rate from the 2pg state is measured around 5 GHz.2%°
To incorporate these findings in our model, only direct relaxations to the
1s(Ap) are included (see Eq. 7.4), where the relaxation rates are set to 10 GHz
for all three excited states. As the pumping accuracy depends strongly on
the assumed relaxation rates, the effect of a change in the relaxation rates is

investigated later in the paper.
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Figure 7.5: Typical pumping cycle. (a) Time dependence of voltages Vi.¢
and Vg during the cycle. (b) The relevant tunnel rates from the source
(solid lines) and to the drain (dashed line) during the pumping cycle for the
1s(A;) state (blue), the 1s(T5) state (purple) and the 1s(F) state (green).
When a state is below the Fermi level of the source, the line is colored red. A
grey line shows the relaxation rates for the 1s(73) and 1s(FE) states to the
1s(A;) state and a black dashed-dotted line shows the pumping frequency.
(c) The corresponding occupation probabilities for the relevant single electron
states of the atom as a function of time, where five moments in the cycle are
highlighted with ¢; to t¢5, as discussed in the text.
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7.3 Typical pump cycle

Next, the operation of the single-atom electron pump will be discussed by ex-
amining the time dependent voltages, tunnel rates and occupation probabilities
during a typical pump cycle (as displayed in Fig. 7.5). This cycle is simulated
with Vrg = -165 mV and Vg = -220 mV, while a 300 mV ac voltage is added
to the left gate, see Fig. 7.5a. Note that these are not the optimal conditions
for the pump (on average, only 0.9 electrons are pumped per cycle), but it
shows a pumping cycle where both the benefits of excited states are visible
and possible error mechanisms are displayed. The phase of the driving voltage
is chosen such that the cycle starts between the unloading stage (low Vi) and
loading stage (high Vi), where the initial condition is chosen as P, (0) =1
and Py 3(0) = 0. As this initial condition only holds if the unloading stage is
complete, it is iteratively updated when the final state differs from the initial

state.

In Fig. 7.5 the critical moments in the pump cycle of the single-atom
electron pump are denoted with t;, where i ranges from 1 to 5, and the
dashed lines show the corresponding tunnel rates (Fig. 7.5b) and occupation
probabilities (Fig. 7.5¢). The loading stage starts at times ¢; and ¢y, where
the 1s(A;) state starts to slowly load at t; and the 1s(75) quickly loads at ts.
At t9 the 1s(E) state barely contributes to the loading process, as shown in
Fig. 7.5¢, which is due to the fact that the 1s(7%) crosses the Fermi energy a
short moment before the 1s(FE) state and fills almost completely within that
time, due to the high tunnel-in rate. The back-tunneling processes from the
atomic states start at t3 (1s(73)) and t4 (1s(A4;1)). The back-tunneling error
from the 1s(A;) ground state can only be reduced by lowering the tunnel rate
from this state to the source. In contrast, the back-tunneling error from the
(1s(T2)) can be reduced by either a faster relaxation rate to the ground state,
or a longer time (|t3 — t2|) to relax to the ground state. After ¢4 the loading of
electrons to the atomic ground state is finished and all other excited states
are empty. Importantly, this model indicates that for a single-atom quantum
electron pump, a large part of the occupation of the ground state originates
from a loading process to the 1s(7%) excited state and a subsequent relaxation,
which is a completely different loading mechanism than the loading process of
dynamical quantum dot electron pumps, for which this occupation happens
mainly via a directly filling of the ground state. Finally, at t5 the unloading of

the electron from the ground state to the drain occurs.
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Figure 7.6: Comparison between theory and experiment in average number
of pumped electrons. (a) Number of pumped electrons, (n), as a function of

the dc voltages Vi and Vgg, using an ac sinusoidal driving voltage on Vi
with a 300 mV amplitude and a 500 MHz frequency in the calculations. The

red square corresponds to the pumping cycle as shown in Fig. 7.5. The solid,
dashed and dotted lines indicate the boundaries of the pumping plateau, as
discussed in the main text. (b) The model is compared with experimental
data from a single-atom electron pump, which is operated with a 250 MHz

and ~100 mV driving signal. The left and bottom boundaries found in the
model are also found in the experiment.

7.4 Comparison between the model and
experiment

The total probability of pumping a single electron from the source to the drain,

denoted as (n), can be estimated by only accounting for the electrons that go
to and come from the drain (or source) in Eq. 7.3, which gives:

dnyfdt = 3 DY~ Y TP (7.5)
n=0..3 n=0..3

Here I'%¢ and T'%¢ are the tunnel rates to and from the drain lead. In the

visualisation of the data in Fig. 7.6 the average number of electrons pumped

per cycle <n>, defined as {ffﬁ, is shown. Fig. 7.6a shows the average number

of electrons per cycle as a function of the dc voltages on the left and right

gates when a 500 MHz sinusoidal ac voltage with 300 mV in amplitude is

added to the left gate, i.e. in a single parameter charge pumping configuration.
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Figure 7.7: Comparison between theory and experiment of excited state
effects. (a) Six line-plots, taken from Fig.7.6a at Vi (-247, -244, -241, -238,
-235, -232) show a stepwise increase of pumped electrons in the model, as
a result of the involvement of the excited states in the loading process. (b)
This is compared to line-plots taken from Fig.7.6b for voltages Vig (-120,
-130, -140, -150,- 160, -170). In this experiment similar steps of the pumping
current as found by the model are observed as a function of Vgq.

A plateau of current close to the ideal 1 electron per cycle is found, which
is in agreement with experiments.!”” The solid black line in Fig. 7.6a shows
the boundary of the model where the D~ state equals the source and drain
Fermi level at the lowest potential in the pump cycle. The crossings of the
one electron ground and excited states with the Fermi level are also shown in
Fig. 7.6a (dashed lines). A clear increase in pumping accuracy is observed when
the loading of the electron into the ground state is possible via an intermediate
excited state with subsequent relaxation. This underlines the important role
of the excited states in the accuracy of the single-atom pump.

The model is compared to the experiment on a single-atom electron pump,
which is operated with a driving signal of a 250 MHz frequency and around a
100 mV amplitude, see Fig. 7.6b. The bottom and left boundary indicated by
the model are also found in the experimental data, where both the direction
and broadening of these boundaries show strong similarities. The increase
in pumping current caused by the improved loading of the ground state via
the excited states appears as several steps in the model when line cuts are
taken at different values of Vi as shown in Fig. 7.7a. These line cuts are
compared with line cuts in the experimental data of Fig. 7.6b, as shown in
Fig. 7.7b. The similarities between the experiment and theory in the steplike

increase of the pumping current towards the plateau of 1 electron per cycle,
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Figure 7.8: Accuracy of a single-atom electron pump. The same result as

in Fig. 7.6a, but now shown as the number of electrons per cycle less than
the ideal 1 electron per cycle on a logarithmic scale.

both in line shape and dc voltages, demonstrates the good agreement between
the model and the experiment. Furthermore, these similarities confirm the
strong positive influence of the excited states of the atom on the behavior of
this pump geometry as seen in the experiment. Indeed, for single-atom pumps
the excited states play a crucial role to establish an effective pumping cycle,
greatly contrasting the adverse role of excited states for dynamical quantum

dot pumps through non-adiabatic excitations.

7.5 Discussion of the pumping accuracy

The operational region of the single-atom electron pump has, next to the
boundaries caused by the crossing of the Fermi energy (dashed and solid
lines in Fig. 7.6a), two boundaries caused by the limits on the tunnel rate
between the atom and the source (dotted lines in Fig. 7.6a), as also discussed
elsewhere. 177 This tunnel rate increases in the direction of a more negative
Vra, with a small dependence on V¢, see Fig. 7.6a. First, the boundary found
at the bottom of Fig. 7.6a, around a -180 mV voltage on the right gate and
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almost independent of Vi is discussed, where the exact gate dependencies
depend strongly on the position of the atom. At this boundary the tunnel
rate from the 1s(A;) ground state to the source is too fast at the moment this
state crosses the Fermi level, leading to electrons tunneling back to the source
as marked with time ¢4 in Fig. 7.5. This is the same limit as considered in
the decay cascade model. ' At the other side of the plateau a boundary is
found for Ve around -110 mV, which has a small dependence on V. At this
boundary the loading stage of the atom is incomplete, caused by insufficient
tunnel rates to the 1s(75) and 1s(F) to get to the full occupation of the atom
within the time these states are below the Fermi level of the source. As the
time of the pump-cycle that these states spend below the Fermi level depends
on Vi, this boundary has a dependence on the left gate voltage as well as the
right gate voltage. A similar boundary can be seen for the 1s(A4;) ground state
around -160 mV Vgg and will be present for the 2pg state at a higher Vizq.
In the centre of the single electron plateau, far away from every boundary
and as visible in Fig. 7.5, the accuracy of the pump is limited by the ratio
between the pumping frequency and relaxation rates from the excited states.
Here the main systemic error comes from the back-tunneling of electrons from
the excited states (shown at t3 in Fig. 7.5). The occupation probability of the
excited states, at the moment these states cross the Fermi level at ¢3, strongly
depends on how fast the electron relaxes to the ground state and the time this
state spends below the Fermi level (|t3 — t2|), which depends on the pumping
frequency.

In Fig. 7.8 the theoretical error rate of the single-atom electron pump is
shown, defined as the difference with 1 electron per cycle, which illustrates the
current quantisation properties of the electron pump in terms of accuracy. The
exact behavior of the pump’s theoretical error as a function of the dc voltages
on the left and right gate is shown in Fig. 7.8. To investigate the effect of
the ratio between the relaxation rate and pumping frequency, a simulation
with the same pumping frequency of 500 MHz, but twice as fast relaxation
times (20 GHz) is compared to a simulation with the same relaxation time
(10 GHz), but at half the pumping frequency (250 MHz). Both give the same
result for the accuracy in the centre of the plateau (shown in Fig. 7.9), which
are two orders of magnitude more accurate than the original pumping cycle.
Alternatively, to slow down the pumping frequency in the crucial loading stage,
but still get a decent current output by ramping up the frequency in the
unloading stage, several other waveforms have been proposed.!7 184188 Ve

compare our initial model to the accuracy of a model that has an effective
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Figure 7.9: Influence of relaxation rates on the accuracy. A line-cut in
Fig. 7.8 at -145 mV Vgg (solid line), compared with a pump cycle with
half the pumping frequency (black dotted line). The same improvement in
accuracy is found when the relaxation rates are doubled (red dotted line).
Furthermore, a more effective pump cycle that uses more time in the loading
stage and less in the unloading stage, is investigated (dashed line). The inset
shows the voltages during the different cycles.

frequency of 150 MHz in the loading stage and 1.5 GHz in the unloading
stage to get a total frequency around 545 MHz (dashed line in Fig. 7.9). This
model shows an improvement of almost 2 orders of magnitude on the original
model, while keeping the pumping frequency and relaxation rate constant,
explained by the increased time the excited states stay under the Fermi level

of the source.17%:184

These findings emphasize that the relaxation from excited
states to the ground state of the atom is a parameter of major importance
for the accuracy of the single-atom electron pump. The understanding of
the possible relaxation paths between these valley-orbit excited states and
available methods to increase these relaxation rates are essential to improve
the accuracy of the single-impurity electron pumps, which have already shown

pumping currents at frequencies of a few GHz. 177188

7.6 Influence of the atom placement

Finally, to study the feasibility of the single-atom electron pump, we have
benchmarked the robustness of this pump as a function of the position of the

atom. In Fig. 7.10 the pumping behavior with the atom in the centre (7.10b)
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Figure 7.10: Comparison of three different dopant positions. (a) The
phosphorous donor is displaced 15 nm towards the left gate from the centre,
(b) the donor is in the centre and (c) the donor is displaced 15 nm towards
the right gate from the centre. All simulations use a sinusoidal ac voltage on
the left gate of 300 mV and 1 GHz and 20 GHz relaxation rates are assumed
for all excited states, in order to keep the ratio between the pumping frequency
and relaxation time equal to those in Figs.7.6a and 7.8, while reaching a faster
computational speed. Furthermore, a lower resolution than in Figs. 7.6a and
7.8 is used, to reduce the total computation time. The same color scale as in
Fig. 7.6a is used.

and moved 15 nm towards both the left (7.10a) and right (7.10c) gate are
calculated, using a pumping frequency of 1 GHz and relaxation rates of 20 GHz.
This is a fair comparison with the previous calculations, as this configuration
keeps the same ratio between pumping frequency and relaxation rates. As
it was shown in the previous sections, this ratio determines the maximum
accuracy of the pump and we only expect slight changes to the boundaries
of the pumping plateaus as an effect of the higher frequencies. Due to the
change in capacitive coupling from the atom to the left and right gates, the
slopes of the boundaries of the pumping plateau change with the change of
atom position. Using this observation, the difference between the shape of the
plateaus found in the theoretical model and the experimental data (as shown
in Fig. 7.6), is explained by an atom located away from the centre closer to
the left gate in the experiment. The overall pumping behavior is constant for
displacements of 15 nm both towards the left and right gate, resulting in a
robust single-atom electron pump over a distance of 30 nm (see Fig. 7.11). This
is a crucial observation for establishing a reproducible charge pump geometry.
The current single atom ion implantation techniques have an accuracy around
15 nm, 2% which could enable a controllable fabrication of accurate single-atom
electron pumps. From Fig. 7.11 it is also concluded that moving the atom
further to the right gate significantly improves the accuracy of the single-atom

electron pump. The improvement in accuracy is a consequence of the weaker
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Figure 7.11: Influence of dopant placement on accuracy. The pumping
accuracy as a function of Vi, for different donor positions, where the traces
are taken at Vgg = (—145 + vd) mV to compensate for the shift of the
plateau. Here d is the position relative to the centre of the transistor and
is 3 mV/nm.

coupling of the atom to the left gate, which as a result keeps the atomic states
longer below the Fermi energy (|ts — t3| is increased) and therefore has the
same effect as a decrease in pumping frequency. However, this high accuracy

region is less robust to displacements of the atomic potential.

7.7 Prospects of single-atom pumps

The implementation of single-atom pumps could, in certain circumstances,
proof to be beneficial over the implementation of conventional dynamical
quantum dot pumps, due to the fundamental different physical mechanisms
behind the operation of these two types of single-electron pumps. As the
accuracy of dynamical quantum dot pumps is related to the ratio between the
back-tunneling rates of the N and N+1 electron states, the charging energy
of these dots becomes of great importance. Increases in confinement by a
stronger gate-control and high magnetic fields have led to larger charging
energies and thereby more accurate pumps. 79190 Recent experiments have
shown that dynamical quantum dot pumps have reached an accuracy which is
sufficient for applications in quantum metrology.'®* However, when operated
at high frequencies, the rapid deforming of the quantum dot could lead to
non-adiabatic excitations which degrade the accuracy of the pump. 9196 The
confinement potential in single-atom pumps is expected to be more robust at

these frequencies, which could give them an advantage over dynamical quantum
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dot pumps. As shown in the model presented here, the accuracy of this pump is
directly related to the ratio between the operating frequency and the relaxation
rate of the excited states. Therefore, the exact frequency domain in which the
single-atom pump is the beneficial choice as a single-electron source depends
on the donor relaxation rates, which is so far a not well-established parameter.
The other way around, experiments on single-atom pumps could lead to more
knowledge about the relaxation processes for the valley-orbit states of single

donor atoms.

7.8 Conclusion

In conclusion, a model that describes the behavior of a single parameter single-
atom electron pump has been presented. This model describes the loading,
isolation and unloading of the electron via the robust Coulomb potential
of the atom as the main steps for each pumping cycle. The most striking
feature compared to dynamical quantum dot pumps, is the fact that, for
atom pumps, excited states greatly enhance the accuracy by increasing the
loading efficiency of the ground state via a fast relaxation process. This is in
agreement with what has been recently observed experimentally by several

177,188 and observed in the experiment presented here. The model allows

groups
to benchmark against the position of the atom in the channel of the silicon
transistor and shows that the single-atom pumps performances are unaffected
by displacements of the atom up to a few tens of nm, which are at reach of the
precision achieved by the current atom placement technologies.?%¢ Lastly, the
accuracy of these pumps could be enhanced by working with more effective
pulse shapes and by increasing the relaxation rate to the ground state of the
atom, making single-atom electron pumps an even more attractive alternative

to dynamical quantum dot charge pumps.
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8.1 Conclusions

In this thesis the spin and charge dynamics of single impurities in silicon
nano transistors have been investigated. The main focus is the spin-orbit
system of individual acceptor atoms, which has been discussed in terms of the
total angular momentum degree of freedom. Furthermore, the influence of the
relaxation process of excited states on the operation of single-atom electron
pumps has been studied theoretically. Acceptor atoms have been proposed as
candidates for silicon spin-orbit qubits, due to the large spin-orbit coupling
between heavy and light holes. However, this spin-orbit coupling makes the
acceptor states highly sensitive to local strain, electric field and other defects or
interfaces in their vicinity. This explains the large inhomogeneous broadening,
commonly observed in resonance measurements on acceptor ensembles, which
prevents the measurement of spin dynamics of these acceptor atoms. This
thesis shows a different approach, where individual atoms have been studied
within state-of-the-art CMOS transistors. These nano-structures have allowed
the investigation of single acceptor properties, such as the energy spectrum,
g-factor, and relaxation time, which are strongly influenced by their local
environment. Following the experiments presented in this thesis, the following

conclusions were drawn:

e By using transport and rf gate reflectometry measurement techniques
it is possible to identify individual boron atoms in the channel of a
silicon transistor. The charging energies and excited state spectra of
bound holes can be established with transport spectroscopy. Transport
via a single boron atom can be identified when the charging energy is
consistent with the expected value for a bulk boron atom (44 meV) and
in contrast with the charging energies usually observed for quantum
dots in these structures (5 to 20 meV). Moreover, the irregular excited
state spectrum of a boron atom, with the first excited state 23 meV
away from the ground state, can be clearly distinguished from the evenly
spaced excited state spectrum of a quantum dot. The combination of the
measurements of charging energy and excited state spectrum represent
the clear signature of boron atoms in the experiments presented in this
thesis. Additionally, rf gate reflectometry measurements allow for the
detection of atoms that are sufficiently tunnel coupled to an electrode or

another atom.

e It is possible to find a single acceptor atom in a silicon nano-transistor
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where the ground state is fourfold degenerate within the measurement
accuracy. This is remarkable, as the effects of local strain, electric field,
and the proximity to an interface are known to likely split the heavy and
light hole states of the acceptor. The presence of this bulk-like fourfold
degenerate acceptor state in a transistor suggests that the acceptor
system can be tuned to the states preferred for realizing spin-orbit qubits
by adequately controlling the strain, electric field, and magnetic field in

the transistor.

The Zeeman splitting of the states of a single acceptor reveals the
influence of the local environment on the atom. Even when a bulk-like
fourfold degeneracy of the ground state is observed, the measured Landé
g-factors of 0.81 £ 0.06 for heavy holes and 0.85 £ 0.21 for light holes
differ from the bulk value of 1.07. This indicates the effect of either a
nearby Si/Si0; interface, local strain, or electric field on the boron atom.
This effect is also highlighted by the dependence of the g-factor on the
direction of the applied magnetic field, which is found to be significantly

larger than expected for bulk boron atoms.

The manipulation of the acceptor states with an electric field is exper-
imentally demonstrated. A modification of the g-factor and a change
in heavy and light hole mixing is measured as a function of a change in
electric field.

Coupled acceptor atoms are also measured in these transistors. The
two-hole system of these coupled acceptors is identified by the signature
of Pauli spin blockade. The tunneling of holes between the two atoms
can directly be observed as a shift in the resonant frequency of a tank
circuit attached to the gate of the transistor, which disappears in an
applied magnetic field. This characteristic of Pauli spin blockade can be
explained by the magnetic field dependence of the acceptor states and
the Boltzmann distribution of the relevant states for experimental hole
temperatures around 300 mK. This spin blockade effect offers a possible

readout mechanism of the spin states of single acceptors.

The relaxation time of a two-hole system of coupled acceptor atoms is
measured for the first time. The relaxation time dependence on the
magnetic field is measured by using the Pauli spin blockade and a pulsed
measurement technique. A maximum relaxation time around 800 ns is

reported. A model of the energy states of the two-hole system explains
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the role of two separate heavy-light hole relaxation mechanisms on this
magnetic field dependence. This experiment gives the first evidence of
the expected (hw)? behavior, while the hotspot in the relaxation rate

data indicates a strong heavy-light hole mixing.

o Transport measurements reveal the light-heavy hole splitting and mixing
of a single acceptor, giving valuable information about the local environ-
ment of the atom. A light-heavy hole energy splitting of 110 + 10 peV
and a light-heavy hole exchange energy of 36 + 5 pueV were extracted
from the double acceptor transport data. Furthermore, the quantization
axis of the total angular momentum of the holes changes in an applied
magnetic field. In the high magnetic field limit the light-heavy hole
splitting is reduced to 30 ueV, the predominantly heavy and light hole
states are found closer to the pure m; = :l:% and m; = i% states, and

bulk-like g-factors are found.

e More details about the individual and coupled acceptor atoms are revealed
by microwave spectroscopy. The microwave driven resonant excitation
from the bonding to the anti-bonding state of the two-hole system of
coupled acceptors provides a direct measure of the tunnel coupling be-
tween the two atoms. The effect of microwaves on the tunneling between
a single acceptor and the drain gives rise to a Landau-Zener-Stiickelberg
interference at frequencies above 17.5 GHz, indicating a coherence time
around 60 ps for this system. Furthermore, photon assisted tunneling is
found to cause oscillations in double acceptor transport measurements.
These experiments demonstrate that individual acceptors can be influ-
enced by microwave signals applied to the electrodes of transistors, which
is an essential requirement to realize the electrically driven spin resonance

of an acceptor atom.

e The dynamical behavior of donor atoms in a quantized charge pump
made of a double gate transistor structure is described. The pumping
accuracy of this single-donor electron pump relies on an unexpectedly
favorable effect of the high lying excited states, which is in clear contrast
with the more conventional quantum dot pumps. The most important
ingredients for the accurate operation of the single-atom pump are the
large excited state splittings and their fast relaxation rates. From this
model it follows that the accuracy of these pumps is not drastically

influenced by the location of the atom.
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8.2 Future directions for this research

This thesis shows how the study of individual boron acceptors in silicon
transistors offers a unique insight into the acceptor physics in the presence of
any local strain, electric field and magnetic field. Building on the presented
results, possible future experiments are discussed.

The approach to measure individual acceptors in silicon transistors can be
extended further to a wide range of acceptor environments, going beyond the
specific magnetic and electric field conditions investigated in this thesis. The
magnetic field control can be expanded to a full three-dimensional rotation,
with the use of a vector magnet or a sample rotator. Furthermore, with the
use of four gates (top gate, back gate, source, and drain) a precise control over
the electric field inside the transistor can be achieved. Additionally, the in situ
control of strain, by using for example a piezo material, can further map out the
properties of an acceptor. The light-heavy hole splitting, the light-heavy hole
mixing, the Landé g-factor, the relaxation time, and the coherence time are
properties of interest, all expected to have a strong dependence on the applied
fields. Ultimately, the local environments proposed for acceptor qubits?3:107:109
can be achieved by the precise control over the strength and direction of all
these fields.

With the identification of the heavy and light hole states of individual
acceptor atoms and the possibility to apply microwaves to the gates of the
transistors, shown in this thesis, the electrical driving of the spin-orbit states of
the acceptor can be envisioned. Such ac driving of local gates can result in a spin
resonance signal, as shown for quantum dots in III/V materials '02:105:106 and
for hole quantum dots in silicon CMOS transistors. '4? The Pauli spin blockade
presented in this thesis can be used as a readout scheme for the spin states of
such acceptor qubits. Furthermore, the spin-orbit interaction allows for the
coupling of the spin states of the acceptor to microwave cavities. A two-level
spin system with a large dipole coupling, yet also with a coherence time sufficient

t,%93 can be engineered by an adequate control over the acceptor

for a qubi
environment. The coupling of a single acceptor atom to a superconducting
microwave cavity enables the long-distance coupling between two acceptor
atoms, which is an important component for quantum computing. All the
experiments proposed here aim at optimizing the ratio between coherence time
and Rabi frequency, through a precise control over the environment of the
acceptors, for the realization of a new quantum computing platform based on

electrically controlled acceptor atoms in silicon.
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