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'What a transistor is to a regular computer, we try 

to make for the quantum computer.' Filipp Müller 

explains. 'A quantum computer works with 

quantum bits, the so-called qubits. A qubit, for 

instance the spin of an electron, can take on 

values between 0 and 1 and can only be 

described correctly by quantum mechanics. We 

try to create a nanostructure in which we can 

isolate an individual electron.'  

'We manufacture those nanostructures on 

silicon', Müller continues. 'Other groups 

investigate different materials, but we choose 

silicon because of its use in the current chip 

technology. The existing chip manufacturing 

infrastructure needs fewer adaptations for 

qubits in silicon than if we would use other 

materials.’

Ultra clean

Müller came to the UT three years ago, after a 

physics education in Germany. At the moment, 

seven researchers work on the project, but he 

was the first. 'In this project, we work with the so-

called CMOS-technology, which stands for 

Complementary Metal-Oxide-Semiconductor.' 

Müller helped to establish this manufacturing 

process in the NanoLab.  

'Before you're allowed to research anything in 

the cleanroom, you have to draw up a process 

document', he explains. 'You consult the 

technical staff on whether or not you may work in 

the way you intend to. Obviously, it's important
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that you will be able to work safely, but also that 

your research doesn't intervene with other 

experiments. That's called cross-contamination 

in the lab.’ 

The manufacturing line for CMOS-technology is 

called the ultra clean line (UCL), according to 

Müller. 'The UCL belongs to the cleanest part of 

the cleanroom. You're only allowed to work with 

a few materials there, like silicon, silicon oxide, 

phosphorus, boron and arsenic. This is 

necessary because our research on the 

nanoscale is very sensitive to impurities.’  

'Our device fabrication combines micro- and 

nanofabrication. We manufacture large basic 

structures on a wafer (a slice of silicon, ed.) with 

m ic ro techno logy  (pho to l i t hog raphy ) .  

Afterwards, we write nanostructures on it, using 

electron-beam lithography. The smallest 

patterns have a resolution of approximately 

twenty nanometres. Sometimes you're working 

on a sample for weeks. The real challenge is 

that all structures need to be aligned with an 

accuracy of 5 nanometres. When the sample is 

ready, we investigate how the structures behave 

electronically, in a helium dewar at extremely 

low temperatures (-269 Celsius). We try to 

control the states of individual electrons in a 

single-electron-transistor. 

His goal is to contribute to the quantum 

computer, but Müller underlines that it won't be 

here overnight. Not so strange, he believes. 'A 

lot of research still needs to be done. The 

present-day computer also needed decades to 

evolve from idea to mass production.'  |
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Chapter 1

Introduction

1.1 Quantum computation

Quantum information processing is one of today’s key research topics and this

for a good reason. We are living in an era where the world is one large digital network.

This has been made possible by the invention of the transistor in the 50’s, the basic

component of digital logic. In order to build integrated systems, such as microproces-

sors, the main ambition was to miniaturize electronics equipment to include increas-

ingly complex electronic functions in limited space with minimum weight. This was

achieved with metal-oxide-semiconductor field-effect-transistors (MOSFETs). This

semiconductor approach enabled the production of large-scale systems. Over the

years, the performance of integrated circuits has improved dramatically because of

the miniaturization of transistors. By observing the first year’s progress, the minia-

turization process has been predicted by Moore in 1965 [1]. Moore’s law states that

computer power will double for constant cost roughly once every two years which has

approximately held true so far. Because of the effort of the semiconductor industry to

improve the MOSFET fabrication process, the 14 nm CMOS technology has been es-

tablished in 2014 [2]. However, the miniaturization of transistors begins to encounter

fundamental difficulties. With shrinking size quantum effects become more and more

important since they begin to influence the functioning of electronic devices.

One possible solution to bypass the eventual failure of Moore’s law is to move

to quantum computation which is based on the idea of using quantum mechanics

instead of classical physics to perform computations [3, 4]. It has been demonstrated

that a quantum computer can efficiently solve certain computational problems which

have no efficient solution on a classical computer, e.g. prime factorization of an

integer [5]. Another example that demonstrates the power of quantum computer is

the search through unsorted data [6]. It is likely that the strongest advantage will be
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the possibility to perform simulations of quantum mechanical systems [7].

Quantum computation works with quantum bits (qubits). In contrast to a clas-

sical bit that is either in the classical state 0 or 1, a qubit can be in both quantum

states |0> and |1> at the same time, in a so-called quantum superposition. Each

quantum-mechanical two-level system, with two well-defined quantum states |0> and

|1>, can represent a qubit. However, several requirements for the physical implemen-

tation of quantum computation have to be met: (i) A scalable physical system with

well characterized qubits, (ii) The ability to initialize the state of the qubits, (iii)

Coherence times much longer than the gate operation time, (iv) A universal set of

quantum gates, (v) Qubit read-out. These basic requirements are known as the Di-

Vincenzo’s criteria [8] and can be fulfilled using various approaches [9, 10] in different

branches of quantum physics such as atomic physics [11, 12], quantum optics [13, 14],

superconducting device physics [15] and quantum dot research [16]. Research on the

implementation of quantum hardware is still in the start-up phase and the suitability

of the different systems has to be proven.

The solid-state approach offers a great degree of control over e.g., design and

fabrication, necessary for constructing large-scale devices [21, 22]. In 1998, Loss and

DiVincenzo proposed to use the spin states of single electrons in coupled quantum

dots for the implementation of one- and two-qubit gates for quantum information

processing [16]. Here, the spin of a single charge carrier is used as a qubit of which

the basis quantum states are given by the spin-up and the spin-down state. In order

to isolate single charge carriers, several semiconductor platforms have been explored

[17–20]. Quantum information processing based on the spin degree of freedom requires

long spin coherence times, which are limited in III-V systems because of the non-zero

nuclear-spin-bath causing dephasing via the hyperfine interaction. In contrast, silicon

provides an environment where spins can be controlled with minimal decoherence

because of the weak hyperfine and spin-orbit interaction [23–27]. In addition, it is

possible to isotopically purify silicon. Enriched 28Si has no nuclear spin and thus

no hyperfine interaction. It has been exploited to achieve electron spin coherence

of donors exceeding seconds [28]. In MOSFET-based quantum dots spin coherence

lasting as long as 28 ms [29] has been reported and a two-qubit logic gate using electron

spins has been realized [30]. So far, most experiments in silicon have focused on

electron spins, but hole spins offer great potential for spin-based quantum information

processing as well. A hole-spin qubit in silicon can benefit from its finite spin-orbit

2



1.3 Aims of the research

interaction, because it allows efficient electric-field driven spin resonance applicable

via local gate electrodes. However, it is still unclear whether the electron spin or the

hole spin is most suitable as a qubit. Until now, different devices had to be fabricated

to investigate electrons and holes. Since their electronic behavior highly depends on

the device-specific crystalline environment, their comparison is problematic.

1.2 Aims of the research

In this thesis, we introduce the concept of an ambipolar quantum dot in near-

intrinsic silicon. We want to use the ambipolarity to operate one quantum dot in

either the electron regime or the hole regime and thus having an effective approach to

directly compare both charge carriers in exactly the same crystalline environment. We

follow the successful MOSFET-based fabrication scheme of Angus et al. [19] that uses

metal gates on top of a thin silicon dioxide layer to electrostatically define quantum

dots. This scheme uses a combination of micro- and nanofabrication for time-efficient

device fabrication. We take the fabrication process one step further and incorporate

both, n++ and p++ doped regions in one device to allow electron and hole transport.

In order to achieve the aim of isolating either charge carrier in an ambipolar quantum

dot, the following steps have to be accomplished:

Implementation and improvement of the fabrication process in our cleanroom.

Installation of the low temperature measurement setup (dilution refrigerator).

Study of ambipolar nano-MOSFET devices and verification of ambipolar oper-

ation.

Fabrication of ambipolar quantum dot devices which are fully operational in the

electron regime and the hole regime.

Isolation of either electrons or holes in the same ambipolar quantum dot.

Looking ahead, we think that ambipolar quantum dots with single-charge occu-

pancy can break new ground in spin-based quantum information processing, since they

have the potential to act as a qubit comparator where the suitability of electron-spin

and hole-spin qubits can be evaluated in the same crystalline environment. Taking the

advantages of either qubit one could think of a future ”quantum CMOS” technology

based on ambipolar quantum dots.

3
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1.3 Outline of the thesis

The thesis is structured as follows:

Chapter 2 gives a brief introduction to the concepts needed for this thesis. We

start with important properties of silicon. Then the concept of a quantum dot is

introduced and transport through these structures is explained. At the end of the

second chapter we focus on silicon nanostructures based on the MOSFET concept.

The experimental methods are explained in Chapter 3. First, we describe

the fabrication process of our nanostructures which combines photolithography and

electron-beam lithography. Then, we elaborate on the different device designs which

have been investigated throughout this thesis. In the last part, we focus on the low-

temperature setups used for electrical transport measurements.

Chapter 4 summarizes the work on in-house made metal powder filters especially

designed for our dilution refrigerator (Triton 200). Filtering of microwave frequencies

is necessary to reach electron temperatures close to the refrigerator
′

s base tempera-

ture. The powder filters are based on printed circuit boards. We investigate different

metal powders and compare their filter performance at room temperature as well as

base temperature of the setup (10 mK). We achieve an effective electron temperature

as low as 22 mK, measured on a single-charge transition in a electron quantum dot.

In Chapter 5 we report experiments perfomed on a MOSFET-based hole quan-

tum dot device in intrinsic silicon. We use a device structure consisting of two gate

layers. A two-dimensional hole gas is created at the silicon/silicon dioxide interface

by a lead gate. Nanoscale barrier gates locally control the charge carrier density.

Tuning of the gate voltages demonstrates full device operation. We show single-hole

tunneling through a quantum dot created underneath a barrier gate.

In Chapter 6 we introduce the concept of electrostatically-defined ambipolar

nano-MOSFET structures. We systematically study electron and hole transport in

different device types. First, we investigate ambipolar transport in structures with

a single gate. We find the threshold voltages to be larger for the hole regime than

for the electron regime, most likely because of the n-type background doping of the

near-intrinsic silicon wafer. Second, we demonstrate confinement of either electrons

or holes underneath an additional nanoscale bottom gate. The same charging energy

and gate capacitances for the electron and hole quantum dot indicate that we load

4



1.3 Outline of the thesis

the same quantum dot with either electrons or holes.

We apply the ambipolar concept to devices containing two barrier gates in

Chapter 7. We demonstrate the experimental realization of electrostatically defined

ambipolar quantum dots, intentionally created between the two barrier gates. The

ambipolar design allows its operation as an electron quantum dot as well as a hole

quantum dot. Measurements in the linear and non-linear transport regime show

electron-hole symmetry evidenced by extracted quantum dot properties such as charg-

ing energies and gate capacitances.

In the last Chapter we summarize the results obtained within this work and give

an outlook for future work.

5
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Chapter 2

Charge carriers in silicon and silicon quantum dots

This chapter gives an overview of the relevant concepts for this work. In the first part, a

brief introduction to the material silicon is given and the differences between the electronic

properties of electrons and holes are highlighted. In the second part, the theory of quantum

dots is introduced. Here, the constant-interaction model and charge transport through a

quantum dot is addressed. At the end of this chapter, the basic principle of MOSFET-based

quantum dots is explained and the different devices studied in this work are introduced.



Chapter 2

2.1 Silicon

Silicon is the 14th element in the periodic table of elements [1]. The atoms

in monocrystalline silicon are arranged in a diamond structure, as illustrated in Fig.

2.1. This face-centered cubic lattice has tetrahedral bonding and a lattice constant

a = 0.543 nm, where a is the edge of the conventional cubic cell. The filling factor is

0.34. Each atom has 4 nearest neighbors and 12 next nearest neighbors.

Figure 2.1: The silicon atoms are arranged
in a diamond structure. a is the lattice con-
stant. Figure from [1].

abundance nuclear

isotope on earth spin I
28Si 92.2% 0
29Si 4.7% 1/2
30Si 3.1% 0

Table 2.1: Silicon isotopes [2].

Table 2.1 gives an overview of the stable silicon isotopes and their and their

natural abundance on earth [2]. 28Si and 30Si have an even number of neutrons and

thus no effective nuclear magnetic moment. In contrast, the 15 neutrons of the 29Si

isotope sum up to an effective nuclear moment of 1/2. Thus, natural silicon has a

non-zero magnetic background. In quantum dots made from materials with non-zero

nuclear spins, hyperfine coupling creates a fluctuating effective Zeeman field Bnuc

(Overhauser field) felt by electrons, which can be a dominant source of spin qubit

decoherence [3]. Due to the small amount of 29Si, in natural silicon Bnuc is much

weaker than, for example in GaAs, but still plays an important roll. Due to the

weak spin-orbit and hyperfine interaction of silicon the spin coherence time is long

and can be significantly increased by using isotopically enriched 28Si [4–6]. Since the

purification process is very costly, these crystals are rare. However, results achieved

with natural silicon can be improved using purified 28Si.
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2.1 Silicon

Eg

Figure 2.2: Energy-band structure of monocrystalline silicon. Eg is the energy band gap.
Figure from [1].

Bandstructure

Silicon has 14 electrons occupying 3 energy levels with the electron shell config-

uration: 1s2, 2s2 2p6, 3s2 3p2. Because of the 4 bonded neighbors of silicon the 3s

and 3p orbitals combine to form two bands in the solid, with the one at lower energy

representing bonding molecular orbitals and the one at higher energy representing

antibonding molecular orbitals. Each band can accommodate four electrons per atom

(one electron in the s-state and three electrons in the p-state). Since silicon has four

valence electrons per atom (group IV of the periodic table), only the lower band is

filled with electrons, forming the valence band, and the band at higher energy, form-

ing the conduction band, remains empty. The electronic band structure is depicted in

Fig. 2.2. Monocrystalline silicon is an intrinsic semiconductor with an indirect band

gap between the valence band and the conduction band of Eg = 1.12 eV at T = 300 K.

Electrons

The minimum of the conduction band lies at k = 0.85k0 in the<100>-crystal direction,

where k0 is the boundary of the first Brillouin zone [7]. Because of the cubic symmetry

there are six equivalent minima in bulk silicon (six degenerate valleys), as shown in

Fig. 2.3a). The minima are at k ≠ 0 and the constant energy surfaces are ellipsoidal

11
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a) b)

Figure 2.3: a) Conduction band minima (valleys) in bulk silicon, showing six ellipsoids
of equal energy in the Brillouin zone. Each ellipsoid is characterized by a traverse mass
(m∗t ) and a longitudinal mass (m∗l ). b) Under the z-direction confinement at the Si/SiO2

interface, the sixfold degenerate valleys split into two Γ-valleys (lower in energy) and four
Δ-valleys (higher in energy). The sharp interface potentials split the Γ-valleys by an amount
EV . Figure from [8].

instead of spherical. If we assume the effective mass model where the curvature of

the energy dispersion relation is inversely proportional to the effective mass [9]

1

m∗ ≡
1

h̵2

∂2E(k)
∂k2

(2.1)

h̵ is the Planck’s constant, a minimum at k ≠ 0 implies that the effective mass

depends on the crystallographic orientation of the minimum, that is for cubic sym-

metry:

E(k) = h̵2

2
( k2l
m∗l
+ k2t
m∗t
+ k2t
m∗t
) , (2.2)

where m∗t (kt) and m∗l (kl) are the transverse and longitudinal effective masses

(wave vectors) associated with the ellipsoidal constant energy surfaces, see Fig. 2.3a)

(here, kt = kx,y and kl = kz). The values of the two effective masses are m∗t = 0.19m0

and m∗l = 0.91m0, with m0 the free electron mass.

In our devices the crystal orientations becomes important since the charge car-

riers are confined in two dimensions at the interface between Si and SiO2, as ex-

plained in subsection 2.3. In this case, quantum confinement in the z-direction (that

is perpendicular to the surface) lifts the six-fold valley-degeneracy, as illustrated in

12
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Fig. 2.3b). As a result, the four-fold degenerated Δ-valleys are separated from the

two-fold degenerated Γ-valleys at lower energy by several tens of meV [10]. Since

electrons occupy the lowest possible energy states for our research the Γ-valleys are

of interest. The remaining degeneracy of the Γ-valleys is lifted by the sharp Si/SiO2

interface resulting in two levels separated by the valley splitting EV . However, taking

the spin into account each valley is two-fold spin degenerate. Because valley levels and

orbital levels can hybridize it is convenient to assume a valley-orbit splitting ΔEV O,

that is the energy difference between the first two single-particle levels. ΔEV O can

be determined by ground-state magnetospectroscopy.

Holes

In contrast to electrons, the maximum of the valence band is at the Γ-point (Fig. 2.2),

the center of the Brillouin zone and consists of doubly degenerate heavy hole subband,

a single light hole subband and a split-off subband, as illustrated in Fig. 2.4. The

energy maximum of the split-off subband is separated from the other two bands by

the spin-orbit splitting ΔSO = 44 meV [7]. Because of the complicated valence band

structure the determination of the valence band effective mass is not trivial. The

energy and direction dependence of the subbands implies that the constant-energy

surfaces are warped spheres. However, assuming small energies (low electric fields)

and low-doped structures the maxima can be described by parabola. In this case

constant-energy surfaces of the bands are spheres and thus give isotropic effective

masses. The values for the band-edge masses are: m∗hh = 0.53m0, m
∗
lh = 0.15m0 and

m∗SO = 0.23m0.

Mobilities

We assume the charge carriers to form an ideal gas. In this case charge carrier

move freely in the crystal and the interaction between charge carriers is neglected.

The motion of charge carriers in a crystal is only obstructed by scattering. The

significant carrier scattering mechanisms are phonon and ionized impurity scattering.

By applying an electric field to a material charge carriers drift with a certain velocity

which is limited by the loss by collisions [7, 11]. In a steady state the gain from the

electric field and the loss by collisions is equal and the drift velocity is

13
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k

Figure 2.4: Enlargement of the top of the valence band. At k = 0 the heavy hole and light
hole subbands are degenerated. For small k both subbands have different masses. The split-
off subband is separated from the heavy and light hole subbands at k = 0 by the spin-orbit
splitting ΔSO. Figure from [7].

vd = qτ

m∗
E = μE, (2.3)

where τ is the mean free time (or scattering time) between two scattering events

and m∗ is the conductivity effective mass. The proportionality factor between the

drift velocity vd and the electric field E is the material specific mobility μ [cm2/V⋅s].
Equation 2.3 shows that the mobility decreases for increasing effective mass. For

intrinsic silicon the mobility is highest since impurity scattering is absent. In bulk,

silicon has a room-temperature electron mobility of μe = 1450 cm2V−1s−1 and a hole

mobility of μh = 505 cm2V−1s−1 [12–14].

Donors and acceptors in silicon

The resistivity of semiconductors can be changed using impurity doping. For

silicon impurity doping means that either group III (p-type doping) or group V atoms

(n-type doping) are incorporated in the crystal. Since the implants form donor (accep-

tor) levels just below the conduction (above the valence) band, the available electrons

(holes) can be easily ionized into the conduction (valence) band by providing the ion-

ization energy of these levels. In the case of boron implants, which are commonly used

for p-type doping, the ionization energy is EI = 45 meV. For n-type doping typically
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phosphorous (EI = 45 meV) or arsenic implants (EI = 54 meV) are used [11].

For an intrinsic semiconductor the Fermi level lies very close to the middle of

the band gap. In the ideal case, no energy states are available in the band gap. This

is different for doped semiconductors. Here, the position of the Fermi level depends

on the doping concentration because the doping levels give a finite density of states

in the band gap. Since the Fermi level is located at the charge neutrality point, for

high doping concentration the Fermi level shifted towards the valence (conduction)

band for p-type (n-type) semiconductors.

It is important to note that our devices are fabricated on near-intrinsic silicon

wafers (ρ ≥ 10,000 Ωcm). This value corresponds to a doping concentration of about

N ∼ 1012 cm−3, meaning that the wafer has a background doping which is low but

present. Although the charge carrier mobility depends on the impurity concentration

due to impurity scattering, as mentioned above, for concentrations below 1014 cm−3

impurity scattering is negligible. The shift of the Fermi level at room temperature is

marginal but becomes an important issue at low temperatures as explained below.

Temperature dependence

In general, the free carrier concentration depends, beside the density of states,

significantly on the Fermi-Dirac distribution function f (E). At T = 0 K this function

describes a step function at the Fermi energy EF where all energy states below the

Fermi energy (E < EF ) are filled and above the Fermi energy (E > EF ) empty. For

finite temperature the step function smears out and energy states around the Fermi

energy become available.

Temperature plays an important role for the observation of discrete energy levels,

e.g. of a quantum dot. The temperature has to be low enough so that the energy

separation of these levels (typically 2-6 meV (see section 2.2)) is larger than the

thermal energy of the free charge carriers Eth = kBT which is ≈ 0.03 eV at room

temperature (300 K). For this reason, low temperature setups are used, which will be

introduced in section 3.3.

In the course of the presented ambipolar study the temperature dependence

of the position of the Fermi level, as shown in Fig. 2.5, becomes important. Here

the position of the Fermi level is plotted versus temperature for different doping

concentrations. For the semiconductor industry usually high doping concentrations
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and temperatures around room temperature are of interest.

In our case, the situation is different. We are dealing with low temperatures and

very low doping concentrations (near-intrinsic silicon). What makes this situation

so special? With our ambipolar devices, as we deal with electrons and holes in the

same device, we are probing energy states in the valence band, the conduction band

and the band gap. Assuming intrinsic silicon, as mentioned above, we would expect

energy states symmetric around the Fermi level. However, in the case of doped silicon

the impurity levels shift the Fermi level towards the band edges, as explained above.

At room temperature, the position of the Fermi level for low doping concentrations

(N ∼ 1012 cm−3, that is approximately the background doping of our near-intrinsic

silicon substrate) is only slightly shifted. For temperatures below 300 K this shift

becomes significant, even for very low doping concentrations [15, 16]. This issue is

important in chapter 6 where the threshold voltages of the electron regime and hole

regime are compared.

For the sake of completeness we note that also the band gap is slightly tem-

perature dependent, which is also shown in Fig. 2.5. An experimentally determined

expression is [1]

Figure 2.5: Fermi level EF for Si as a function of temperature and impurity concentration.
The dependence of the band gap on temperature is also shown. ND = donor impurity
concentration, NA = acceptor impurity concentration. Figure from [1].

16



2.1 Silicon

Eg(T ) = Eg(0) − αT 2

T + β (2.4)

where Eg(0) = 1.169 eV is the band gap energy at T = 0 K and α and β are

fitting parameters: α = 4.9⋅10−4 eV/K and β = 655 K. The band gap energy decreases

to Eg = 1.12 eV at T = 300 K.
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2.2 Quantum dots

This paragraph is designated for making the reader familiar with quantum dots.

The term quantum dot is quite general and means a small box or island in a material

which can be occupied by charge carriers, see Fig. 2.6. If the dimensions of the box are

comparable with the wavelength of the confined charge carriers the system exhibits

a discrete energy spectrum, resembling that of an atom. As a result, quantum dots

behave in many ways as artificial atoms. In analogy to natural atoms where optical

methods are used to probe the discrete energy spectrum, electron transport spec-

troscopy has proven to be a very powerful method for mapping out the corresponding

levels of quantum dots. In order to be able to perform electrical transport measure-

ments the quantum dot is tunnel coupled to a source and a drain region which serve

as charge carrier reservoirs. The current through the quantum dot ISD is measured

at the drain in response to a source-drain bias voltage VSD. Moreover, the number

of charge carriers on the dot can be changed by adjusting the voltage Vg of a nearby

gate that is capacitively coupled to the dot.1

The quantum dot concept can be applied to different kind of systems, such

1Labeling of voltages and currents: Instead of the convention applied in electrical engineering
to label voltages and currents, in this thesis we use the convention commonly used in the quantum
transport community. Here, all voltages are applied relative to the drain which is grounded, so
Vg ≡ VgD (g as representative for different gates). The current through the quantum dot is measured
at the drain, so ISD ≡ ID.

Figure 2.6: Schematic of a quantum dot, tunnel coupled to source and drain reservoirs and
capacitively coupled to a gate. Figure from [17].
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as nanoparticles (e.g. colloidal quantum dots), self-assembled quantum dots, single

molecules, nanowires and lateral and vertical quantum dots. In this project lateral

gate-defined quantum dots are investigated. Although, in general, a quantum dot can

be occupied by either electrons or holes, for simplicity, in the following I will refer to

electrons but the same holds for holes.

2.2.1 The constant-interaction model

To describe a quantum dot the constant-interaction model is used [18]. This

model makes two assumptions: First, the Coulomb interactions between an electron

occupying the dot and all other electrons, inside and outside the dot, is parametrized

by a constant capacitance C. Secondly, the energy levels of the dot are independent

of the number of electrons on the dot.

In this model, the total energy of a quantum dot containing N electrons is

U(N) = [−Ne +CgVg]2
2C

+ N∑
n=1

En, (2.5)

where e is the elementary charge and N the number of electrons on the dot

(VSD ≈ 0) [17]. The capacitance of the dot to the environment is given by C =
CS +CD +Cg, where CS , CD and Cg are the capacitances to source, drain and gate.

As can be seen, the total energy consists of a classical (electrostatic) part and a

quantum mechanical part, with En the single-particle energy levels.

A more convenient way to describe the energy levels of the quantum dot is the

electrochemical potential μ.2 It is defined as the change in total energy when one

electron is added to the quantum dot,

μ(N) = U(N) −U(N − 1)
= (N − 1

2
)EC − e(Cg

C
)Vg +EN

(2.6)

where EC = e2/C is the classical charging energy and results from the discrete

charge of an electron. The electrochemical potential of transitions between ground-

2Note that here, μ ≡ EF , the Fermi level, and not the mobility as in the last section.
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states with a different electron number N is shown in Fig. 2.7a). The discrete energy

levels are separated by the addition energy

Δμ(N) = μ(N + 1) − μ(N) = U(N + 1) − 2U(N) +U(N − 1)
= e2

C
+EN+1 −EN = EC +ΔE

= Eadd(N).
(2.7)

If the quantum dot contains N electrons the (N + 1)th electron feels Coulomb

repulsion and can only be added when the charging energy is provided. On the other

hand, ΔE is the energy difference between two consecutive quantum states like for a

hydrogen atom. Each orbital state can be occupied by a certain number of electrons

following the Hund’s rule and the Pauli exclusion principle. This means that in case

of adding an electron to a new orbital both the charging energy and the orbital level

spacing has to be provided.

2.2.2 Transport through quantum dots

After the constant interaction model has been introduced, we will now focus on

how the discrete energy spectrum can be electrically probed. To be able to resolve

quantized energy levels and excited states, the thermal energy kBT has to be well

below the energy scales of the dot, EC , ΔE > kBT . For this reason, measurements

are performed at cryogenic temperatures where the thermal energies are 0.35 meV for

liquid helium (4.2 K) and 1.3 μ eV for our dilution refrigerator (15 mK), see 3.3.

The energy states in the source and drain reservoirs are filled up to the elec-

trochemical potential μS and μD which are related to the external voltage VSD =
(μS −μD)/e. In the linear transport regime a small bias voltage VSD ≈ 0 V is applied

between source and drain (Fig. 2.7). In Fig. 2.7a) no dot level aligns within the

bias window μS ≥ μ ≥ μD. In this case the current ISD through the quantum dot is

suppressed because of Coulomb repulsion. This phenomenon is known as Coulomb

blockade. The electrochemical potential of the dot can be tuned by changing the

voltage Vg of a gate electrode which is capacitively coupled to the dot. Fig. 2.7c)

shows the current through a quantum dot versus the applied gate voltage. So-called

Coulomb peaks correspond to single-electron tunneling through the dot which only oc-

curs if an energy level of the dot aligns within the bias window, as shown in Fig. 2.7b).
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2.2 Quantum dots

Figure 2.7: a) and b) Schematic diagrams of a quantum dot in the linear transport regime.
μS and μD are the electrochemical potentials of the source and the drain. In a), no energy
level falls within the bias window between μS and μD. Thus, the electron number is fixed at
N−1 due to Coulomb blockade. b) The μ(N) level falls within the bias window. The number
of electrons on the dot alternates between N and N−1. c) Gate voltage Vg dependent current
ISD. Single-electron tunneling appear as Coulomb peaks. The energy difference between two
peaks corresponds to the addition energy Eadd. The magnitude of the current depends on
the tunnel rates through the left and right barrier ΓL and ΓR. Figure from [17].

In the linear transport regime electron tunneling takes place via the energy ground

states of the dot.

In the non-linear transport regime (VSD > 0 V), additional to the ground-state,

also a excited state can fall in the bias window (see Fig. 2.8a). Transport through the

quantum dot can now occur via both states, but only one at a time due to Coulomb

blockade. If the bias window is further increased, transport can occur through multiple

dot levels, as illustrated in Fig. 2.8b).

Fig. 2.9 schematically shows a high-bias measurement with the differential con-

ductance (dISD/dVSD) as a function of VSD and Vg. Outside the V-shaped shaped

area the current is Coulomb blocked and the number of electrons on the dot is con-

stant (here, N on the left side and N +1 on the right side). The black lines correspond

to the situation where the electrochemical potential of either the source or the drain

is aligned with the electrochemical potential of the dot. Their slopes are eCg/CS and

21



Chapter 2

Figure 2.8: Schematic diagrams of a quantum dot in the non-linear transport regime. a)
The N -electron ground-state (black line) as well as the N -electron excited state (gray line)
fall in the bias window. Thus, transport can take place through both states, one at a time,
due to Coulomb blockade. b) If the bias window is large enough transport can occur through
two ground states, μ(N) and μ(N + 1), allowing two electrons to tunnel at the same time.
Figure from [17].

Figure 2.9: Schematic of a high-bias measurement. a) Energies for N electrons U(N) and
for N +1 electrons U(N +1). The ground state and excited state of a quantum dot containing
N electrons is denoted as GS(N) and ES(N), respectively. Possible transitions are indicated
by arrows. b) The electrochemical potential ladder for the transitions depicted in a). c)
Schematic plot of the differential conductance dISD/dVSD as a function of −eVSD and Vg.
At several positions the level alignment is indicated with schematic diagrams. From [17].
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eCg/(C − CS). In the V-shaped area single-electron tunneling occurs. If an excited

state enters the bias window the current increases because the excited state forms

an additional conduction channel. The resulting step in current appears as line of

increased dISD/dVSD which runs parallel to the diamond edge and terminates at the

Coulomb blockade region. The level spacing can be read off directly on the −eVSD

axis. In a rate equation model of sequential tunneling via discrete quantum states [19],

the current through the left barrier for negative source-drain bias (as in Fig. 2.7a)) is

given by

I− = e (gG + gE)ΓRΓL(gG + gE)ΓL + ΓR
(2.8)

where gE(G) is the degeneracy of the excited (ground) state and ΓL(R) is the

tunnel rate through the left (right) barrier. Additionally, it is assumed that the

tunnel rate into the ground state is equal to the tunnel rate into the excited state.

For positive source-drain bias the current is

I+ = e (gG + gE)ΓRΓL

ΓL + (gG + gE)ΓR
. (2.9)

In the case of symmetric tunnel barriers (ΓL = ΓR) the magnitude of the current

step is the same for positive and negative source-drain bias. If the tunnel barriers are

asymmetric then the current step will be different for positive and negative source-

drain bias and possibly only be visible in one biasing direction. Besides tunneling

through exited states, lines parallel to the diamond edges can have different origins.

In general, resonant tunneling features can be categorized into intrinsic and extrinsic

tunneling features. These features can be identified via their response to temperature

as well as electric and magnetic fields (for details see [20]).
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2.3 MOSFET-based quantum dots

In this paragraph we briefly introduce the concept of a lateral quantum dot

based on the principle of a metal-oxide-semiconductor field-effect transistor (MOS-

FET) [3].

The starting point for our devices is a MOS structure as shown in Fig. 2.10a).

In contrast to conventional MOSFET structures where doped substrates are used (n-

type substrate for P-MOSFETs and p-type substrates for N-MOSFETS) to deplete

the channel from free charge carriers, our devices are fabricated on near-intrinsic

silicon which has no free charge carriers at very low temperatures. p++ (n++)

doped regions at the source (S) and drain (D) side serve as hole (electron) reservoirs.

A SiO2 layer separates the metal gates from the silicon substrate. Applying a positive

voltage to the gate pulls the conduction band below the Fermi level, as illustrated

in Fig. 2.10b), resulting in a two-dimensional electron gas (2DEG) at the Si/SiO2

interface. Analogously, a negative voltage on the gate pulls the valence band above

the Fermi level (see Fig. 2.10c)), resulting in a two-dimensional hole gas (2DHG)

at the Si/SiO2 interface. Hence, the charge carriers are strongly confined in the z-

direction at the Si/SiO2 interface whereas they can move freely in the x-y plane,

spatially limited by the dimensions of the gates.

Two bottom gates (B1 and B2) are used to locally interrupt the conduction

channel between source and drain. Charge carriers are confined in a quantum dot

created between the two gates. The distance between the two bottom gates and the

width of the top gate in our devices are in the order of 50 nm. The corresponding

potential profiles for an electron quantum dot and a hole quantum dot is shown in

Fig. 2.10b) and c), respectively.

The device fabrication process will be discussed in detail in the next chapter.
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a)

p+/n+

2DHG/2DEG

B1
top gate

SiO2

intrinsic Si
QD

n+/p+

B2

p+/n+ n+/p+p++ n++ n++ p++

EF

CB

VB

B2B1

B2B1Electron QD

Hole QD

S D

S D

b) c)

S D

top gate

B2B1
SiO2

100

50

nm

EF

~50 meV

Figure 2.10: a) Schematic cross section and an atomic force micrograph (topview) of a
MOSFET-based quantum dot device structure. p++ (n++) doped regions serve as hole
(electron) reservoirs at the source (S) and the drain (D) side. Metal gates are separated
from the intrinsic silicon substrate by a thin SiO2 layer. Applying a negative (positive) gate
voltage accumulates holes (electrons) at the Si/SiO2 interface, forming a 2DHG (2DEG)
which is spatially limited by the dimensions of the gates. Bottom gates B1 and B2 are
used to form tunnel barriers. As a result charge carriers are confined in a quantum dot
that is created between B1 and B2. The corresponding lateral potential profile for electrons
and holes is shown in b) and c), respectively. The confinement of charge carriers results in
discrete energy levels. CB, VB and EF are the conduction band, the valence band and the
Fermi energy, respectively.
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Experimental methods

In the first part of this chapter we focus on the device fabrication process performed in the

cleanroom facilities of the MESA+ Institute for Nanotechnology at the University of Twente

and present the different device designs which have been used throughout this work. In the

second part the measurement setups used in this project will be presented.
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3.1 Device fabrication

Our fabrication scheme is based on CMOS technology [1, 2] and combines

wafer-scale microfabrication (photolithography) with nanofabrication (electron-beam

lithography (EBL)) on the device-scale. The advantage of photolithography is that

large structures (such as implanted regions, ohmic contacts, high quality oxide and

contact pads) which are essential for all types of devices can be fabricated in one

lithography step. This gives us 1296 devices on one wafer. After dicing the wafer

into smaller chips, EBL is used to pattern the nanostructures for individual devices.

The advantage of EBL is its flexibility for device specific patterning, meaning that

the design can be easily changed for each lithography step. The fabrication process

is based on the work of Angus et al. at the UNSW [3–5].

For the fabrication of our devices we use a special fabrication line in our clean-

room, the Ultra Clean Line (UCL), which contains CMOS compatible fabrication

facilities. CMOS processing is divided into front-end and back-end processes [1]. In

the front-end only a few materials, like silicon, silicon oxides, boron and phosphorus

implants are allowed and especially no metals. After the metal/silicon interface has

been formed, the back-end is used and the process temperatures are limited to about

450○C. Here, limited number of metals, such as aluminum, titanium, palladium, plat-

inum, are allowed. For our device fabrication we stick to the UCL facilities as long as

possible.

The detailed fabrication process is available in appendix A (microscale fabrica-

tion) and appendix B (nanoscale fabrication).

3.1.1 Microscale fabrication

As substrate for our devices we use one-side polished near-intrinsic Si(100) wafers

(σ ≥ 10 000 Ωcm) from TOPSIL. Six chromium metalized masks are used to process

the large structures on the wafer with photolithography, see Fig. 3.1. Fig. 3.2 gives

an overview on the main process steps as explained in the following sections. Before

spinning the photo resist a monolayer of HMDS (HexaMethylDiSilazane) is spun as

primer. It depends on the process which photo resist is used: Olin oir 907-17 for

standard wafer processing such as etching. For processes involving metal deposition

and subsequent lift-off Olin908-Ti35 ES is used. Olin908-Ti35 ES is an image reversal
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mask color function
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4

5

6

thick oxide (160 nm SiO )2

p++ implantation

n++ implantation

HQO (10 nm SiO )2

Al contact pads

Ti/Pd gates

20 mμ

Figure 3.1: Overview of the mask designs used for photolithography. One device
(2x2 mm) is shown as an example. Scale bar on the left is 200 μm. One wafer contains 1296
of these devices. The zoom-in shows the area in which the subsequent nanoscale fabrication
is done.

resist which forms an undercut at the edges of the patterned structures. The undercut

facilitates the lift-off process after metal deposition [6].

Cleaning

The wafer processing starts with wafer cleaning. To remove particles, originating

from numbering the wafer with a diamond pen, the wafers are cleaned with deionized

water (DI water) in an ultrasonic bath at high power for 10 min. During front-end

processing an ozone-steam cleaning is used to remove any organic material from the

wafers such as photoresist after a photolithography step.

Thick oxide

After cleaning the new wafers, we grow a 160 nm thick thermal oxide (see Fig. 3.2b)).

This thick oxide has two purposes. One is to prevent leakage between the metal

electrodes and the silicon. The other one is to etch alignment markers into the oxide

within the first lithography step in order to get accurate alignment for all subsequent

masks.

Before inserting the wafers in a Ultra Clean furnace, a cleaning process is ex-

ecuted to clean the housing of the furnace as well as the dummy wafers. Dummy

wafers are used additional to the process wafers to completely fill the wafer boat to

ensure a laminar gas flow in the tube and thus homogeneous wafer oxidation. For the

29



Chapter 3

intrinsic Si

thick oxide

dry oxidation

a) b) c)

p++ n++ n++ p++

etching & dry oxidation

d) HQO

etching and sputtering

e)
Al(1%Si)

gate electrodes

f) Ti/Pd

n++ & p++ implantation

SiO2

Figure 3.2: Schematic cross section of the microscale fabrication process steps.
a) Near-intrinsic silicon wafer is used as substrate, b) growing a 160 nm thick oxide by dry
oxidation, c) n++ and p++ doped regions are created by ion implantation through the
thick oxide, d) local etching of the thick oxide and subsequent dry oxidation to grow a 10
nm high quality oxide (HQO), e) etching of the thick oxide above the implanted regions
and subsequent metal deposition by sputtering to make electrical contact to these regions,
f) metal deposition on top of the thick oxide to fabricate a set of gate electrodes.

oxidation process the temperature is ramped up (10○C/min) along with a precleaning.

Dry oxidation is performed in an O2 atmosphere at 1100○C. A post-oxidation anneal

in nitrogen at the same temperature for 20 min densifies the film and decrease the

density of fixed oxide charges [1, 7]. This additional process does not affect the oxide

film thickness.

Implantation

Each device contains 4 implanted regions serving as charge carrier reservoirs. We

use phosphorus for n-doped and boron for p-doped regions. Patterned 1.7 μm thick

photo resist is used as implantation mask. The dopant atoms are implanted through

the thick oxide (see Fig. 3.2c)). Since we form a two-dimensional electron (hole)

gas at the silicon/silicon oxide interface, we have to ensure a high doping density

at this interface. For p-doped regions we implant B+ with 160 keV and a dose of

7⋅1015/cm2. Phosphorus is implanted for n-doped regions at 190 keV with a dose of

5⋅1015/cm2. The high acceleration voltages are needed to penetrate the thick oxide.

After implantation the resist is removed using oxygen plasma in the TePla300 Barrel

Etcher (2.45 GHz) followed by a ozone-steam cleaning.
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The two implantation processes are followed by a rapid thermal anneal in the

Solaris 150 Rapid Themal Processing System (60 s at 1000○C). Compared to diffusion

doping, ion implantation followed by a rapid thermal anneal enables the reduction of

junction depth while maintaining high dopant activation and low contact resistances

[8, 9]. Additionally, RTA repairs crystal damage created by ion implantation and

incorporates the dopants on active substitutional sites in the lattice [2]. The used

implantation settings result in sheet resistances of 30 Ω/◻ for n++ implanted regions

and 23 Ω/◻ for p++ implanted regions.

High quality oxide

After the previously described high temperature processes, the high quality oxide

(HQO) is grown (see Fig. 3.2d)). To this end, the corresponding areas are patterned

with photolithography and the 160 nm thick oxide is etched with BHF for 165 s

followed by a quick dump rinse and blow drying. Then, the resist is removed in the

ozone/steam reactor. In the meanwhile the furnace is cleaned as afore-mentioned.

The wafers are transferred directly from the reactor to the furnace.

This oxidation step is crucial for two reasons. Firstly, the oxide should be thin

to realize strong capacitive coupling from the gate electrodes to the 2DEG (2DHG) in

order to get well-defined dots. Secondly, the oxide should be thick enough to prevent

leakage between the gate electrodes and the 2DEG (2DHG). The measured HQO

thickness of 8 to 10 nm for different wafer batches meets these requirements. The

following settings in the Ultra Clean furnace are used: The temperature is ramped

up (10○C/min) along with a preclean. Dry oxidation is performed at 900○C. A post-

oxidation anneal in nitrogen at the same temperature for 20 min densifies the film

and decrease the density of fixed oxide charges [1, 7]. This additional process does

not affect the oxide film thickness. Finally, the temperature is ramped down with

8○C/min.

For the last two masks, lift-off technique with image-reversal photo resist is

used [6]. To ensure a clean surface, resist residuals after development are removed in

a descum step in an ozone reactor for 300 s right before metal deposition and etching.

Lift-off is done in acetone at 40○C in an ultrasonic bath at lowest power followed by

isopropanol rinse and nitrogen blow drying. Since we encountered problems with a

contaminated surface after lift-off using acetone, we lately replaced acetone by DMSO

(Dimethylsulfoxide) resulting in a cleaner surface. The lift-off with DMSO is carried

31



Chapter 3

out at 80○C) followed by rinsing with DI water.

Ohmic contacts

The implanted regions serve as charge reservoirs for electrical measurements. To

contact these regions with a metal layer (see Fig. 3.2e)) the resist is patterned above

the implanted regions. Then the oxide is etched with BHF (165 s) followed by a

quick dump rinse in DI water and blow drying with nitrogen. Immediately after, the

wafer is transferred to the sputter coater Oxford PlasmaPro System400. Al (1% Si)

is sputtered at 500 W for 2 min at a pressure below 10−6 mbar resulting in a 150 nm

thick metal layer followed by lift-off and a post-metallization anneal at 400○C for

15 min. The goal of the post-metallization anneal is to lower the contact resistance

between aluminum and silicon. Al (1% Si) is used because presaturation of Al with

Si prevents an effect called ’spiking’ where silicon diffuses non-uniformly into the Al

layer causing contact resistances [6].

Gate electrodes

As last microfabrication step, gate electrodes are fabricated on top of the thick oxide

(see Fig. 3.2f)). A thin layer (6 nm) of Ti is used as an adhesion layer stacked with

30 nm of Pd. Since the nanostructures of the gates are fabricated in subsequent EBL

steps it is essential that the upper metal does not oxidize.

The finished wafer is diced into smaller chips of 1x1 cm (5x5 devices) or 2x1 cm

(10x5 devices). These chips are then further processed using EBL.

3.1.2 Nanoscale fabrication

Electron-beam lithography (EBL) is used for nanoscale fabrication. EBL is a

very accurate and flexible method to write structures with a size ≈ 20 nm. In this

project we use the EBL machine Raith150-TWO. Compared to photolithography,

EBL is quite time-consuming and therefore we use it only in the center of each device

(see zoom-in Fig. 3.2 and Fig. 3.4a) in which the yellow and green color show the

nanoscale EBL pattern). The resolution of the EBL depends, among others, on the

substrate material, the resist thickness and the used aperture for the electron-beam.

Using a near-intrinsic silicon substrate with 10 nm HQO, 80 nm thick resist, EBL
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3.1 Device fabrication

Figure 3.3: Photolithography alignment markers (left panel) and EBL alignment
markers (right panel). The green lines are the line-scans of the EBL alignment procedure.
[10]

settings of 20 keV acceleration voltage and 10 μm aperture we routinely achieve

evaporated line widths of around 30 nm.

After cleaning the chip, EBL resist (PMMA 950k -Polymethylmethacrylat) is

spun onto the sample. The spinning time and speed determines the thickness of the

resist. The used settings are summarized in table 3.1. Then the resist is baked on a

hotplate at 160○C for 3 min. The sample is loaded into the EBL machine which is

controlled by a control computer. The device designs are patterned in the Raith-EBL

software.

Depending on the device type (see section 3.2) one or more EBL steps have

to be executed. In order to accurately align subsequent EBL layers to each other,

alignment markers were included in the last photolithography step, which are placed

in a 200 μm EBL writefield (see Fig. 3.3 left panel). These photo markers give a

rough alignment because of their rough edges resulting from photolithography. For

higher accuracy, 200 nm wide EBL markers are written as a first EBL step in 100 μm

writefield (see Fig. 3.3 right panel). These markers are used to align all successive

EBL steps.

Table 3.1: Overview over resist and evaporation parameters.

resist spin speed spin time resist thickness material thickness used for
(rpm) (s) (nm) (nm)

PMMA A4 6000 30 160 Ti/Pd 6/30 EBL alignment markers
PMMA A4 4000 40 200 Al/Pd 10/60 last gate layer
PMMA A2 2000 30 80 Al 40 barrier gates; lead gate for 3-layer device
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Before starting a script that automates almost the whole EBL process, a manual

3-point alignment has to be executed and the beam has to be focused. The script

contains the following steps (for details see [10]):

1. Choose photo- or EBL- markers for alignment (a test alignment is performed

to check)

2. Measure beam-current

3. Alignment on each device or use alignment of first device for whole chip

4. Select device type

5. Select layer

6. Set number of rows and columns to be written

7. Set step size for lines and areas

8. Start the writing

For all structures we use the 10 μm aperture to get a small beam size and thus

a high resolution. During the EBL writing a focused electron-beam breaks the long

polymers in the resist. After the writing the broken polymers are washed out during

development in a solution of MIBK (Methylisobutylketone) and isopropanol 1:3 for

bottom gates

b) c) d)

top gatebottom gates

AlOx

2010 nm0

100 nm

B1 B2

SiO2

Al Al

Si

after metallization & lift-off oxidation

10050 nm0

100 nm

top gate

SiO2

after metallization & lift-off

Ti/Pd

a)

SiO2

30 mμ

200 nm

Figure 3.4: Nanoscale fabrication process steps using the example of a two layer
device. a) EBL pattern of the two layers with zoom-in, yellow: bottom gates and green: top
gate. b)-d) schematic cross section (top) and AFM image (bottom) of the device showing b)
bottom gates B1 and B2 after metallization and lift-off, c) bottom gates after oxidation, d)
final device after top gate metallization and lift-off.
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3.1 Device fabrication

Figure 3.5: Transmission electron microscope image of an aluminum bottom
gate. A 4-5 nm thick AlOx layer is formed by thermal oxidation in ambient. [Image with
courtesy of Chris Spruijtenburg].

33 s followed by rinsing in isopropanol and blow dry. In the next step the patterned

chips are metalized.

To ensure good adhesion between the metal layer and the substrate, a surface

treatment (descum) is performed in oxygen plasma in the TePla300E Barrel Etcher

(20 s, 18 sccm O2, 300 W; etch rate of PMMA ≈4 nm/min) in order to remove possible

resist residuals in the developed areas. Metallization is carried out in a Balzer BAK-

600 thin-film evaporator (electron-beam evaporator). After metallization the resist

is removed in DMSO (Dimethylsulfoxide) heated to 80○C in an ultrasonic bath. We

use the lowest ultrasound power to treat the samples as gently as possible. The time

needed for the lift-off process can vary, but is generally 30 min. The samples are then

rinsed with DI water and dried with nitrogen.

The used metals and thicknesses for the different layers depend on the device

type (see section 3.2) and are listed in table 3.1. Fig. 3.4 shows the main process

steps of the nanoscale fabrication using the example of a two layer device. The two

bottom gates are patterned in a first EBL step followed by metallization and lift-

off (Fig. 3.4b)). To electrically isolate the bottom gates from the top gate a gate

oxide is required. Therefore, the Al is thermally oxidized in ambient air at 150○C for

5 min (see Fig. 3.4c)). This forms a 4-5 nm thick AlOx layer as shown in Fig. 3.5.

The top gate is fabricated in a second EBL step followed by metallization and lift-off

(see Fig. 3.4d)). After each layer, the devices are inspected with AFM to check and

monitor the progress of each device, as shown in Figs. 3.4b) and d).
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After the last gate layer has been fabricated, the chips are covered with a thin

PMMA layer to protect the devices against further oxidation and contamination under

ambient conditions when taking them out of the cleanroom.

Metal issues

Aluminum is used as gate metal since it forms a native oxide layer serving as a gate

oxide between subsequent gate layers, as needed for multi-gate devices. However, the

reproducible deposition of, especially, narrow and thick Al structures is challenging

due to surface diffusion and high sensitivity to variations in deposition conditions (e.g.

substrate temperature, evaporation type, background pressure, deposition rate). It

turned out that clogging of narrow PMMA-channels during evaporation limits the

thickness (compare Fig. 3.6). Narrow gate structures are required to define sharp

tunnel barriers to the quantum dot but at the same time the gates have to be thick

enough to ensure step coverage over other gate electrodes.

Therefore, we investigated the influence of the substrate temperature during Al

deposition on the structure profile, the grain size and the electronic behavior. In

Fig. 3.6 we compare deposited aluminum films for three different substrate temper-

atures during evaporation: no substrate cooling, water-cooled substrate and liquid-

nitrogen-cooled substrate (left to right). Al was evaporated using a 10 kV e-gun at

a chamber pressure around 1e-7 mbar. A special holder was used to cool down the

substrate during evaporation, see Fig. 3.7. Our test patterns are EBL defined lines in

PMMA on top of intrinsic silicon with a 10 nm SiO2 high-quality oxide (HQO) layer.

The aluminum film is characterized using scanning electron microscope (SEM) and

atomic force microscope (AFM) before and after lift-off process, respectively.

From Fig. 3.6 it seems that Al, deposited without cooling, has the tendency

to diffuse towards the PMMA-edge and thus clog narrow PMMA-channels when de-

positing thicker films. This is clearly visible in the triangular structure profile. By

decreasing the substrate temperature the atoms have less thermal energy and surface

diffusion is reduced. This results in (i) a smoother film, as can be seen in the SEM

images of Fig. 3.6; (ii) the grain size decreases from around 40 nm for non-cooled

substrates to around 20 nm for cooled substrates; (iii) the profile of the evaporated

line improves as the edges become steeper when going to lower temperatures indicat-

ing less clogging of the PMMA channel (see SEM cross-sectional images). However,

for devices fabricated with liquid-nitrogen-cooling we measure leakage currents from
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Figure 3.6: Aluminum deposited at different substrate temperatures. Narrow
PMMA-channels were patterned with EBL. Aluminum was deposited at different substrate
temperatures: no cooling, water cooling (room temperature) and liquid-nitrogen cooling (left
to right). The aluminum film was characterized with SEM and AFM before and after lift-
off process, respectively. Left: No cooling results in clogging of the PMMA-channel during
evaporation, limiting the height of narrow lines. Middle and right: Cooling the substrate
forms a smooth Al film with almost half the grain size . It clearly prevents clogging of the
PMMA-channel.

Figure 3.7: Evaporator with cooling. Image of the evaporation chamber with mounted
sample holder for cooling. Cold water or liquid nitrogen (LN2) is circulates trough the lines
and filling the cooling reservoir.
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Figure 3.8: Alignment markers patterned in a first EBL step. A a) Ti/Pt and b)
Ti/Pd metal stack (6 nm/30 nm) is used. Zooms are shown in the insets a) SEM and b)
AFM image with an added height profile. Scale bar 2 μm. [10]

the aluminum through the high quality oxide even at a few millivolt. We believe that

leakage occurs due to cracked HQO. During the evaporation process thermal stress

can be induced in the HQO when hot material lands on the cooled surface.

Since clogging of the PMMA-channel was not observed when depositing Pd, for

the last gate layer we used a thin Al layer stacked with a thick layer of Pd.

Another important improvement has been achieved for the accuracy of the EBL

alignment procedure. The correct detection of the alignment markers on the sample is

essential for high alignment accuracy. In the beginning, we used platinum (Pt) due to

its high contrast in the scanning electron microscope (SEM). However, as shown in the

SEM image in Fig. 3.8a) there are metal residuals next to the marker. These badly

defined edges cause detection problems during the alignment procedure. We found

that this is caused by the high melting temperature of Pt. The thermal radiation

during evaporation heats up the EBL resist on the sample so that well-defined EBL

structures can smear out making the lift-off process more difficult. To overcome this

issue we switched to palladium (Pd) which has a lower melting temperature but gives

a comparable contrast in the SEM. The result is shown in Fig. 3.8b) where the sharp

edges of the EBL marker are clearly visible. As a result, the detection of the markers

is better and thus a higher alignment accuracy is achieved.

3.2 Device types

Within this research different device types have been investigated which will

be presented in the following. All devices are based on the MOSFET principle as
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explained in section 2.3. Large structures, fabricated with photolithography, are the

same for all device types. Here, we focus on the nanoscale gate structures forming

the active area of our device (see zoom-in Fig. 3.4a)).

Fig. 3.9 gives an overview of the studied device types showing the according

schematic cross section (left panel), EBL pattern (middle panel) and AFM image of

the final device (right panel).

Top gate device (Fig. 3.9a)): This device is the most basic type of device and

contains one gate layer. It is intended to prove the concept of the ambipolar

device operation and to investigate its electrical properties, as studied in chapter

6. The narrowest part of the gate is 100 nm wide and 200 nm long. To be able

to directly compare the electrical properties of the top gate device with devices

containing additional bottom gates (see below), we used the same fabrication

settings regarding resist thickness, EBL pattern, metal and metal thickness.

single-bottom-gate device

a)

b)

c)

double-bottom-gate device

top gate device
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50
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SiO2

50

nm

0

100 nm

top gate

SiO2

SiO2

SiO2

Al

Ti/Pd

Si

SiO2

Al Al

100 nm

100 nm

100 nm

top gate

bottom gate

bottom gates

top gate

top gate

top gate

top gate

top gate
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Figure 3.9: Device types. Schematic cross section, EBL pattern and AFM image of three
device types: a) top gate device, b) single bottom gate device and c) double bottom gate
device.
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Single-bottom-gate device (Fig. 3.9b)): The single-bottom-gate device contains

two gate layers. In a first EBL step the bottom gate is fabricated. Its width is

about 30 nm. A gate oxide electrically isolates the bottom gate from the top

gate which is patterned in a second EBL step. The bottom gate allows to locally

control the charge density and thus interrupt the conduction channel between

source and drain. The functionality of the bottom gate is studied in chapter 6.

Double-bottom-gate device (Fig. 3.9c)): The double-bottom-gate device con-

tains two gate layers. In a first EBL step two bottom gates are patterned next

to each other with a distance of about 35 nm. By interrupting the conduction

channel from source to drain underneath the two bottom gates, charge carri-

ers are confined in a quantum dot created between the two gates. The size of

the quantum dot is determined by the distance between the two bottom gates

and the width of the top gate. Reducing these dimensions is limited by the

EBL processing. The double bottom gate device is studied as unipolar device

(hole regime) in chapter 5 and as ambipolar device (electron and hole regime)

in chapter 7.

Note, that in the relevant chapters we stick to layer notations which are typically

used in the quantum dot community: (i) the top gate is named lead gate and (ii) for

the double-bottom-gate device the bottom gates are named barrier gates (chapter 5

and 7) because they are meant to create tunnel barriers between the quantum dot

and the charge reservoirs (see Fig. 2.10b) and c)).

3.3 Measurement setups

After taking the chips out of the cleanroom they are prepared for mounting in a

measurement setup. We cleave the chips into smaller ones, remove the resist and glue

them on a sample holder. As sample holder we use a measurement PCB compatible

with all our low-temperature setups. Al bonding wires make contact from the PCB

to the electrodes on the sample.

In this project we used two low temperature setups: a dipstick (4.2 K) and a

dilution refrigerator (Triton200 with a base temperature of 10 mK). In the dipstick

the sample is immersed into liquid helium. Because of the fast loading/unloading

process this setup is used to test the devices. First of all we connect all gates, source
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Figure 3.10: Low-noise electronics. The two upper boxes are matrix modules containing
48 wires which are guided to the sample holder as 24 twisted pairs. The lower rack contains
voltage and current modules as well as Digital-to-Analog-Converters (DACs). The electronics
is custom-built at Delft university.

and drain contacts to a source-measure-unit (SMU) and check the devices for leakage

current. The gates are ramped one by one to positive as well as negative voltages

while all other connections are grounded. The SMU applies a voltage to the specific

gate and at the same time measures the current to ground. To protect our device we

set the compliance to 800 pA. This ensures that the current does not exceed 800 pA

while ramping. The ramping time depends on the RC-time of the specific gate. Once

the current exceeds 100 pA after the RC-time has elapsed we consider the specific gate

to leak. If no leakage is detected we test the transistor behavior of the devices. Hence,

we apply a source-drain voltage of 10 mV and measure the source-drain resistance

while increasing the voltage on all gates simultaneously.

If the device under test is turning on are then connected to low-noise electronics

(custom-built at Delft university [13]) , shown in Fig. 3.10. Throughout this work we

perform electronic transport measurements ([11] for details). A source-drain voltage is

applied to the source while measuring the resulting drain current to ground as a func-

tion of the voltage applied to the gates. The corresponding electrical circuit is shown

for the dilution refrigerator in Fig. 3.11. The used electronics is especially designed for

low-noise electrical measurements. To exclude external noise and interference sources

the electronics is battery-powered and thus isolated from the network-ground. The

digital-to-analog-converters (DACs) are driven by an optical fiber. In general, the
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gate voltages are applied directly from the DACs. However, the DACs have a lim-

ited step size so that, if needed, an additional voltage source with a voltage divider

(0.1/1/10/100 mV/V) can be used to decrease the step size and thus increase the

resolution. This voltage source is used to apply the source-drain voltage. The drain-

current is measured by an I −V -measure unit that converts the incoming current to a

voltage with a chosen amplification (1/10/100/1000 MV/A) which is then measured

with a digital multimeter.

Promising samples are loaded into the dilution refrigerator. The dilution refrig-

erator hosts a superconducting vector-magnet for magnetospectroscopy, shieldings

and twisted-pairs wiring against electro-magnetic pick-up as well as different filter

units to reduce the electrical noise. The latter consists of Pi-filters at room temper-

ature and copper powder filters and second-order RC-filters which are mounted at

base temperature close to the sample. With this setup we reach an effective electron

temperature that is as low as 22 mK (see next chapter).
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Figure 3.11: Electrical circuit for a voltage-biased current measurement. Gate
voltages are applied via digital-to-analog converters (DACs). Redrawn from [12].
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Printed circuit board metal powder filters for low

electron temperatures

F. Mueller, R. N. Schouten, M. Brauns, T. Gang, W. H. Lim, N. S. Lai,
A. S. Dzurak, W. G. van der Wiel, & F. A. Zwanenburg

In this chapter we characterize printed circuit boards metal powder filters and measure their

influence on the effective electron temperature which is as low as 22 mK for a quantum dot

in a silicon MOSFET structure in a dilution refrigerator. We investigate the attenuation

behavior (10 MHz - 20 GHz) of filter made of four metal powders with a grain size below

50 μm. The room temperature attenuation of a stainless steel powder filter is more than

80 dB at frequencies above 1.5 GHz. In all metal powder filters, the attenuation increases

with temperature. Compared to classical powder filters, the design presented here is much

less laborious to fabricate and specifically the copper powder PCB-filters deliver an equal or

even better performance than their classical counterparts.

This chapter has been published in Review of Scientific Instruments 84, 044706 (2013).



Chapter 4

4.1 Introduction

In analogy to natural atoms where optical methods are used to probe the

discrete energy spectrum, electron transport spectroscopy has proven to be a very

powerful method for mapping out the corresponding levels of quantum dots, also

known as ”artificial atoms”. As is generally true for spectroscopic analyses, it is de-

sired to minimize extrinsic sources of broadening of resonances for accurate electron

spectroscopy. The full width at half maximum (FWHM) of a Coulomb resonance in

a quantum dot is set by the quantum mechanical level broadening h̵Γ (determined by

the tunnel coupling between quantum dot and electron reservoirs) and the effective

electron temperature Te (thermal broadening of Fermi-Dirac distribution) [1]. This

thermal broadening has contributions from the bath temperature Tbath of the cryo-

genic setup and additional inelastic processes originating from noise and interference

of the measurement environment.

In electronic transport experiments Te can easily be an order of magnitude higher

than the cryostat′s base temperature Tbath. The latter can be as low as ∼10 mK in

dilution refrigerators [2]. At those temperatures the elevation of Te is mainly caused

by electrical noise and the pick-up of interference, which exists in the entire frequency

spectrum. Effective filtering is thus crucial for the effective electron temperature to

approximate the base temperature as close as possible. Different types of filters are

used for different frequency ranges. RC-filter cover the low-frequency range [10 Hz -

10 MHz], Pi-filters intermediate frequencies [10 MHz - 1 GHz] and since their invention

in 1987 by Martinis et al. [3], metal powder filters are commonly used as microwave

absorbers [100 MHz - 100 GHz].

4.2 Metal powder filters

Metal powder filters are fabricated as follows: a metallic wire of ∼1-2 m length

is wound around a metal rod which is mounted in a tube and finally the tube is

filled with metal powder. According to Martinis et al. [3], the attenuation in those

filters is caused by skin-effect damping [4]. Alternating electric currents lead to eddy

currents in a conductor due to corresponding alternating magnetic field. Thus, the

current mainly flows near the surface of the conductor, within the so-called skin depth,

and increase the effective resistance. Because metal powder has an extremely large
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surface compared to bulk, one expects an enormous dissipation due to the skin effect.

Usually, a mixture of epoxy and metal powder is used to remove the dissipated heat

from the grains to the environment. The skin depth depends on the AC frequency f,

the metals resistivity ρ, and magnetic permeability μ according to δ = √ρ/π ⋅ f ⋅ μ. The
effective resistance and thus the dissipation increase with frequency, making powders

very efficient absorbers of high frequency signals. This has been shown in earlier

experiments. Lukashenko and Ustinov [5] showed that the attenuation of their copper

powder filter (CPF) reached an attenuation level of -90 dB at 6.2 GHz whereas the

stainless steel powder filter did so already at 1.0 GHz. Besides the higher resistivity

of stainless steel at 4 K the higher magnetic permeability of stainless steel will make

δ even smaller, thus increasing the dissipation. Fukushima et al. [6] showed that

both stainless steel and copper powder attenuate more at room temperature than at

4.2 K. The change in attenuation after cooling down was smaller for stainless steel

powder than for copper, likely due to the difference in residual-resistance ratios of

the two metals. This has motivated us to investigate different metal powders, e.g.,

manganin, a metal compound commonly used as low-temperature wiring because of

its high resistivity and near-zero temperature coefficient of resistance.

In this work, we present a novel type of metal powder filter using printed circuit

boards (PCB) as building block. Figure 4.1(a) shows one side of the used PCB. The

substrate material is 1.55 mm thick standard FR4, low-cost and lossy at microwave

frequencies. PCB tracks are 100 μm wide and have a thickness of 35 μm copper

covered with 100 nm gold. The PCB has a length of 128 mm and contains 12 printed

wires, six on each side. Each wire has a length of 120 cm where two neighboring

wires are meandered in a double S shape. The PCB thickness and the 12 solder

pads on top and bottom are chosen to solder 0.2 inch pin headers that makes it an

easy plug-and-play system in measurement setups. Here, SMA connectors are used

to test the filter characteristic at high frequencies (Fig. 4.1(c)). The solder joints are

covered with a layer of epoxy (6305950-Bison Kombi Snel R©)for a better impedance

matching. Besides the bare PCB different metal powders were investigated to compare

the influence of the metal powder on the attenuation behavior: copper, brass (Cu

68.5% - 71.5%, Pb 0.07% max, Fe 0.05% max, Zn remainder), stainless steel (alloy

302/304), and manganin (Cu 86%, Mn 12%, Ni 2%) with a grain size below 50 μm.

Finally, a 3 mm thick layer of metal powder/epoxy mixture (50:50 in volume) is glued

on each side of the PCB. In addition, the small distance between the paired wires

(100 μm) reduces the electromagnetic pick-up and thus pursues a twisted pair like

wiring (signal and ground) which is commonly used in low-noise measurements setups.
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Figure 4.1: Metal powder filter layout. (a) (left) one side of the printed circuit board
(PCB) with three paired lines; (right) PCB with soldered pin-headers and copper pow-
der/epoxy mixture. Length of each line is 1.2 m. (b) In-zoom to one of the ends. Six
lines end up in a solder pad for 0.2 inch pin-headers. (c) Powder filters with different metal
powders with a grain size below 50 μm; a 3 mm thick layer of epoxy/powder mixture (50:50
in volume) is glued on each side of the PCB. Here, SMA connectors were used to perform
high-frequency measurements.

In conclusion, this metal powder filter’s design is more flexible and reproducible.

It hosts many parameters that can be changed and investigated to maybe increase

and optimize the filter’s attenuation and impedance characteristic, e.g., width and

thickness of the lines, distance between the lines, length of the PCB, etc. In addition,

the fabrication of the filters is much less time-consuming in mass production.

4.3 Attenuation characteristics

4.3.1 Room temperature

The filter attenuations were measured using a vector network analyzer (VNA)

Rohde & Schwarz ZVB20 (10 MHz - 20 GHz) with a resolution bandwidth set at 10 Hz.

Standard calibration procedure is used to extract the attenuation of the high frequency

lines from the filter characteristic. Figure 4.2(a) shows the transmission characteristic
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of a copper powder filter for different configurations at room temperature. Plotted is

the attenuation of the transmitted signal in decibel (dB) versus frequency. At ambient

conditions, the copper powder filter reaches an attenuation level of -80 dB at 2 GHz.

Above 2 GHz, the transmission exhibits an upturn to -60 dB which is suppressed

when surrounding the copper powder filter with a layer of Eccosorb R© MCS [7], a high

loss microwave absorber. The transmission is suppressed even to the noise floor above

4 GHz when inserting the copper powder filter into a closed copper tube where the

residual space is filled up with Eccosorb (see inset in Fig. 4.2(a)). Measurements

of the last configuration for the bare PCB, brass- and stainless steel powder filter

are shown in Fig. 4.2(b). All curves display typical attenuation behavior. Note

that already the bare PCB exhibits an attenuation of -80 dB at 7 GHz. Resonances

appear in the transition region between pass band and stop band. While stainless

steel reaches -80 dB at 1.5 GHz, copper and brass reach this attenuation at a slightly

higher frequency of 2 GHz.

The increasing signal at higher frequencies of the copper powder filter under

ambient conditions can be explained by pick-up of external electro-magnetic radiation.

Using a closed copper tube which serves both as housing for the powder filters and as

Faraday-cage highly attenuates the signal by about 30 dB. The origin of the resonances

in the transition region is not clear. Since powder filters are low pass filters in the

microwave range (fcut−off ≈ 100 MHz - 1 GHz), good filters attenuate high frequency

noise by more than 80 dB. The lower the cut-off frequency and the steeper the fall-off

Figure 4.2: Frequency response of different powder filters at room temperature.
The black curve represents the noise floor of the vector network analyser. (a) Copper pow-
der filter in different configurations. (Inset) Powder filter in a copper test tube filled with
Eccosorb. (b) Frequency response of different metal powders filters and the bare PCB.
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in the transition range the better the filter. While all filters exhibit almost the same

slope, stainless steel powder shows the best performance. The performance of the bare

PCB is explained by the fact that the paired layout (signal+ ground) forms a lossy

transmission line. This improves the filter action because high frequency interference

is not reflected at the input of the filter but absorbed inside. This impedance control

is an improvement compared to other multi-wire solutions.

We conclude that stainless steel powder is favorable at room temperature. How-

ever, for quantum low-noise measurements we search for the best filter at low tem-

perature. We tested all filters in a cryogenic setup (Oxford Triton 200) both at room

temperature and 10 mK, for comparison.

4.3.2 Temperature dependence

The setup for the two-port measurements at low temperature is shown in Fig.

4.3(a). Port1 and Port2 at the VNA are connected to the high frequency lines in

the Triton via 1.5 m radio frequency (RF) cables (GORE R© PHASEFLEX R© Mi-

crowave/RF Test Assemblies) which are specified up to 26.5 GHz. To avoid direct

thermal connection between room temperature and millikelvin temperature via the

high frequency lines, three times 3 dB attenuators (Aeroflex Weinschel, fixed coaxial

attenuator, model: 4M-3, DC-18 GHz) in each high frequency line ensure thermal

anchoring to plates with different temperatures. The copper can, hosting the filters,

is mounted at the mixing chamber plate reaching a base temperature of 10 mK. Resid-

ual space in the can is filled with Eccosorb. Flexible radio frequency cables (LEAD,

RG316 SMAM/M, 0.5 m, DC-3 GHz) connect the filters to the high frequency lines.

The transmission characteristic of different filters in this setup at room temper-

ature and cryogenic temperature are plotted in Figs. 4.3(a) and 4.3(b), respectively.

Moreover the throughput of the high frequency lines and the noise floor after cali-

bration (HP calibration kit 85052B) are shown. At frequencies higher than 6 GHz,

the throughput signal becomes slightly noisy and the noise floor increases because

of signal losses. We reproduced the attenuation curves at room temperature from

Fig. 4.2(b) in our cryogenic setup, but with higher noise level due to the attenuators.

Besides different metal powder filters, the measurement data in Fig. 4.3(a) also in-

clude the bare PCB where the metal powder part is substituted by vacuum space and

a layer of Eccosorb, respectively. As one see, the Eccosorb layer mainly suppresses

the resonances in the transition regime. Figure 4.3(b) shows measurements at cryo-
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Figure 4.3: Measurement setup and transmission characteristics of different
metal powder filters both at room- and cryogenic temperature. (a) Cryogenic
measurement setup. Three 3 dB attenuators ensure thermal anchoring of the inner conduc-
tor of the high frequency lines to different temperature stages. The copper can housing the
metal powder filters is mounted on the mixing chamber plate. Filter characteristic of differ-
ent metal powder filters at room temperature and 10 mK are shown, (b) and (c), respectively.
Black and dark cyan curves correspond to noise floor and throughput after calibration, re-
spectively. The metal powder filters behave differently at room temperature, but show very
similar attenuation curves at millikelvin temperature. stainless.

genic temperature. Compared to room temperature all filters show a transition range

shifted to higher frequencies. We observe that stainless steel and manganin begin

to filter out at slightly higher frequencies than copper and brass but show steeper
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fall-off.

We attribute the increasing noise floor and noisy through-put at frequencies

above 6 GHz to the loss in the used flexible RF cables which are specified up to

3 GHz. Housing the bare PCB in a Faraday cage, high frequency cavity modes occur.

Eccosorb directly attached to the PCB clearly damps these modes. A significant shift

of the transition range to lower frequencies indicates the effect of the metal powder

on the attenuation.

Literature suggests that the filter performance depends on the electrical resis-

tance (energy loss via skin effect at surface of particles) of the metal [4, 5, 8]. While

the resistivity of all metals at room temperature are quite comparable (in the order of

10−8 Ωm), the magnetic property could explain the better filter working of stainless

steel powder at room temperature. Considering that the skin effect would be the rea-

son for the signal absorption, we expect different transmission characteristics of the

filters at cryogenic temperatures according to their resistivity at low temperatures.

Although the difference in resistivity, e.g., between copper and stainless steel is about

3 orders of magnitude, we surprisingly found that all metal powder filters show com-

parable filter characteristic at 10 mK (Fig. 4.3(b)), in contrast to our expectations.

Now, let us take a closer look at the influence of temperature on the transmission

characteristic. In Fig. 4.4(a), data of the PCB-copper powder filter at different

temperatures are plotted. We observe a clear temperature dependence, as for the

other filters (not shown here). With decreasing temperature the fall-off, including

Figure 4.4: PCB PFs-temperature dependence and comparison with literature.
(a) Temperature dependence of PCB-CPF; for decreasing temperature the fall-off is shifted
to higher frequencies. Comparison of PCB-PFs (solid line) with classical metal powder
filters of different wire length from literature (dashed line), copper (b) and stainless steel (c),
respectively.
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the resonances, shifts to higher frequencies. The graphs for 10 mK and 77 K show

nearly identical behavior. In Fig. 4.4(b), we compare the attenuation curves of the

PCB- powder filter design with experimental data from Refs. [5] and [9]. At room

temperature, the PCB- copper powder filter (wire length 1.2 m) is comparable with

a classical copper powder filter with a wire length of 2 m [9]. At low temperature,

the PCB-copper powder filter reaches -60 dB at 2.3 GHz,whereas the classical copper

powder filter from Lukashenko and Ustinov [5] with 4 m wire length reaches -60 dB at

4.2 GHz. In Fig. 4.4(c), classical stainless steel powder filters from Lukashenko and

Ustinov [5] with wire lengths of 4 m and 1.14 m are compared with the PCB-stainless

steel powder filter (wire length 1.2 m). Here, the PCB-powder filter has a fall-off at

higher frequencies than its classical counterpart.

Lukashenko and Ustinov [5] measured the attenuation behavior at 4 K, whereas

Fukushima et al. [6] compares measurements at 300 K and 4 K. In agreement with

their data, the copper powder filter shows a clear temperature dependence with the

fall-off shifted to higher frequencies at low temperature. While the PCB-powder fil-

ter shows the same trend for stainless steel, Fukushima et al. [6] did not determine

a significant temperature dependence. In their work, the temperature dependence

of the copper powder filter is explained by the reduction of the powder’s resistance

as the temperature decreases, whereas in the case of stainless steel it remains un-

clear. Assuming that the reduction of resistance is the reason, the above explanation

would be applicable to our copper powder that has almost two orders of magnitude

lower resistance at 4 K, assuming a bulk-like residual-resistance ratio (RRR) of ∼50.
However, it does not explain the temperature dependence of brass and stainless steel

(see Fig. 4.3(c)), which both have a RRR of ∼1. The real underlying attenuation

mechanism is not yet understood.

4.4 Effective electron temperature

Finally, we use a single quantum dot in a silicon MOSFET structure [10] to

investigate the effect of the copper powder filter on the effective electron temperature

Te of a high-impedance device in a dilution refrigerator. As explained in the intro-

duction, the temperature of the electrons in an electrical device can differ from the

refrigerator temperature Tbath. Noise and pick-up of interference are the main origin

of elevated electron temperatures. In addition, device specific characteristics have to

be taken into account, in our case quantum mechanical level broadening which is de-
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termined by the tunnel coupling h̵Γ between the dot and the electron reservoirs. The

Coulomb peak of a single-tunneling resonance can then be described by a convolution

of a Lorentzian function (tunnel broadening) with the derivative of the Fermi-Dirac

distribution function (F-D function; thermal broadening) [11].

The measured Coulomb peak increases from base temperature to 500 mK, both

with and without mounted copper powder filter, see Fig. 4.5. By fitting the Coulomb

peaks with both Lorentzian (tunnel-broadened) and F-D function (thermally broad-

ened) (inset in Fig. 4.5(a)), we can verify that we operate in a tunneling regime where

the width of the peak is determined by thermal broadening: h̵Γ << kBTe, where kB is

the Boltzmann constant. In Figure 4.5(b), we plot the FWHM of the peaks versus the

mixing chamber temperature Tbath. Above ∼30 mK, the FWHM decreases linearly

with temperature. Below ∼30 mK, the FWHM deviates from the proportional trend

Figure 4.5: Effective electron temperature. (a) Coulomb peaks at different mixing
chamber temperatures without and with CPF, top and bottom, respectively. Inset: Coulomb
peak at Tbath = 9 mK; comparison of peak fitting with a derivative of Fermi-Dirac function
(thermal broadening; blue) and Lorentzian function (tunnel broadening; red); (b) peak width
versus mixing chamber temperature. In the pink area, the Coulomb peak is thermally
broadened, meaning that the electron temperature Te equals the bath temperature Tbath; in
the blue area the electron temperature is higher than the bath temperature.
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and remains constant, indicating that in this regime the effective electron temperature

is no longer determined by the bath temperature. Similar trends are found with and

without copper powder filter.

We examine three methods to extract the electron temperature: method I:

Graphical extraction as the inflection point between linear and constant part (graphi-

cal); method II: Peak fitting at base temperature with Fermi-Dirac derivative (Fermi-

Dirac) and method III: Extrapolation to Tbath = 0 and evaluation of thermally broad-

ened part (linear fit). The corresponding extracted effective electron temperatures

are summarized in Table 4.1.

Method I

The first method to extract the electron temperature is to fit the data with

a linearly proportional part (thermally broadened, pink areas in Figure 4.5(b)) and

a constant part (broadening at base temperature, blue areas in Figure 4.5(b)) and

extract the effective electron temperature as the interception point. With this method,

we get Te ∼35 mK without CPFs and Te ∼25 mK with CPFs. This method is quite

straightforward and allows a direct graphical extraction of the lowest temperature the

electrons can reach. But nevertheless it remains only a rough estimate.

Method II

Method II evaluates the width of the F-D function fitting at base temperature.

As mentioned above, the Fermi-Dirac peak shape indicates a thermally broadened

quantum mechanical level. Assuming single-level tunneling [12], the width of the

peak relates to the electron temperature as α⋅ FWHM = 3.52kBTe, where α is a factor

of proportionality relating the applied gate voltage to the potential on the dot. With

CPF, α = 0.282 as determined by a F-D function fit at 500 mK, where the electron

temperature Te must equal the bath temperature Tbath. This value agrees well with

the α extracted from the corresponding Coulomb diamond (not shown). The F-D

function fit and the linear dependence of the peak width versus temperature with a

slope of 3.52kB confirm the thermally broadened single-level tunneling regime. Since

α is a device specific parameter and is constant at a single Coulomb resonance, the

same α is used to extract the effective electron temperature at base temperature.

This second method gives an upper bound for Te, since the FWHM is determined by
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temperature broadening. This upper bound is approximately 47 ± 2 mK with copper

powder filters.

Method III

Within the third method we fit the temperature dependence linearly using the

α-factor from the peak fit at 500 mK and verify if we have a single-level tunneling

behavior (slope of 3.52kB). For the measurements with copper powder filter, the linear

fit gives a slope of 3.52kB as expected value for single-level tunneling. Extrapolating

this fit to Tbath = 0 yields a residual peak width of 8.3 μeV. Goldhaber-Gordon et al.

[1] explain the residual peak width by tunnel broadening, since they describe the

peaks as given by a convolution of a Lorentzian of FWHM Γ with the derivative

of a Fermi-Dirac function (FWHM of 3.52kBTe) with a total FWHM of 0.78Γ +

3.52kBTe (Γ/h is tunnel rate of electrons from the dot). However, in our case the

residual peak width accounts for almost 50% of the FWHM at base temperature,

even though the tunneling rate is only h̵Γ = 0.022 μeV as extracted from the fit (inset

of Fig. 4.5(a)). Moreover, the peak can be perfectly fitted with a F-D function and

the peak height is much too low for tunnel broadening [11]. Since this offset is not

related to thermal broadening, we subtract this value from the peak width at base

temperature. Using α = 0.29, average from the peak fit at 500 mK and the Coulomb

diamond, we get an effective electron temperature of Te = 22 ± 2 mK. The exact origin

of the additional peak broadening cannot be pinpointed, but the peak shape excludes

tunnel broadening and the temperature dependence of the FWHM strongly suggests

that it does not originate from thermal broadening.

The FWHM shows the same behavior without CPFs: at higher temperatures,

a linear slope is observed, which saturates to a finite peak width at lower tempera-

tures. A linear fit at high temperatures gives a slope of 5kB , which deviates from the

expected 3.52kB . Accounting for this deviating slope, the effective electron tempera-

ture is calculated as Te = 35 ± 7 mK, the higher uncertainty originating from noisier

measurements. We note that the measurements were performed in two separate cool-

downs and with different quantum dots, which can cause different noise levels and

deviating slopes.

The results in Figure 4.5 show that a combination of low-pass RC filters and

Pi-filters results in an effective electron temperature Te of 35 mK [13]. Inclusion of

the PCB-copper powder filters lowers Te to 22 mK.
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Table 4.1: Comparison of the methods to extract the effective electron temperature.

Te without Te with

Method CPF (mK) CPF (mK) Remarks

I: Graphical ∼35 ∼25 Pro: straight-forward; Con: fast and rough estimate.

II: Fermi-Dirac <50 <47 ± 2 Pro: shape of fit indicates broadening type (tunnel/thermal);
con: only accurate for single-level tunneling and h̵Γ << kBTe;
gives upper limit for Te.

III: Linear fit 35 ± 7 22 ± 2 Pro: with known α, single-level tunneling (slope of 3.52kB)
can be verified; con: does not explain where residual (at zero T)
peak broadening comes from, however, not necessary for
temperature determination.

4.5 Conclusion

In conclusion, we have shown a novel and easy way to fabricate metal powder

filters with reproducible design using printed circuit boards as basis. We investigated

the transmission characteristics of different metal powders. All metal powder filters

perform better at room temperature than at cryogenic temperatures. All filters be-

have nearly the same below 4 K, in contrast to our expectations and results previously

found in other systems. According to literature, the underlying absorption mechanism

is energy loss caused by the skin effect. This mechanism implies a stronger attenuation

for a higher metal powder resistivity, while our filters with metal resistivities differing

by more than two orders of magnitude attenuate very similarly. Finally, we investi-

gated the influence of the copper powder filter on the effective electron temperature.

Operating a dilution refrigerator with printed circuit board copper powder filters, we

reach an effective electron temperature of 22 mK in a high-impedance device, closely

approximating the base temperature of the cryostat (10 mK).
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Single-hole tunneling through a two-dimensional hole

gas in intrinsic silicon

P. C. Spruijtenburg, J. Ridderbos, F. Mueller, A. W. Leenstra, M.
Brauns, A. A. I. Aarnink, W. G. van der Wiel, & F. A. Zwanenburg

In this chapter we report single-hole tunneling through a quantum dot in a two-dimensional

hole gas, situated in a narrow-channel field-effect transistor in intrinsic silicon. Two layers of

aluminum gate electrodes are defined on Si/SiO2 using electron-beam lithography. Fabrica-

tion and subsequent electrical characterization of different devices yield reproducible results,

such as typical MOSFET turn-on and pinch-off characteristics. Additionally, linear trans-

port measurements at 4 K result in regularly spaced Coulomb oscillations, corresponding to

single-hole tunneling through individual Coulomb islands. These Coulomb peaks are visible

over a broad range in gate voltage, indicating very stable device operation. Energy spec-

troscopy measurements show closed Coulomb diamonds with single-hole charging energies

of 5-10 meV and lines of increased conductance as a result of resonant tunneling through

additional available hole states.

This chapter has been published in Applied Physics Letters 102, 192105 (2013).
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5.1 Introduction

In order for sufficient coherent operations to be performed in a proposed quan-

tum computer [1], the quantum states of the corresponding qubits are required to be

long-lived. In the scheme proposed by Loss and DiVincenzo [2], quantum logic gates

perform operations on coupled spin states of single electrons in neighboring quantum

dots. Most experiments have focused on quantum dots formed in III-V semiconduc-

tors, especially GaAs [3, 4]; however, electron-spin coherence in those materials is

limited by hyperfine interactions with nuclear spins and spin-orbit coupling. Group

IV materials are believed to have long spin lifetimes because of weak spin-orbit in-

teractions and the predominance of spin-zero nuclei. This prospect has stimulated

significant experimental effort to isolate single charges in carbon nanotubes [5, 6],

Si/SiGe heterostructures [7, 8], Si nanowires [9], planar Si MOS structures [10], and

dopants in Si [11–13]. Silicon holds promise not only for very long coherence times

[14] but also for bringing scalability of quantum devices one step closer and has thus

attracted much attention for quantum computing purposes [15, 16].

Recently, coherent driven oscillations of individual electron and nuclear spins

in silicon were reported [17, 18]. The spin resonance was magnetically driven by

sending alternating currents through a nearby microwave line. A technologically more

attractive way is electric-field induced electron spin resonance, as demonstrated in

quantum dots made in GaAs/AlGaAs heterostructures [19–21], InAs nanowires [22],

and InSb nanowires [23]. Electrical control of single spins requires mediation by either

hyperfine or spin-orbit interaction. Although the latter is too weak for electrically

driven spin resonance of electrons in silicon, the spin-orbit interaction for holes may

well facilitate hole spin resonance by means of electric fields.

Up until now, single-hole spins have not yet been investigated in electrostatically

defined silicon quantum dots. Here, we report on single-hole tunneling (SHT) in a

gated silicon MOSFET nanostructure, based on an earlier n-type design by Angus

et al. [24]. In this work we focus on low-temperature transport measurements through

a two-dimensional hole gas (2DHG), which is electrostatically defined by a MOSFET-

type architecture. To create the 2DHG we apply a negative potential to metallic gates

on top of oxidized intrinsic silicon, raising the valence band to above the Fermi energy,

thus allowing states to be occupied by holes. At 4 K we observe single-hole tunneling

and demonstrate control of the charge occupation in unintentionally created quantum

dots.
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5.2 Silicon quantum dot gate structure

5.2 Silicon quantum dot gate structure

Fig. 5.1 shows an atomic force microscope image and a schematic cross section

of the device structure, made with a combination of optical and electron-beam lithog-

raphy (EBL), based on the recipe as described by Angus et al. [24]. Near-intrinsic

(100) silicon (ρ ≥ 10 000 Ωcm) is used as the substrate. Source and drain regions are

implanted with boron dopant atoms, which are activated by rapid thermal annealing

and serve as hole reservoirs. Ohmic contacts to these regions are made by sputtering

Al-Si alloy (99:1) contact pads. A 10 nm thick high-quality SiO2 oxide window is

thermally grown at 900○C and serves as an insulating barrier between the substrate

and the aluminum gates.

To remove charge traps and defects such as dangling bonds, the oxide is an-

nealed in pure H2 at 400○C and a pressure of 10 mbar. Contact pads for gates are

defined using optical lithography followed by development, evaporation of Ti/Pt, and

subsequent lift-off. EBL is used to define the sub-micron aluminum gates, which will

electrostatically control hole accumulation. Atomic force microscopy images show

Figure 5.1: Silicon quantum dot gate structure. (a) Atomic force microscopy image of
the device, showing the lead gate L horizontally across the image. The barrier gates B1 and
B2 come in from the top center of the image. (b) A schematic cross-sectional image of the
device. The highly p-type doped source and drain regions are shown in the intrinsic silicon,
on top of which is the SiO2 barrier. The Al gates are evaporated on top and electrically
isolated from each other by aluminum oxide. The applied voltage on the aluminum gates
creates a 2DHG, indicated by the dashed lines.
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barrier gates with a typical width, height, and separation of 35 nm (see Fig. 5.1(a)).

After oxidation of the barrier gates, a second EBL step is used to define the lead

gate. We have measured various devices and report here characteristic behavior of a

representative sample.

5.3 MOSFET characteristics

To characterize hole transport in our devices we perform electrical transport

measurements on samples submerged in liquid helium at a temperature of T ≈ 4.2 K.

Low-noise current amplifiers and voltage sources in combination with Pi-filters are

used to characterize the devices. To measure a typical MOSFET turn-on character-

istic, the same voltage VG is applied to all gates: VL = VB1 = VB2. Simultaneously, a

bias voltage VSD is applied to the source and drain contacts. The gate voltages are

then ramped to negative voltages while measuring the resulting current ISD. Once

the threshold voltage Vth is reached, the valence band is pulled sufficiently above the

Fermi energy so that hole states become available to be occupied. In the resulting

2DHG, holes can then flow from source to drain, and the device is ”turned on”. During

the sweeping of the gate voltages, the current increases up to roughly 1 nA, as shown

in Fig. 5.2. The ability of the barrier gates to influence conduction in the 2DHG below

the barriers is critical to operation of the devices. The barrier gate voltages VB1 and

VB2 should be able to tune the corresponding potential barriers from highly transpar-

ent (ISD ≥ 1 nA) to opaque (I ≈ 0 nA). To test this, a ”pinch-off” curve is measured,

by making the voltage on a barrier less negative whilst keeping the other gates well

beyond the threshold voltage. Both barriers B1 and B2 can individually pinch off the

conduction channel and additionally show some resonances in the measured current.

The results in Fig. 5.2 show the ability of each of the barriers to effectively control

conduction in the channel.

5.4 Single-hole tunneling in the linear transport regime

Next, we measure the current versus both barrier gate voltages at constant bias

and lead gate voltage (see Fig. 5.3(a)). When the voltage applied to the barrier gates

is too close to zero (VB1 ≥ -2 V or VB2 ≥ -2.6 V), the tunneling rate through the

potential barriers becomes negligible. The current as a function of voltage applied to
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Figure 5.2: MOSFET type turn-on and pinch-off behavior at T ≈ 4.2 K. A bias
voltage of VSD = 1 mV is applied between source and drain contacts. For turn-on, one single
voltage is applied to all the gates and increased. Pinch-off curves are measured by setting
the voltage equal on all gates except the pinch-off barrier. The curves for turn-on, pinch-off
with B1, and pinch-off with B2 are blue, green, and black, respectively.

the barrier gates shows periodic resonances parallel to the axes of both VB1 and VB2.

Resonances parallel to the axis of VB1 (VB2) are not influenced by a change in VB2

(VB1), indicating that those features are independently coupled to VB1 and VB2. We

now focus on one of these resonances; specifically, the one coupled most strongly to B2.

To probe the features of this resonance, a constant VSD and VB1 is applied where VB1

is chosen such that the corresponding barrier is highly transparent. The subsequent

measured source-drain current as a function of VB2 in Fig. 5.3(b) shows periodic

current peaks separated by regions of zero current. The sharp peaks correspond to

Coulomb oscillations with regions of Coulomb blockade in between. Each time a peak

is traversed, the occupation of the corresponding Coulomb island changes by one hole

in a charge transition N ↔ N + 1, with N the number holes on the island. We can

thus control the charge occupation of individual islands below the barrier gates. These

islands are likely formed by disorder or roughness, e.g., impurities or charge traps in

the SiO2. We conclude that Fig. 5.3(b) shows the trademark of single-hole tunneling

and control of charge occupation in intrinsic silicon.
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Figure 5.3: Single-hole tunneling in the linear transport regime. (a) The current
as a function of applied barrier voltages VB1; VB2 with VSD = 1 mV, showing periodicities in
several directions. Three measurements at different times are visible, hence the discontinuity
at VB1 = -2.7 V and VB2 = -3.5 V. (b) Coulomb peaks in the current with varying VB2, taken
at the dashed line in (a) at constant VSD = 0.3 mV, VL = -3.95 V, and VB1 = -3.1 V.
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5.5 Single-hole tunneling in the non-linear trans-

port regime

Energy spectroscopy was used to further characterize the device. The numerical

differential conductance dI/dVSD with varying VB2 and VSD is suppressed periodically

by Coulomb blockade, as shown in Fig. 5.4. The Coulomb diamonds are reasonably

well defined and exhibit a single period, as evidenced by the parallel peaks in Fig. 5.3.

The shape of the diamonds is most likely modulated by fluctuations in the conductance

elsewhere in the device and the electrostatic environment, e.g., charge traps. At the

diamond edges the electrochemical potential of the corresponding Coulomb island is

resonant with either source or drain potential and single holes tunnel through the

device. Most Coulomb diamonds close at zero source-drain bias, again indicating

transport through a single island. VB2 changes the charge occupation of the island

from N to N+1 by moving from one Coulomb diamond to the next. The Coulomb

diamonds have very similar shapes across a wide voltage range and reproduce in

repeated measurements, indicating the robustness of the device.

The charging energy EC of the island varies from ∼5 to 10 meV, corresponding

to an island capacitance of C = 32 to 16 aF. We estimate the diameter d of the

island to be about 76 to 38 nm according to a classical disc capacitor model, where

Figure 5.4: Single-hole tunneling in the non-linear transport regime. Bias spec-
troscopy taken at VB1 = -3.1 V and VL = -3.95 V. Resonant tunneling features are visible
and are indicated by arrows.
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EC = e2/4ε0εSid. In the last few diamonds, lines of increased conductance appear

parallel to the diamond edges at positive and negative bias. We attribute this to

resonant tunneling features as a results of extra available states for tunneling lined up

with either source or drain. These features may correspond to orbital excited states,

although the origin cannot be determined based on these data alone [25]. The results

in Fig. 5.4 show single-hole tunneling probed by energy spectroscopy, in which the

present resonant tunneling features underline the ability to observe quantum states

in these single-hole transistors.

5.6 Conclusion

To conclude, we have reported the fabrication and electronic characterization

of p-type narrow-channel field-effect transistors in intrinsic silicon. Aluminum gate

structures made on Si/SiO2 with electron-beam lithography were used to create and

control a two-dimensional hole gas at the interface of silicon and silicon oxide. Hole

transport at 4 K can be controlled by barrier and lead gates such that Coulomb peaks

appear at small source-drain bias. Highly regular Coulomb peak lines and closing

Coulomb diamonds in energy spectroscopy clearly indicate single-hole tunneling in

the many-hole regime. The strong capacitive coupling to each respective barrier gate

suggests that single Coulomb islands are created underneath or in the vicinity of the

controlling gate. These islands are caused by local potential fluctuations due to, e.g.,

impurities or charge traps in the SiO2 or at the interface of Si and SiO2. Silicon

is known for being extremely sensitive to disorder, owing to the large effective mass

of the charge carriers. The evidence for resonant tunneling features in energy spec-

troscopy indicates that these devices have demonstrable quantum confinement, even

at relatively high temperatures. Further optimization of the fabrication process will

focus on (i) improvement of the material quality of metal, oxide, and semiconduc-

tor, e.g., lowering the charge trap density in the SiO2 and reducing the grain size in

the Al, and (ii) minimization of disorder and roughness at the material interfaces,

e.g., removing dangling bonds by introducing extra annealing steps. The resulting

low-disorder hole quantum dots with tunable tunnel barriers pave the way towards

control of single holes and single spins in silicon.
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Chapter 6

Single-charge transport in ambipolar silicon nanoscale

field-effect-transistors

F. Mueller, G. Konstantaras, W. G. van der Wiel, & F. A. Zwanenburg

We report single-charge transport in ambipolar nanoscale MOSFETs, electrostatically de-

fined in near-intrinsic silicon. We use the ambipolarity to demonstrate the confinement of

either a few electrons or a few holes in exactly the same crystalline environment underneath a

gate electrode. We find similar electron and hole quantum dot properties while the mobilities

differ quantitatively like in microscale devices. The understanding and control of individual

electrons and holes is essential for spin-based quantum information processing.

This chapter has been published in Applied Physics Letters 106, 172101 (2015).



Chapter 6

6.1 Introduction

Inspired by the idea of using spin qubits in coupled quantum dots (QDs) for

quantum computation [1], several semiconductor platforms have been explored to elec-

trostatically define quantum dots, e.g. GaAs/AlGaAs heterostructures [2, 3], Si-Ge

nanowires [4] and nanocrystals [5], Si/SiGe heterostructures [6–8] and silicon [9–11].

Silicon is particularly a very promising candidate for a scalable quantum computer.

Firstly, it is at the heart of today’s integrated-circuit technology and secondly be-

cause its weak spin-orbit coupling and hyperfine interaction [12, 13] promise long spin

lifetimes. Electron-spin coherence times of microseconds in natural silicon [14, 15]

(which contains 5% 29Si), and even up to seconds in isotopically purified 28Si have

been reported [16]. Holes have a much stronger spin-orbit coupling, enabling efficient

electric-dipole spin resonance to manipulate the spin, as shown for electrons in GaAs

[17] and InAs [18], and for holes in InSb [19]. Electrical control instead of magnetic

control is particularly appealing for this purpose, because local, on-chip oscillating

electric fields are much easier to generate than magnetic ones.

From a fundamental point of view, it is also worthwhile to investigate holes in

silicon. In contrast to the 6-fold valley degeneracy of the conduction band, theory

predicts a heavy-hole (mj = 3/2) and light-hole (mj = 1/2) sub-band, as well as

a split-off sub-band in the valence band, which all have not been explored in this

type of structures. First single-hole QDs have been studied, e.g., in Si nanowire QDs

[20], where the ground-state spin configuration and spin filling of the first four holes

were determined. Recently, isolation of holes in gate-defined QDs in intrinsic silicon

[21, 22] have been realized. Electrons and holes are mainly investigated in separate

devices. Ambipolar devices however, can be operated both in the electron and in the

hole regime, as reported in materials such as graphene [23], carbon nanotubes [24, 25],

bottom-up grown Si nanowires [26, 27], AlGaAs/GaAs heterostructures [28], Ge QDs

[29], silicon-on-insulator (SOI) [30] and black phosphorus [31, 32]. Because the 10

nm CMOS technology node is supposed to be fully operational by 2016 [33] without

suffering from the statistical nature of quantum mechanics, it is especially important

to have a detailed understanding and control of confined charge carriers in silicon.

In this Chapter, we first investigate electron and hole transport in nanoscale, am-

bipolar metal-oxide-semiconductor field-effect transistor (MOSFET) structures with

a single gate in intrinsic silicon and then demonstrate confinement of either electrons

or holes underneath an additional nanoscale bottom gate, being both suitable for
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6.3 Silicon gate structure

qubits. The strength of our ambipolar device is the isolation of either charge carrier

in a single device in exactly the same crystalline environment, i.e. defects, impurities,

trapped charges and Si/SiO2 interface. We find the electron and hole QD to have the

same source, drain and gate capacitances as well as charging energies. However, the

electron and hole mobilities estimated from transconductance plots differ by a factor

of 3, like in microscale devices. Unipolar electron and hole devices require fabrica-

tion of different devices and do not allow direct discrimination between device-specific

physics and the different behavior of electrons and holes.

6.2 Silicon gate structure

A schematic of our MOSFET device is shown in Fig. 6.1. A near-intrinsic

Si(100) wafer (ρ > 10,000 Ωcm, corresponding to a n-type background doping of

N ∼ 4 ⋅ 1011/cm3) is used as substrate. Source and drain regions are implanted with

phosphorus (n++) and boron (p++) dopants, serving as electron and hole reservoirs,

respectively, and ohmically contacted with sputtered Al (1% Si) electrodes. Gates

are fabricated on top of a 10 nm thermally grown silicon dioxide using electron-beam

lithography, electron beam evaporation and lift-off. A common lead gate overlaps

both implanted regions on the source and the drain side, see Fig. 6.1(a). The lead

gate is made of a metal stack (10 nm Al/ 60 nm Pd) for practical fabrication reasons.

Depending on the applied lead gate voltage VL, either electrons or holes accumulate at

the Si/SiO2 interface, forming a two-dimensional electron or hole gas (2DEG/2DHG),

respectively, as illustrated in Figs. 6.1(a) and 6.1(b). Measurements on similar MOS-

FET devices with a channel of 5 μm x 50 μm (width x length) give mobilities of

μe ∼ 950 cm2/Vs for electrons and μh ∼ 360 cm2/Vs for holes at 4.2 K. All transport

measurements in this work are performed at 4.2 K.

6.3 Ambipolar device operation

Typical ambipolar turn-on curves for devices with only a lead gate are shown

in Fig. 6.2(a) (smallest part of the gate is about 200 nm long and 100 nm wide).

The gate dependent source-drain current ISD is measured at a source-drain voltage

VSD = 50 mV for 12 devices from one nanofabrication batch. The green (red) dashed

line is the average threshold voltage in the electron regime (V n
th) = 1.4 ± 0.2 V (hole
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Figure 6.1: Ambipolar MOSFET layout. Schematic top view (a) and cross section (b)
of the ambipolar silicon MOSFET structure. p++ (n++) implanted regions serve as hole
reservoirs, dark red (electron reservoirs, dark green). Depending on the applied lead gate
voltage holes (VL < 0 V) or electrons (VL > 0 V) accumulate at the Si/SiO2 interface forming
a two-dimensional hole gas or electron gas (2DHG/2DEG), red and green, respectively.

regime (V p
th) = -2.10 ± 0.05 V) with the corresponding standard deviation indicated

by the shaded area. Here, we define the threshold voltage Vth as the voltage where the

source-drain current ISD exceeds 0.1 nA. We distinguish three regimes of operation:

1) In the middle region where no current is measured, the Fermi level is in the band

gap of silicon. 2) At the threshold voltage V n
th, the Fermi level hits the conduction

band (CB), and electron transport occurs for gate voltages VL > V n
th. 3) For gate

voltages below the threshold voltage in the p-region, VL < V p
th, hole transport occurs

since the Fermi level is pulled below the top of the valence band (VB). We find that the

transconductance is about three times larger for electrons than for holes, consistent

with the nearly three times higher electron mobility measured in microscale MOSFET

devices.

For electrons we measure threshold voltages between 1.2 V and 1.7 V, and for

holes between -2.0 V and -2.2 V. The electron thresholds are closer to zero than the
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6.4 Local control of charge density and dot formation

hole thresholds and vary more between devices. The exact reason for this threshold

asymmetry around zero is not completely understood. The n-type background doping

(N ∼ 4 ⋅ 1011/cm3) of the near-intrinsic silicon wafer is one possible explanation. At

low temperature, the Fermi level shifts towards the CB edge even for shallow doping

[34], resulting in a lower threshold voltage for electrons. But also the work function

of the gate, consisting of a metal stack, as well as spurious oxide charges affect the

threshold voltage. The asymmetry is most likely a combination of these effects of

which we cannot determine quantitatively the individual contributions. A detailed

analysis is beyond the scope of this work.

Before studying the functionality of an additional bottom gate (see inset to

Fig. 6.2(b)), we first investigate its effect on the turn-on characteristics for 11 devices

from one nanofabrication batch. Electrical insulation of the bottom gate from the

lead gate is achieved by partially oxidizing the Al bottom gate in open air for 5 min

at ≈ 150○C. All bottom gate devices are fabricated on the same Si wafer as the lead

gate devices but in a different nanofabrication batch. The turn-on curves are plotted

in Fig. 6.2(b). Here, the same voltage is applied to the bottom gate VB and the lead

gate simultaneously: V = VL = VB . We find V n
th = 1.3 ± 0.2 V and V p

th = -2.1 ± 0.1 V,

very similar to the devices with only a lead gate. The results in Fig. 6.2 demonstrate

two things: (i) the ambipolar operation of our devices, as we can switch from electron

to hole transport by changing the applied gate voltage and (ii) that adding a bottom

gate does not influence the threshold voltages significantly.

6.4 Local control of charge density and dot forma-

tion

Now we study the ability of the bottom gate to locally control the charge

density in both the electron and the hole regime (Fig. 3(a)). First, we ramp VL and

VB simultaneously to ± 3.5 V, well above the threshold voltage so that charge carriers

can move freely from source to drain (indicated by triangles). We then sweep only

the bottom gate voltage to 0 V, while keeping VL at +3.5 V (-3.5 V) as indicated by

green and red arrows in Fig. 6.3(a) for electrons and holes, respectively. This creates

a potential barrier underneath the bottom gate (indicated by circles) as evidenced by

a decrease in the current. Below ∣VB ∣ < 1.3 V the potential barrier is high enough to

block the source-drain current entirely and thus pinch off the channel.
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Figure 6.2: Ambipolar operation and device reproducibility. Top panel: Illustration
of the band alignment in respect to the Fermi level for the different regimes of operation.
(a) and (b) Current ISD versus gate voltage V for a lead gate devices and devices with an
additional bottom gate, respectively. Red (green) dashed lines are the average threshold
voltages in the hole (electron) regime with the corresponding standard deviation shaded.
Data taken at VSD = 50 mV and 4.2 K. Insets: Atomic force micrograph of (a) a lead gate
device. (b) a bottom gate device with schematic cross section. Scale bar 150 nm.
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The data are taken at VSD = 1 mV. In contrast to the measurements in Fig. 6.2

with larger VSD, the electron turn-on here exhibits resonances just above the threshold

voltage (black line). Resonances in the pinch-off curves are observed in both regimes.

There are two possible explanations for these resonances [30]: (i) resonances only

present in the electron regime are attributed to negative charges trapped near the

Si/SiO2 interface, creating tunnel barriers only for electrons and not for holes, and

(ii) resonances occurring for both charge carriers can be explained as single-charge

tunneling events via a semiconducting island, resulting in Coulomb resonances [35,

36].

The presence of resonances only in the electron turn-on curve may be caused by

negative charge traps (likely introduced during the electron-beam lithography process

) or by a non-uniform density of states (DOS) in the reservoirs. Negative charge

traps near the Si/SiO2 interface can cause small local potential variations and create

tunnel barriers for electrons. The small source-drain bias makes the measurement

around the threshold voltage sensitive to these small variations. In this regime the

current is dominated by tunneling of electrons via Coulomb islands. A non-uniform

DOS in the reservoirs results from the small lateral dimensions of the lead gate.

Here, the reservoirs behave as a quasi-one-dimensional system [37], consisting of one-

dimensional subbands which are more densely spaced for holes than for electrons.

Thermal broadening of the states can thus explain the smooth turn-on characteristic

in the hole regime and the observed resonances in the electron regime. Note that for

both explanations resonances do not appear for larger VSD, as observed in Fig. 6.2.

However, a device dependent distribution of negative charge traps could also explain

the larger spread in threshold voltage in the electron regime because more charge traps

create additional Coulomb islands so that the higher probability of blocked current

increases the threshold voltage.

The resonances in the pinch-off curves can be explained by quantum confine-

ment, which affects both types of charge carriers and also clarifies the similar pinch-off

voltages at ∣V n
th∣ ≈ ∣V p

th∣ ≈ 1.3 V. This is consistent with the picture of quantum dot for-

mation underneath the bottom gate, as illustrated in Fig. 6.3(d), where the gate oxide

on either side of the Al gate results in tunnel barriers to source and drain [38, 39].

To further investigate these resonances, we perform energy spectroscopy. The

numerical differential conductance dI/dV is plotted versus VB and VSD in Figs. 6.3(b)

and 6.3(c). Clear Coulomb diamonds can be identified in both the electron and

the hole regime. Within each diamond the QD is in Coulomb blockade and the
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Figure 6.3: Local control of charge density and dot formation. (a) Current ISD

versus gate voltages Vgate for a single-barrier device at VSD = 1 mV. For the turn-on curve
(black line) VL and VB are increased simultaneously. Pinch-off curves are measured at
fixed VL while VB is swept to zero; red (green) line for holes (electrons). Potential profiles
are sketched for highly transparent (triangle) and opaque barrier (circles) for both charge
carriers. Sweep directions are indicated by arrows. (b) and (c) Single-charge tunneling in
the non-linear regime. Bias spectroscopies are taken at VL = -3700 mV and VL = 3650
mV, respectively. (d) Schematic cross section and band structure illustrating the QD formed
underneath the bottom gate. Dot occupancy numbers are indicated in the diamonds in (b)
and (c). Data taken at 4.2 K.
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6.5 Conclusion

charge occupancy is constant (indicated by P , P + 1 and N , N + 1). Adding one

charge carrier increases the tunnel coupling significantly, and blurs the diamond edges.

In the electron regime, the higher occupancy numbers are difficult to distinguish,

whereas more hole Coulomb diamonds can be identified because the tunnel coupling

changes less over a few charge transitions. Outside the Coulomb diamond the QD

electrochemical potential is in the bias window and single-charge tunneling takes place

through the QD. The two slopes of the diamond edges of the first charge transition

are the same for electrons and holes: α = CB/CS = 0.28 and β = −CB/(C − CS)
= -0.57, where C is the total QD capacitance and CB (CS) the capacitance from

the bottom gate (source) to the dot [35]. Additionally, the transitions P + 1 → P

and N → N + 1 exhibit lines of increased conductance parallel to the diamond edges

caused by resonant tunneling processes [40].

For this type of device, charging energies (EC) have been reported of typically

5-12 meV for electron [41] as well as hole [21, 22] quantum dots. Here, EC of the

first observable diamond is 20 meV in both regimes. The large EC and the sharp

opening of the last diamond in both regimes may be interpreted as depletion of the

last charge carrier. However, charge sensing [42, 43] or a highly tunable QD structure

[41] is necessary to exclude other explanations. The same EC and QD capacitances

for both charge carriers is a strong indication that we load the same QD with either

electrons or holes.

6.5 Conclusion

Ever since it has been shown that electrons can be confined in gate-defined

silicon quantum dots these structures have been studied intensively [12] because of

the promising properties of silicon for quantum computation [13]. A breakthrough was

achieved recently by Veldhorst et al. [39] who created a two-qubit logic gate in silicon

using spin qubits. While the latter experiment uses electrons confined underneath

a single gate electrode, we have demonstrated here the capability to isolate either

electrons or holes underneath a single gate electrode. This ambipolarity provides the

opportunity for the understanding and direct comparison of both electron and hole

spin qubits in silicon quantum dots and thus pushing the search for the most suitable

qubit for future quantum information processing.
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Chapter 7

Electron-hole confinement symmetry in silicon quan-

tum dots

F. Mueller, G. Konstantaras, P. C. Spruijtenburg, W. G. van der Wiel,
& F. A. Zwanenburg

We report electrical transport measurements on a gate-defined ambipolar quantum dot in

intrinsic silicon. The ambipolarity allows its operation as either an electron or a hole quantum

dot of which we change the dot occupancy by 20 charge carriers in each regime. Electron-hole

confinement symmetry is evidenced by the extracted gate capacitances and charging energies.

The results demonstrate that ambipolar quantum dots offer great potential for spin-based

quantum information processing, since confined electrons and holes can be compared and

manipulated in the same crystalline environment.

This chapter has been submitted for publication.



Chapter 7

7.1 Introduction

Electron spins in quantum dots (QDs) are promising candidates for quan-

tum bits (qubits) in a quantum computer [1]. Much progress has been made in

GaAs/AlGaAs QDs [2–7]. However, quantum information processing based on the

spin degree of freedom requires long spin coherence times, which are limited in III-

V systems because of the non-zero nuclear-spin-bath that causes dephasing via the

hyperfine interaction [8, 9]. In contrast, longer electron-spin coherence times have

been reported for silicon due to its weak spin-orbit and hyperfine coupling [10, 11].

For isotopically purified 28Si, which has zero nuclear magnetic moment, electron-spin

coherence times in the order of milliseconds have been reported [12, 13].

So far, most experiments have focused on electron spins, but hole spins offer great

potential for spin-based quantum computation as well. A hole-spin qubit in silicon

could benefit from its finite spin-orbit coupling, because it allows efficient electric-

field driven spin resonance applicable via local gate electrodes [14–16]. Although

it is still unclear whether the electron spin or the hole spin is most suitable as a

qubit, analogous to classical complementary metal-oxide-semiconductor (CMOS), a

”quantum CMOS” technology is conceivable. Here, ambipolar devices are beneficial

since both the electron and hole transport regime are accessible by means of gate

tuning. Ambipolar device operation has previously been reported for materials such

as black phosphorus [17, 18], graphene [19], carbon nanotubes [20, 21], silicon-on-

insulator (SOI) [22], bottom-up grown Si nanowires [23, 24] and Ge QDs [25].

Isolated electrons in intrinsic silicon have intensively been studied in MOSFET-

based [12, 26, 27] and dopant-based [13, 28–31] QDs as well as Si-Ge heterostructure

QDs [32]. In contrast, confined holes [33] in intrinsic silicon are less explored. Ex-

periments on isolated holes in gate-defined MOSFET structures indicate that holes

localize easier in potential fluctuations forming unintentional QDs [17, 34]. The con-

nection to the complex structure of the valence subbands [35] is still unclear and

makes the realization of intentional hole QDs both challenging and interesting.

In this Letter, we present electrical transport measurements on ambipolar de-

vices in intrinsic silicon, resulting in four key findings: (i) the realization of a gate-

defined QD structure fully operational in the hole as well as the electron regime;

(ii) the creation of an intentional hole QD defined between two barrier gates; (iii) com-

parison of confined electrons and holes in the same crystalline environment in intrinsic

silicon and (iv) the observation of electron-hole confinement symmetry.
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7.3 Ambipolar quantum dot device layout

While usually different devices must be fabricated to investigate the two regimes,

the ambipolar devices used here ensure the confinement of both charge carriers in

the same crystalline environment including, amongst others, charge traps, impurities

and surface roughness which are different for each device. This makes the presented

ambipolar device a reliable and essential tool for the direct comparison of electron

and hole properties.

7.2 Ambipolar quantum dot device layout

A schematic top-view and cross-section of our ambipolar double-barrier MOS-

FET device is shown in Fig. 7.1. A near-intrinsic Si(100) wafer (ρ > 10,000 Ωcm) is

used as a substrate. Phosphorus (n++) and boron (p++) implanted regions serve as

electron and hole reservoirs. Gate-layers are patterned with electron-beam lithogra-

phy (EBL) on top of a 10 nm thermally grown silicon dioxide. After Al deposition and

subsequent lift-off, the barrier gates are thermally oxidized on a hotplate at 150○C

for 5 min. This forms a 4-5 nm thick oxide preventing leakage between the barrier

gates and the lead gate patterned in a second EBL step. The lead gate (10 nm Al

/60 nm Pd) overlaps both implanted regions so that a positive (negative) voltage

on the gates accumulates electrons (holes) at the Si/SiO2 interface, forming a two-

dimensional electron (hole) gas, 2DEG (2DHG). Two barrier gates, B1 and B2, are

used to individually tune the tunnel coupling of the left and right reservoir to the

QD formed between the gates. Confinement of the charge carriers results in dis-

crete energy levels occupied by either electrons or holes, depending on the operating

regime. The ambipolar device layout in Fig. 7.1 allows the electron and hole QD to

be electrostatically defined at the same location.

7.3 Local control of charge density

To illustrate moving back and forward between the electron and hole transport

regimes, and local control of the electrochemical potential in both regimes, we measure

the gate voltage dependent source-drain-current ISD for different gate configurations

of a double barrier device (Fig. 7.2a), VSD = 1 mV and T = 4.2 K). First, we simul-

taneously increase the voltage of all gates up to 3.5 V (-3.5 V), a so-called turn-on

curve. For positive gate voltages V > 1.9 V, the conduction band is pulled under the
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Figure 7.1: Ambipolar silicon quantum dot device. Schematic a) top view and b)
cross section of the ambipolar QD device. Dark green and dark red areas are implanted
regions that serve as electron and hole reservoirs, respectively. Gate electrodes are patterned
on top of a thin SiO2 layer. A lead gate overlaps both implanted regions on the source
and the drain side. Electrons (green) or holes (red) accumulate at the Si/SiO2 interface for
positive (negative) applied lead gate voltages VL forming a two-dimensional electron (hole)
gas, 2DEG (2DHG). Two barrier gates create tunnel barriers to the QD (middle panel a)).
c) Atomic force micrograph of a measured device.

Fermi level. Electron transport occurs because energy states become available in the

conduction band. Analogously, hole transport is measured for V < - 2.6 V, where

hole states are available in the valence band. In between -2.6 V and 1.9 V the Fermi

level lies in the band gap. Then, pinch-off curves are measured for each barrier gate.

Therefore, we sweep the voltage of one barrier gate, while keeping the lead gate and
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7.5 Electron-hole symmetry in the linear transport regime

the other barrier gate at -/+ 3.5 V. As the barrier gate voltage is decreased towards

zero, the current is suppressed by the formation of a tunnel barrier underneath. If

we compare the pinch-off curves of different devices (see Fig. 7.2b), VSD = 15 mV),

we observe that the coupling of the barrier gate to the 2DEG/2DHG varies between

devices, and also between different barriers, most likely due to microscopic variations

in the barrier gates and the dielectric properties. The results in Fig. 7.2 show that

barrier gates can locally control the charge carrier density in the 2DEG and 2DHG.

7.4 Electron-hole symmetry in the linear transport

regime

Two double-barrier devices have been measured in a dilution refrigerator with a

base temperature of 10 mK and an effective electron temperature of 22 mK [36]. First,

we study the linear transport regime, VSD = 1 mV, where we measure the source-

drain current ISD through the nanostructure versus VB2 and VB1. The corresponding

measurements for the hole regime (V < 0) and the electron regime (V > 0) are

plotted in Fig. 7.3 left and right panel, respectively. A constant lead gate voltage

of VL = −/ + 6 V creates a conduction channel underneath the lead gate, serving as

charge carrier reservoirs. In order to create tunnel barriers, we operate both barrier

gates around the pinch-off voltage. The measured data show a very similar picture

for the electron and the hole regime, where we distinguish three regions, marked I, II

and III.

Regions I and II exhibit similar features as the current peaks are parallel to

VB1 (VB2) axis in II (I). These conductance peaks correspond to Coulomb resonances

[37, 38]. The resonances are independent of one barrier gate voltage which indicates

that charge carriers are confined underneath the other barrier gate, as illustrated in

the schematics. These local Coulomb islands are discussed in detail elsewhere [39].

The results in Fig. 7.3 show a symmetrical behavior of the charge stability diagrams

for holes and electrons.
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Figure 7.2: Local control of charge density in the silicon channel. a) Turn-on and
pinch-off curves of a double barrier device. Arrows indicate the ramping directions of the
different gates. For the black curve all gates are ramped simultaneously. For the barrier
gate sweeps the lead gate and the other barrier gate are fixed at +/-3.5 V. Both barriers
can pinch off the source-drain current in the electron (green) as well as hole (red) regime. b)
Pinch-off curves for both barrier gates of 4 devices. Data taken at T = 4.2 K.

86



7.5 Electron-hole confinement symmetry in silicon quantum dots

2 43

V
B1

(V)

2

4

3

-2-4

V
B1

(V)

V
B

2
(V

)

-2

-4

B1 B2

B1 B2 III

III
I

II

I

II

region I

region II

Coulomb
island

V
B

2
(V

)

Coulomb
island

-3

-1

-3

1

1

I
SD

(nA)

0.4

0.2

0

I
SD

(nA)

0.6

0.2

0

Figure 7.3: Electron-hole symmetry in the linear transport regime. Source-drain
current ISD versus VB1 and VB2 through the nanostructure for the hole (left panel) and
the electron regime (right panel). Three regions can be distinguished, marked I, II and III.
Regions I and II show Coulomb resonances parallel to one axis corresponding to single-charge
tunneling through a Coulomb island formed underneath either barrier gate, as illustrated in
the schematics (middle panels). In region III, a QD is formed between B1 and B2, see Fig.
7.4. Data taken at VSD = 1 mV and T = 10 mK. Region I in the electron regime is shifted
due to a rearrangement of charges between measurements.

7.5 Electron-hole confinement symmetry in silicon

quantum dots

In Fig. 7.4 we have a closer look at region III, where both barriers are operated

around the pinch-off voltage. In both the electron and hole regime, diagonal, equally-

spaced current peaks correspond to single-charge tunneling events. In between the

peaks, the source-drain current is Coulomb blocked and the number of charges is

constant. From the Coulomb peak spacing we extract capacitive couplings to the hole

QD of CB1,h = 5.9 aF and CB2,h = 9.4 aF, for B1 and B2 respectively. For the electron

QD we get values of CB1,e = 5.0 aF and CB2,e = 6.3 aF. The ratio CB1/CB2 of the

two barrier gates is ≈ 0.62 for the hole QD and ≈ 0.78 for the electron QD. Because

the two barriers B1 and B2 couple equally to the central island (CB1/CB2 ≈ 1), the
dot must be created between the two barriers, as illustrated in Fig. 7.4d). This

was also measured for the other device. Here, the ratio CB1/CB2 < 1 means that

the hole QD and the electron QD are slightly closer to B2. The QDs are operated

in the many-charge-carrier regime. By varying VL we change the dot occupancy by
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Table 7.1: Gate capacitances and charging energies for the electron and the hole QD.

CB1 CB2 CB1/CB2 EC ΔVL CL α = CL/CΣ

(aF) (aF) (meV) (mV) (aF) (eV/V)

Electron QD 5.0 6.3 0.78 4.2 35 4.5 0.12

Hole QD 5.9 9.4 0.62 3.6 32 4.9 0.11

20 charge carriers in the hole (Fig. 7.4c)) and the electron regime (Fig. 7.4e)). To

estimate the number of charge carriers we divide the difference between the applied

gate voltage and the threshold voltage in the corresponding regime by the Coulomb

peak spacing. This gives an estimated number of charge carriers between 50 and 100

for both regimes.

We study the Coulomb resonances in more detail using bias spectroscopy (Figs.

7.4f) and 7.4g)). The current is plotted versus VSD and VL in color scale. We obtain

sharp Coulomb diamonds for both the electron and the hole regime. Extracted charg-

ing energies EC = e2/CΣ of 4 meV correspond to a dot capacitance CΣ of 40 aF,

which is consistent with a calculated capacitance of 37 aF using the lithographical

dimensions of the dot (40 nm x 85 nm) in a parallel plate capacitor model. Inside

the diamonds the QD is in Coulomb blockade and the dot occupancy is constant (as

indicated in Figs. 7.4f) and 7.4g)). Varying the lead gate voltage changes the electro-

chemical potential of the QD. At the diamond edges, the electrochemical potential of

the dot aligns with either the source or the drain electrochemical potential so that one

dot level becomes available for transport and we measure single-electron (single-hole)

tunneling through the QD.

The capacitance of the lead gate to the dot CL can be extracted from the period

of Coulomb oscillations ΔVL, according to CL = e/ΔVL, where e is the elementary

charge. Averaging over several charge transitions gives ΔVL,e = 35 mV for adding an

electron, and ΔVL,h = 32 mV for adding a hole, corresponding to gate capacitances

of CL,e = 4.5 aF and CL,h = 4.9 aF. This is consistent with the slightly higher EC

for the electron QD (4.2 meV) compared to the hole QD (3.6 meV). Calculating the

ratio of the lead gate capacitance to the total dot capacitance α = CL/CΣ gives nearly

the same values αe = 0.12 (αh = 0.11) for the electron (hole) QD. The extracted

electrostatic properties are summarized in Table 7.1. The results in Fig. 7.4 and

Table 7.1 show a symmetry of electrons and holes confined in a QD electrostatically

defined between two barrier gates.
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Figure 7.4: Electron-hole symmetry in Si QDs. a) Zoom in to region III of Fig. 7.3a)
(VL = -6 V) and b) zoom in to region III of Fig. 7.3b) (VL = 6 V). In both cases VSD = 1
mV. Regular Coulomb peaks, which are diagonal in the VB2-VB1 plot, correspond to single-
charge tunneling through a QD formed between the barrier gates. c) and e) Coulomb peaks
of 20 charge transitions in each regime for fixed barrier gate voltages (VB1 = -1.85 V, VB2

= -1.5 V, VSD = 0.5 mV and VB1 = 1.72 V, VB2 = 1.34 V, VSD = 1 mV , respectively). d)
Schematic cross section of the device showing the location of the formed QD. Insets of c) and
e) illustrate the corresponding potential profiles of the hole and electron QD, respectively.
f) and g) Non-linear transport through the hole QD (VB1 = -1.85 V, VB2 = -1.5 V) and the
electron QD (VB1 = 1.72 V, VB2 = 1.34 V), respectively.
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7.6 Conclusion

In conclusion, we have demonstrated an intentional, lithographically-defined

ambipolar QD in intrinsic silicon operated as electron and hole QD. The extracted

α-factor and gate capacitances for both regimes demonstrate an electron-hole con-

finement symmetry. We found that the size of the created electron QD is slightly

larger than its hole counterpart. The results reported in this Letter demonstrate

the ability to occupy one and the same quantum dot with either electrons or holes.

This encourages the realization of an ambipolar QD in the few charge carrier regime

for several reasons. The first question is, whether the observed symmetry holds for

charging energies and orbital excited states in the few-charge-carrier regime. The

same question applies to the spin filling of electrons into valleys and holes into heavy-

and light-hole subbands. Second, ambipolar QDs with single-charge occupancy can

break new ground in spin-based quantum information processing, since the suitability

of electron-spin and hole-spin qubits can be compared in the same crystalline environ-

ment. Taking the advantages of either qubit, one could think of a future ”quantum

CMOS” technology based on ambipolar QDs.
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Chapter 8

Outlook: Ambipolar spin qubits

In this last chapter, first, we summarize the results obtained in this work. Based on the

concept of ambipolar devices we will motivate follow-up work and highlight the potential of

ambipolar quantum dots for quantum information processing.



Chapter 8

In this first part, we give a short overview of the obtained results which form

the basis for the future work, presented in the next section.

8.1 Results

Nanofabrication: We implemented a very efficient and reproducible fabrication

scheme for MOSFET-based nanostructures in intrinsic silicon by combining mi-

crofabrication (photolithography) on waferscale with nanofabrication on the de-

vicescale, as described in chapter 3.

Effective electron temperature: In electronic transport experiments the effective

electron temperature Te can easily be an order of magnitude higher than the

cryostat’s base temperature Tbath. The latter can be as low as ∼10 mK in di-

lution refrigerators. At those temperatures the elevation of Te is mainly caused

by electrical noise and the pick-up of interference, which exists in the entire

frequency spectrum. Effective filtering is thus crucial for the effective electron

temperature to approximate the base temperature as close as possible. For this

reason we have designed new metal powder filters. Printed circuit boards sim-

plify the fabrication process and make the metal powder filter’s design more

flexible and reproducible. With such copper powder filters in our dilution re-

frigerator (Triton 200) we found the effective electron temperature to be as low

as 22 mK.

Hole transport: While most groups focus on electron transport in MOSFET-

based Si structures with the goal to investigate electron quantum dots, here, for

the first time, we analogously studied hole transport in these device structures

(reported in chapter 5). We create and control the two-dimensional hole gas at

the Si/SiO2 interface by barrier and lead gates. We find that single Coulomb

islands are created underneath or in the vicinity of the barrier gates. These

islands are caused by local potential variations, due to, e.g., impurities or charge

traps in the SiO2 or at the interface of Si and SiO2.

New concept: Instead of fabricating electron and hole devices separately we

combined both charge carriers in an ambipolar device with increased function-

ality. Since each fabricated device is different, this ambipolar concept is essential

for the comparison of both charge carriers. Here, the same nanostructure is used
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to define the transport channel for either electrons or holes. This ensures that

both charge carriers feel the same crystalline environment including impurities,

interface roughness, trapped charges and defects.

Ambipolar study: Different device structures have been studied in detail in

chapter 6 and 7. First, electron and hole transport in nanoscale, ambipolar

MOSFET-based structures with a single gate have been investigated. We find

that the electron threshold voltages are closer to zero than the hole ones and

vary more between devices. This asymmetry can be explained by a combination

of the finite background doping of the near-intrinsic silicon wafer, the work

function of the metal gate and spurious oxide charges. The electron and hole

transport can be controlled by an additional nanoscale gate. We demonstrate

confinement of either electrons or holes underneath this gate. Finally, we create

an ambipolar quantum dot, gate-defined between two nanoscale barrier gates,

which we operate as either an electron or a hole quantum dot. We control the

dot occupancy by 20 charge carriers in each regime. The extracted α-factor and

gate capacitances for both regimes demonstrate an electron-hole confinement

symmetry.
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8.2 Follow-up work

In analogy to classical complementary MOS architectures for nowadays com-

puter, MOSFET-based ambipolar quantum dots could play a key role for quantum

information processing. In this work, we have realized different ambipolar MOSFET-

based nanostructures and have performed first experiments on ambipolar quantum

dots. However, their increased functionality compared to unipolar ones hosts many

possibilities for further investigations which we will describe in the following.

Effective temperature

The detection and measurement of quantum phenomena highly depends on

thermal broadening. Hence, the effective temperature, as measured above, is essential.

An ambipolar device can be used to measure the effective electron temperature on

a charge transition in the electron regime and the effective hole temperature on a

charge transition in the hole regime. This gives the unique possibility to compare

both effective temperatures measured with one and the same device. Remembering

that the effective temperature determines the shape of a Coulomb peak, charge sensing

could be improved as explained below.

Charge sensing

In this work, transport spectroscopy has been used to map out the discrete

energy levels of a quantum dot. Another technique is non-invasive charge sensing,

which is a very powerful tool for the study of electron charge and spin states in

nanostructured devices, especially when the current through the nanostructure ap-

proaches the noise level of the direct measurement, and e.g. Coulomb blockade peaks

in a quantum dot are difficult to resolve. Charge sensing has been used to detect

single-electron occupancy of quantum dots and dopant systems. It has made possible

single-shot read-out of single electron spins in both systems.

Let us focus on a single-electron transistor (SET) which is electrostatically cou-

pled to a quantum dot. A SET is a suitable charge sensor because it possesses a

high transconductance, making it sensitive to its local electrostatic environment. The

current through the SET sensor is tuned to the edge of a Coulomb peak, where the

transconductance is highest so that the SET will respond to electrostatic changes in

the environment such as charging and discharging of a nearby charge island.
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Also single-hole transistors (SHT) show Coulomb peaks and can therefore be

used as a charge sensor. To our best knowledge, SHTs have not yet been used as

charge sensors. However, it is not known how this changes the detection. Here, the

effective temperature of the charge carriers (see above) could play an important role,

since the sensitivity of the charge sensing technique depends, amongst others, on the

slope of the Coulomb peak edge. Ambipolar quantum dots could provide an elegant

tool to investigate this issue.

Therefore, let’s consider two ambipolar quantum dots which are capacitively

coupled to each other. As illustrated in Fig. 8.1 (a), the upper QD is used as a charge

sensor and the other one as a quantum dot. Then, we can think of 4 configurations

as illustrated in Fig. 8.1. If the ambipolar QDs are operated in the same regime (a)

and (d) they can be tunnel-coupled to each other with tunnel rate Γ. In this case, the

SET
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-
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e
-

h
+

reservoir

charge sensor

SET

h
+
-QDreservoir

SHT

e
-
-QD

e
-
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Figure 8.1: Charge sensing with ambipolar QDs. Illustration of 4 possible charge
sensing configurations using two ambipolar QDs which are capacitively coupled to each
other with capacitance C. Green and red indicate electrons and holes, respectively. In the
left (right) column the upper QD is operated as a SET (SHT) to sense charge events of an
electron QD (top) and hole quantum dot (bottom) which are tunnel-coupled to a charge
carrier reservoir. If the ambipolar QDs are operated in the same regime (a) and (d)they can
additionally be tunnel-coupled to each other with tunnel rate Γ.
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charge carriers can tunnel between the QD and the charge sensor. This additional

feature gives a charge transfer signal an order of magnitude larger than achievable

with a charge sensor which is only electrostatically coupled to the QD [2].

In the charge sensing scheme proposed in Fig. 8.1, one device can be used to

measure the sensitivity and read-out fidelity of the 4 configurations which are essen-

tial for single-shot read-out measurements. This scheme ensures the same distance

between the charge sensor and the QD for all configurations and thus can give an

indication of the most suitable charge sensor configuration.

Single-charge occupancy in quantum dots

In chapter 7, we demonstrated the operation of an ambipolar quantum dot as

either an electron quantum dot or a hole quantum dot. We found that the quantum

dots, operated in the many-charge-carrier regime, showed very similar properties for

both charge carriers.

In the used device design, the lead gate controls both the electrochemical poten-

tial in the charge carrier reservoir and the electrochemical potential of the quantum

dot. This device structure is not suitable to reach the few charge carrier regime using

transport measurement. Instead, we have to extend the tunability of the quantum

dot in such a way that we can individually control the electrochemical potential of

the quantum dot while keeping enough charge carriers in the reservoirs.

For this reason, we have fabricated a highly tunable ambipolar quantum dot

structure (shown in Fig. 8.2) as reported in Lim et al. [1]. The device design is an

extended version of the one used in the previous chapter.

This highly tunable ambipolar architecture can be used to compare electron and

hole quantum dot properties such as g-factor (an-)isotropy, spin-filling (orbit-valley

mixing for electrons and heavy hole-light hole mixing for holes) and orbital excited

state spectrum.

Spin qubit control

An isolated, single charge is required to form a spin qubit. Within the scope

of this work, there are two possibilities to isolate a single charge. (i) A single-barrier

device (see chapter 6) and (ii) a highly tunable triple-layer device (see above). The

single-barrier device takes advantage of the easy fabrication scheme whereas the triple-
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Figure 8.2: Highly tunable quantum dot. AFM image (a) and SEM image (b) of a
triple layer single quantum dot structure. Lead gates L1 and L2 control the electrochemical
potential of the charge-carrier reservoir. The plunger gate is used to independently control
the electrochemical potential of the quantum dot.

layer device benefits from its tunability.

Let us consider the device configuration illustrated in Fig. 8.3. Here, a single-

charge containing ambipolar quantum dot is capacitively coupled (capacitance C) to

a charge sensor, which can be either a SET or a SHT. As discussed above, to improve

the charge transfer signal, the QD can additionally be tunnel coupled to the charge

sensor (tunnel rate Γ) if both are operated in the same regime. The QD is also

tunnel coupled to electron and hole reservoirs. The spin state of the spin qubit can

be detected by single-shot read-out using spin-to-charge conversion technique. An

externally applied magnetic field Bext splits the degenerate spin-up and spin-down

state by the Zeeman-energy Ez = μBgBext, where μB is the Bohr-magneton and g the

Lande g-factor.

A stripline (ESR line) and a control gate next to the QD are intended for the

spin control. The ESR line is used to induce resonant spin oscillations magnetically.

Here, an ac-current in the ESR line creates a time-dependent magnetic field at the

QD location which couples to the spin. In the case of the control gate, an AC voltage

is applied on top of a DC voltage. The AC component creates an AC electric field

which displaces the wave function of the isolated charge carrier in an external applied

magnetic field. Here, the resonant spin oscillations are electrically induced. The

control gate is supposed to be one of the dot-defining gate because in this case the

ac-electric field has the strongest effect on the wave function displacement.

The complex device configuration shown in Fig. 8.3 provides all components

necessary for the understanding and direct comparison important spin qubit proper-

ties of both electron and hole spin qubits in silicon quantum dots and thus pushing
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Figure 8.3: Electron and hole spin control techniques. The ambipolar QD in the
center contains either a single electron spin or a single hole spin. The spin state is read out
using a charge sensor (SET or SHT) which is capacitively coupled to the QD (capacitance
C) and tunnel coupled (tunnel rate Γ) if both have the same operation regime. Charge
carriers can be exchanged with a tunnel coupled electron and hole reservoir. An external
applied magnetic field Bext splits the degenerate spin-up and spin-down state by the Zeeman-
energy. Resonant spin oscillations can be induced electrically using a control gate (top) or
magnetically using an ESR line (bottom).

the search for the most suitable qubit for future quantum information processing.

It is of great interest to measure and compare properties such as: efficiencies of the

magnetically and electrically induced spin resonance for the two charge carriers, spin

resonance linewidth (for addressing large-scale arrays of qubits), coherent spin oscil-

lations, dephasing time T ∗2 (Ramsey-oscillations), spin coherence time T2 specified

according to the applied pulse sequence (Hahn-echo TH
2 , Carr-Purcell-Meiboom-Gill

TCPMG
2 ), control fidelity. Finally, by combining the fastest measured Rabi period and

TCPMG
2 one can compare the number of computational operations within the qubit

coherence time for the different configurations.
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Electrons and holes in one ambipolar QD

An interesting question is: Can electrons and a holes simultaneously occupy a

ambipolar quantum dot?

To examine this, we have to look carefully at the MOSFET-based device struc-

ture. As explained in 2.3, the MOS structure contains of a layer of SiO2 on top of

a near-intrinsic silicon substrate and as last layer a metal gate. The metal gate is

partially overlapping both n++ and p++ doped regions which serve as charge car-

rier reservoirs. In our ambipolar devices the same gate is used to accumulate either

electrons or holes at the Si/SiO2 interface, depending on the polarity of the applied

gate voltage. The 2DEG/2DHG is limited to the dimensions of the metal gate. A

quantum dot created underneath one gate can only be occupied by one type of charge

carrier.

However, as shown in Fig. 8.4, one could imagine to separate electrons and holes

by applying a strong electric field in the Si/SiO2 plane. This will spatially separate

electrons to one side of the QD and holes to the other side. A schematic of the

resulting band diagram is shown in the inset of Fig. 8.4.
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Figure 8.4: An electron and a hole occupying one ambipolar quantum dot. Inset:
schematic of the band diagram along the A-A’ line. EF = Fermi level, CV = conduction
band, VB = valence band.
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Ambipolar quantum dots as bridge between static and flying

qubits

Quantum information processing typically takes place on static, controlled

qubits, but quantum networking would need qubits that are mobile, so-called ’fly-

ing’ qubits, to move from one location to another. Therefore, it is important to

develop ways of transferring quantum information from one type of qubit to the other

[3–5].

In Fig. 8.5 we propose a device structure which could be suitable to perform

this task. In this implementation, electron and hole spin qubits function as static

qubits and flying qubits are single photons that are a superposition of the basis states

specified by σ+- and σ−- polarization.

The device is built as follows. Two ambipolar quantum dots one containing

an electron spin qubit and the other a hole spin qubit. Qubit operations can be

independently performed on each of the two qubits. The interaction between the

qubits can be tuned by the control gate. In the case of the electron QD a negative

voltage on the control gate shifts the electron wave function towards the hole QD.

Analogously, a positive voltage on the upper control gate displaces the hole wave

function towards the electron QD. Electron-hole recombination can take place if the

electron and hole are brought close enough together under emission of a single photon

carrying the quantum information.
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Figure 8.5: Single-photon emitter. Two ambipolar QDs are next to each other. The
top one contains a single electron operated as an electron-spin qubit, the bottom one a single
hole operated as a hole-spin qubit. Both present static qubits. The wave function of each
qubit can be displaced using a control gate. When the overlap of the two wave functions are
large enough the electron qubit and the hole qubit recombine under emission of a photon
carrying the quantum information. Inset: schematic of the band diagram along the A-A’
line. EF = Fermi level, CV = conduction band, VB = valence band.
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Appendix A: Process flow microscale fabrication

process flow
date begin: __________

Maskset: __________

remarks time measurements

Dry Oxidation of 
Silicon (UCL) 
(#film175)
NL-CLR-Tempress-
furnace A2

Clean furnace (TransLC)      
Program: cleaning (4h) (with boat 
full of dummy wafers every second 
slot)

TransLC- organic precursor 
removes heavy metals                   

4h

(with boat full 
of dummy 
wafers every 
second slot)

Cleaning 
ozone/steam 
(UCL) (#clean142)  
NL-CLR-WB12

Application of organic and inorganic 
contamination for UCL applications 
(metal free).
• recipe: no resist  (2 cycles)              

Dry Oxidation of 
Silicon (UCL) 
(#film175)
NL-CLR-Tempress-
furnace A2

Standby temperature: 700°C 
• Program: SFET1100 (with 
precleaning & 20min post-anneal)
• Temp range.: 1100°C                  • 
time: 1h30min (160nm)
• Gas: O2 
• Flow: 4l/min
• Ramp up: 10°C/min                    • 
Ramp down: 8°C/min                          

Oxide will be used as thick oxide

#own wafers:     
__________
#front wafers:  
_________
#back wafers:    
_________

Ellipsometer 
measurement
(#metro107) 
NL-CLR-Plasmos 
Ellipsometer

Measuring oxide thickness oxide 
thickness:

_________

(max. 3 wafers)                            ______
number process wafers:          ______

end PHASE I

1. Etching 
alignment 
markers

process steps

date: ___ begin PHASE I time: ________

number dummy wafer:             ______
                                                    ______

6h

photolithography process (wafersize) 
UltraCleanLine (UCL)

PH
A

SE
 I 

(f
ro

nt
 e

nd
)

1.
1 

G
ro

w
 th

ic
k 

ox
id

e

date: ___ time: ________

1100°C

700°C 10°C 
/min

8°C 
/min

1h 30min 20min

O2 N2
Trans 
LC/O2

N2
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Priming (liquid)
(#lith101)
NL-CLR-WB21/22

Primer: HexaMethylDiSilazane 
(HMDS)
use spincoater:
• program: 4000 (4000rpm, 30sec)

MASK: alignment markers

Coating Olin Oir 
907-17 
(#lith105)
NL-CLR-WB21

 Coating: Primus spinner
• olin oir 907-17
• spin Program: 4000 (4000rpm, 
30sec)
Prebake: hotplate 
• time: 1min 
• temp: 95°C

positive resist

Alignment & 
Exposure Olin 
OiR 907-17
(#lith121)
NL-CLR- EV620

Electronic Vision Group EV620 
Mask Aligner
• Hg-lamp: 12 mW/cm 2
• Exposure Time: 4sec

dummy wafer
Development Olin 
OiR resist
(#lith111)
NL-CLR-WB21

After exposurebBake : hotplate
• time 60sec
• temp 120°C 
development: developer: OPD4262
• time: 30sec in beaker 1
• time: 30sec in beaker 2

develop time:

_________

Quick Dump Rinse 
(QDR)
(#clean119)
NL-CLR-Wet 
benches

Recipe 1 QDR:  2 cycles of steps 1 
till 3, 
1- fill bath 5 sec
2- spray dump 15 sec
3- spray-fill 90 sec
4- end fill 200 sec
Recipe 2 cascade rinsing: continuous 
flow
Rinse till the DI resistivity is  > 
10.5 M 

Substrate drying 
(#clean120)
NL-CLR-WB

Single wafer dryer
• speed: 2500 rpm, 60 sec with 30 
sec N2 flow

Postbake Olin OiR 
resist (#lith109)
NL-CLR-WB21

postbake: Hotplate 
• temp 120°C
• time 10min

Inspection by 
optical microscope 
(#metro101)
NL-CLR- Nikon 
Microscope

• dedicated microscope for 
lithography inspection

Etching in BHF 
(1:7) metal free 
(#etch124) 
NL-CLR-WB15 

Use dedicated beaker BHF (1:7)
• temp.: 20°C
• time: 3min (incl. over etch)
Over etch time 10%
Hydrophobic check backside wafer
Thermal SiO2:60-80nm/min

SiO2 etching

etch time:

_________

begin PHASE II
PH

A
SE

 II
 (f

ro
nt

 e
nd

)
1.

2 
Ph

ot
ol

ith
 fo

r a
lig

nm
en

t m
ar

ke
rs

date: ___ time: ________

3h
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Quick Dump Rinse 
(QDR)
(#clean119)
NL-CLR-Wet 
benches

Recipe 1 QDR:  2 cycles of steps 1 
till 3, 
1- fill bath 5 sec
2- spray dump 15 sec
3- spray-fill 90 sec
4- end fill 200 sec
Recipe 2 cascade rinsing: continuous 
flow
Rinse till the DI resistivity is  > 
10.5 M 

dummy wafer

Substrate drying 
(#clean120)
NL-CLR-WB

Single wafer dryer
• speed: 2500 rpm, 60 sec with 30 
sec N2 flow

1 
1/

2h

Inspection by 
optical microscope 
(#metro101)
NL-CLR- Nikon 
Microscope

• dedicated microscope for 
lithography inspection

Cleaning 
ozone/steam 
(UCL)
(#clean142)
NL-CLR-WB12 

recipe: thick resist (4 cycles) wafer cleaning to remove resist 
residuals

Surface profile 
measurement  
(#metro105) NL-
CLR-Veeco Dektak 

height profile measurement etch depth 
SiO2:

_________
end PHASE II

PH
A

SE
 II

 (f
ro

nt
 e

nd
)

1.
2 

Ph
ot

ol
ith

 fo
r a

lig
nm

en
t m

ar
ke

rs

time: ________date: ___
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remarks time measurements

Cleaning 
ozone/steam 
(UCL) (#clean142)  
NL-CLR-WB12

recipe: no resist (2 cycles) not necessary directly after the 
oxidation furnace (only if wafer 
longer in box)

Priming (liquid)
(#lith101)
NL-CLR-WB21/22

Primer: HexaMethylDiSilazane 
(HMDS)
use spincoater:
• program: 4000 (4000rpm, 30sec)

Coating Olin Oir 
907-17 
(#lith105)
NL-CLR-WB21

 Coating: Primus spinner
• olin oir 907-17
• spin Program: 4000 (4000rpm, 
30sec)
Prebake: hotplate 
• time: 1min
• temp: 95°C

positive resist

50
 m

in

Alignment & 
Exposure Olin 
OiR 907-17
(#lith121)
NL-CLR- EV620

Electronic Vision Group EV620 
Mask Aligner
• Hg-lamp: 12 mW/cm 2
• Exposure Time: 4sec

MASK: p++ implantation

3 
h

dummy wafer
Development Olin 
OiR resist
(#lith111)
NL-CLR-WB21

After exposurebBake : hotplate
• time 60sec
• temp 120°C 
development: developer: OPD4262
• time: 30sec in beaker 1
• time: 30sec in beaker 2

develop time:

_________

Quick Dump Rinse 
(QDR)
(#clean119)
NL-CLR-Wet 
benches

Recipe 1 QDR:  2 cycles of steps 1 
till 3, 
1- fill bath 5 sec
2- spray dump 15 sec
3- spray-fill 90 sec
4- end fill 200 sec
Recipe 2 cascade rinsing: continuous 
flow
Rinse till the DI resistivity is  > 
10.5 M 

Substrate drying 
(#clean120)
NL-CLR-WB

Single wafer dryer
• speed: 2500 rpm, 60 sec with 30 
sec N2 flow

Postbake Olin OiR 
resist (#lith109)
NL-CLR-WB21

postbake: Hotplate 
• temp 120°C
• time 10min

time: ________

PH
A

SE
 II

I (
fr

on
t e

nd
)

2.
1 

Ph
ot

ol
ith

 fo
r b

or
on

 c
ha

nn
el

 st
op

pe
r

date: ___ begin PHASE III

2. Boron 
channel 
stopper

process steps
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Inspection by 
optical microscope 
(#metro101)
NL-CLR- Nikon 
Microscope

• dedicated microscope for 
lithography inspection

Ion Implantation 
of Boron
(#dopi101)
NL-CLR-Implanter

Element: Boron (B+, m=11)
• Dose/cm2: 5e14
• Acceleration voltage [kV]: 160

dummy wafer
Stripping of resist 
in oxygen plasma 
(#lith142)

NL-CLR-Tepla300                       
Barrel Etcher (2.45 GHz)               
UCL (no metals except Al)                 
Recipe: 2x recipe 6                             
• O2 flow: 650sccm                         • 
Power: 800W                      
• Pressure: 1.25 mbar                       
• time: 120 min 

to remove (destroyed) resist after 
implantation                                 
side without metal!                          
Check that resist is away!!!! strip time:

_________

Cleaning 
ozone/steam 
(UCL)
(#clean142)
NL-CLR-WB12 

Recipe: no resist (2 cycles)

3 
h

date: ___

begin PHASE IV

end PHASE III

date: ___ end PHASE IV

2.
2 

B
or

on
 im

pl
an

ta
tio

n

PH
A

SE
 IV

 (f
ro

nt
 e

nd
)

time: ________

time: ________

time: ________

date: ___
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remarks time measurements
Cleaning 
ozone/steam 
(UCL) (#clean142)  
NL-CLR-WB12

Recipe: no resist (2 cycles) not necessary directly after the 
oxidation furnace (only if wafer 
longer in box)

Priming (liquid)
(#lith101)
NL-CLR-WB21/22

Primer: HexaMethylDiSilazane 
(HMDS)
use spincoater:
• program: 4000 (4000rpm, 30sec)

Coating Olin Oir 
907-17 
(#lith105)
NL-CLR-WB21

 Coating: Primus spinner
• olin oir 907-17
• spin Program: 4000 (4000rpm, 
30sec)
Prebake: hotplate 
• time: 1min
• temp: 95 °C

positive resist

50
 m

in

Alignment & 
Exposure Olin 
OiR 907-17
(#lith121)
NL-CLR- EV620

Electronic Vision Group EV620 
Mask Aligner
• Hg-lamp: 12 mW/cm 2
• Exposure Time: 4sec

MASK: n++ implantation

3 
h

dummy wafer
Development Olin 
OiR resist
(#lith111)
NL-CLR-WB21

After exposurebBake : hotplate
• time 60sec
• temp 120°C 
development: developer: OPD4262
• time: 30sec in beaker 1
• time: 30sec in beaker 2

develop time:

_________

Quick Dump Rinse 
(QDR)
(#clean119)
NL-CLR-Wet 
benches

Recipe 1 QDR:  2 cycles of steps 1 
till 3, 
1- fill bath 5 sec
2- spray dump 15 sec
3- spray-fill 90 sec
4- end fill 200 sec
Recipe 2 cascade rinsing: continuous 
flow
Rinse till the DI resistivity is  > 
10.5 M 

Substrate drying 
(#clean120)
NL-CLR-WB

Single wafer dryer
• speed: 2500 rpm, 60 sec with 30 
sec N2 flow

Postbake Olin OiR 
resist (#lith109)
NL-CLR-WB21

postbake: Hotplate 
• temp 120°C
• time 10min

Inspection by 
optical microscope 
(#metro101)
NL-CLR- Nikon 
Microscope

• dedicated microscope for 
lithography inspection

begin PHASE V

date: time: 

3. n++ process steps

end PHASE V

time: ________date: ___

PH
A

SE
 V

 (f
ro

nt
 e

nd
)

3.
1 

ph
ot

ol
ith

 fo
r n
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Ion Implantation 
of Phosphorus
(#dopi101)
NL-CLR-Implanter

Element: phosphorus 
• Dose/cm2: 5e15
• Acceleration voltage [keV]: 190

dummy wafer
Stripping of resist 
in oxygen plasma 
(#lith142)

NL-CLR-Tepla300                       
Barrel Etcher (2.45 GHz)               
UCL (no metals except Al)                 
Recipe: 2x recipe 6                             
• O2 flow: 650sccm                         • 
Power: 800W                      
• Pressure: 1.25 mbar                       
• time: 120 min 

to remove (destroyed) resist after 
implantation                                 
UCL tepla!                            Check 
that resist is away strip time:

_________

Cleaning 
ozone/steam 
(UCL)
(#clean142)
NL-CLR-WB12 

Recipe: no resist (2 cycles) cleaning before using furnace       
wafer should look perfect 
afterwards

3h

RTA rapide thermal annealing               
Recipe: Filipp_1000,30s activation

date: ___

end PHASE VI

begin PHASE VI time: ________

time: ________

PH
A

SE
 V

I (
fr

on
t e

nd
)

3.
2 

ph
os

ph
or

us
 im

pl
an

ta
tio

n

date: ___
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remarks time measurements
Cleaning 
ozone/steam 
(UCL) (#clean142)  
NL-CLR-WB12

Recipe: no resist (2 cycles) not necessary directly after the 
oxidation furnace (only if wafer 
longer in box)                     

Priming (liquid)
(#lith101)
NL-CLR-WB21/22

Primer: HexaMethylDiSilazane 
(HMDS)
use spincoater:
• program: 4000 (4000rpm, 30sec)

Coating Olin Oir 
907-17 
(#lith105)
NL-CLR-WB21

 Coating: Primus spinner
• olin oir 907-17
• spin Program: 4000 (4000rpm, 
30sec)
Prebake: hotplate 
• time: 1min
• temp: 95 °C

positive resist

Alignment & 
Exposure Olin 
OiR 907-17
(#lith121)
NL-CLR- EV620

Electronic Vision Group EV620 
Mask Aligner
• Hg-lamp: 12 mW/cm 2
• Exposure Time: 4sec

MASK: high quality oxide

dummy wafer

Development Olin 
OiR resist
(#lith111)
NL-CLR-WB21

After exposurebBake : hotplate
• time 60sec
• temp 120°C 
development: developer: OPD4262
• time: 30sec in beaker 1
• time: 30sec in beaker 2

develop time:

_________

Quick Dump Rinse 
(QDR)
(#clean119)
NL-CLR-Wet 
benches

Recipe 1 QDR:  2 cycles of steps 1 
till 3, 
1- fill bath 5 sec
2- spray dump 15 sec
3- spray-fill 90 sec
4- end fill 200 sec
Recipe 2 cascade rinsing: continuous 
flow
Rinse till the DI resistivity is  > 
10.5 M 

Substrate drying 
(#clean120)
NL-CLR-WB

Single wafer dryer
• speed: 2500 rpm, 60 sec with 30 
sec N2 flow

Postbake Olin OiR 
resist (#lith109)
NL-CLR-WB21

postbake: Hotplate 
• temp 120°C
• time 10min

Inspection by 
optical microscope 
(#metro101)
NL-CLR- Nikon 
Microscope

• dedicated microscope for 
lithography inspection

4.
1 

ph
ot

ol
ith

 fo
r h

ig
h 

qu
al

ity
 o

xi
de

PH
A

SE
 V

II
 (f

ro
nt

 e
nd

)
date: ___

4. high 
time: ________begin PHASE VII

process steps

3 
h
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Etching in BHF 
(1:7) metal free 
(#etch124) 
NL-CLR-WB15 

Use dedicated beaker BHF (1:7)
• temp.: 20°C
• time: 3min20 (incl. over etch)
Over etch time 10%
Hydrophobic check backside wafer
Etchrates: 
Thermal SiO2:60-80nm/min

SiO2 etching etch time:

_________

Quick Dump Rinse 
(QDR)
(#clean119)
NL-CLR-Wet 
benches

Recipe 1 QDR:  2 cycles of steps 1 
till 3, 
1- fill bath 5 sec
2- spray dump 15 sec
3- spray-fill 90 sec
4- end fill 200 sec
Recipe 2 cascade rinsing: continuous 
flow
Rinse till the DI resistivity is  > 
10.5 M 

Substrate drying 
(#clean120)
NL-CLR-WB

Single wafer dryer
• speed: 2500 rpm, 60 sec with 30 
sec N2 flow

Inspection by 
optical microscope 
(#metro101)
NL-CLR- Nikon 
Microscope

• dedicated microscope for 
lithography inspection

4.
1 

ph
ot

ol
ith

 fo
r h

ig
h 

qu
al

ity
 o

xi
de

PH
A

SE
 V

II
 (f

ro
nt

 e
nd

)

date: ___ time: ________end PHASE VII
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Cleaning 
ozone/steam 
(UCL) (#clean142)  
NL-CLR-WB12

Recipe: thick resist (4 cycles)

Dry Oxidation of 
Silicon (UCL) 
(#film175)
NL-CLR-Tempress-
furnace A2

Clean furnace (TransLC)      
Program: cleaning (4h)

Standby temperature: 700°C
• Program: ISFET900 (with 
precleaning & 20min post-anneal)
• Temp range.: 900°C                      • 
time: 8min (10nm)
• Gas: O2
• Flow: 4l/min
• Ramp up: 10°C/min                       • 
Ramp down: 8°C/min                          

TransLC- organic precursor 
removes heavy metals

Ellipsometer 
measurement
(#metro107) 
NL-CLR-Plasmos 
Ellipsometer

Measuring oxide thickness on 
dummy wafer 

oxide thickness:

_________

oxide 
thickness:

_________

4- point 
measurement

remove oxide from dummy wafer 
(3min20 BHF, quick dump rinse, 
substrate drying)   4-
point measurement (square 
resistance) on implanted areas and 
pure silicon

n++ ( / ):                                            
.                                                              
p++ ( / ):                                            
.                                                              
Intrinsic silicon ( / ): 

date: ___ time: ________

PH
A

SE
 V

II
I (

fr
on

t e
nd

)
begin PHASE VIII

end PHASE VIII

date: ___ time: ________

900°C

700°C

10°C 
/min

8°C 
/min

8min 20min

O2 N2
Trans 
LC/O2

N2
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remarks time measurements
Cleaning 
ozone/steam 
(UCL) (#clean142)  
NL-CLR-WB12

Recipe: no resist (2 cycles) not necessary directly after the 
oxidation furnace (only if wafer 
longer in box)

Lithography-
Olin908-Ti 35 ES 
(#lith140) image 
reversal resist

3.5 m thickness
• priming HMDS: 30 sec
• coating: Ti35 ES: 4000rpm, 30sec
• prebake: hotplate 95°C, 120sec
• Exposure parameters: 23sec
• stabilis. step: roomtemp., >30 min
• reversal bake: 120°C, 120sec
• Flood exposure: 60 sec,
 Flood exposure should be carried 
out without a mask in the 
maskaligner
• development: 120s
• quick dump rinse, DI, <0.1uS
• spin drying
• visual microscopic inspection

oxide to be etched
(lift-off process- positive- image 
reversal resist) MASK: contact 
pads

exposure time: 
_________

develop time:

_________

Etching in BHF 
(1:7) metal free 
(#etch124) 
NL-CLR-WB15 

Use dedicated beaker BHF (1:7)
• temp.: 20°C
• time: 3min20 (incl. over etch)
Over etch time 10%
Hydrophobic check backside wafer
Thermal SiO2:60-80nm/min

SiO2 etching etch time:

_________

Quick Dump Rinse 
(QDR)
(#clean119)
NL-CLR-Wet 
benches

Recipe 1 QDR:  2 cycles of steps 1 
till 3, 
1- fill bath 5 sec
2- spray dump 15 sec
3- spray-fill 90 sec
4- end fill 200 sec
Recipe 2 cascade rinsing: continuous 
flow
Rinse till the DI resistivity is  > 
10.5 M 

Substrate drying 
(#clean120)
NL-CLR-WB

Single wafer dryer
• speed: 2500 rpm, 60 sec with 30 
sec N2 flow

end PHASE IX

begin PHASE IX
5. Al process steps

date: ___ time: ________

5.
1 

ph
ot

ol
ith
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ta
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PH
A
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 (b
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d)
date: ___ time: ________
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Sputtering of Al 
(1%Si)             NL-
CLR-Oxford PL400 
(#film122)

• metal: Al (1%Si)                               
• thickness: 150nm                           • 
time: 120sec                                   • 
chamber pressure: ~6e-7               • 
power: 500W (set)

dummy runs before insering wafer 
to cover chamber with own metal.    
Al because of better adhension to 
Si (to be activated after EBL with 
forming gas annealing)

Lithography - Lift-
off procedure for 
metals
NL-CLR- Wet-
Bench 11 
 (#Lith144) 
(DMSO)

Use ultrasonic bath
• DSMO ULSI; 80°C; US 1; 10min    
• Isopropanol VLSI; 5min
• DI dump rinse 
• Spin drying

Surface profile 
measurement  
(#metro105) NL-
CLR-Veeco Dektak 

height profile measurement Al thickness:

_________

end PHASE Xdate: ___ time: ________

date: ___ time: ________begin PHASE X
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remarks time measurements
Cleaning 
ozone/steam 
(UCL) (#clean142)  
NL-CLR-WB12

Recipe: no resist (2 cycles) not necessary directly after the 
oxidation furnace (only if wafer 
longer in box)

Lithography-
Olin908-Ti 35 ES 
(#lith140)  image 
reversal resist)

3.5 m thickness
• priming HMDS: 30 sec
• coating: Ti35 ES: 4000rpm, 30sec
• prebake: hotplate 95°C, 120sec
• Exposure parameters: 23sec
• stabilis. step: roomtemp., >30 min
• reversal bake: 120°C, 120sec 
• Flood exposure: 60 sec,
 Flood exposure should be carried 
out without a mask in the 
maskaligner
• development: 120s
• quick dump rinse, DI, <0.1uS
• spin drying
• visual microscopic inspection

no oxide etching
only resist used as mask
(lift-off process- positive- image 
reversal resist) MASK: e-beam 
alignment markers

exposure time: 
_________

develop time:

_________

Evaporation of 
Ti/Pd (6nm/34nm)
(#film127) 
NL-CLR-Balzers 
BAK600

• Crucible: Ti/Pd (6nm/30nm)
• Voltage: 10 kV 
• Emission current: see MIS logbook
• Base pressure: < 1e-7 mBar 

Big gates Ti/Pd due to less 
oxidation than Al; better contact to 
small gates (EBL)

good vacuum to reduce oxidation 
of reactive Ti with residual H2O 
molecules in chamber

Lithography -   
Lift-off procedure 
for metals
NL-CLR- Wet-
Bench 11 
 (#Lith144) 
(DMSO)

Use ultrasonic bath
• DSMO ULSI; 80°C; US 1; 10min    
• Isopropanol VLSI; 5min
• DI dump rinse 
• Spin drying

date: ___ end PHASE XII time: ________

6. e-beam process steps

date: ___

end PHASE XI

time: ________

PH
A

SE
 X

I (
ba

ck
 e

nd
)

6.
1 

ph
ot

ol
ith

 fo
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m
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Titanium 
pressure:      

_________
deposition

rate:
_________
thickness:
_________
Palladium 
pressure:      

_________
deposition

rate:
_________
thickness:
_________

6.
2 

Ti
/P

t e
va

po
ra

tio
n

PH
A

SE
 X

II
 (b

ac
k 

en
d)

date: ___

begin PHASE XII

time: ________

date: ___ time: ________begin PHASE XI
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Appendix B: Process flow nanoscale fabrication

Twente’s Trilayer Quantum Dot Process Sheet (After Microfabrication) 

1. Clean samples after wafer dicing 

Date DMSO 

DI water Rinse

  ~1 h 80 °C DMSO/cylcopentanon (9:1) 

blow-dry

Spin resist immediately afterwards!!! 

2. EBL Ti-Pd Alignment Markers 

Date PMMA A4 

Bake

EBL write 

MIBK:IPA

Isopropanol

6000 rpm 

160 °C 

20kV

  30 sec 

120 sec 

10um apert. 

   33 sec 

   30 sec 

170 nm 

Rinse, then blow-dry 

Inspect under microscope 

3. Ti-Pd Evaporation 

Date Descum 

Ti : 6 nm 

Pd :  34 nm 

Lift-off 

DI water 

DMSO

Rinse

20 sec 

1-1.5 h 

Tepla (300W, 18 sccm O2)

BAK no rotation 

80 °C DMSO/cylcopentanon 9:1 

blow-dry

Inspect under microscope 

Spin resist immediately afterwards!!! 

4. First Layer of Gates (Barriers) 

Date PMMA A2 

Bake

EBL write 

MIBK:IPA

Isopropanol

2000 rpm 

160 °C 

30 sec 

120 sec 

33 sec 

30 sec 

88 nm 

20kV; 10um aperture 

blow-dry

Inspect under microscope 
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5. Aluminium Evaporation 

Date Descum  

Al : 34 nm 

Lift-off 

DI water 

DSMO

Rinse

20 sec 

<0.5nm/sec 

1.5-2 h 

Tepla (300W, 18 sccm O2)

BAK no rotation 

80 °C DMSO/cylcopentanon (9:1) 

blow-dry

Inspect under microscope 

6. Oxidation and contact check 

Date Air Oxidation 

Image structures 

5 min 150 °C hot plate

Bruker AFM 

Spin resist immediately afterwards!!! 

7. Second Layer of Gates (Leads) 

Date PMMA A2 

Bake

EBL write 

MIBK:IPA

Isopropanol

2000 rpm 

160 °C 

30 sec 

120 sec 

33 sec 

30 sec 

88 nm 

20kV; 10um aperture 

blow-dry

Inspect under microscope 

8. Aluminium Evaporation 

Date Descum  

Al : 34 nm 

Lift-off 

DI water 

DMSO

Rinse

20 sec 

<0.5 nm/sec 

1-1.5 h 

Tepla (300W, 18 sccm O2)

BAK no rotation 

80 °C DMSO/cylcopentanon (9:1) 

blow-dry

Inspect under microscope 

9. Oxidation and contact check 

Date Air Oxidation 5 min 150 °C hot plate
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Image key 

structures

Bruker AFM 

Spin resist immediately afterwards!!! 

10. Third Layer of Gates (Plunger) 

Date PMMA A4 

Bake

EBL write 

MIBK:IPA

Isopropanol

4000 rpm 

160 °C 

2x20 sec 

120 sec 

33 sec 

30 sec 

220 nm 

20kV; 10um aperture 

blow-dry

Inspect under microscope 

11. Aluminium Evaporation 

Date Descum  

Al/Pd :

Lift-off 

DI water 

10/60 nm 

DMSO

Rinse

20 sec 

1-1.5 h 

Tepla (300W, 18 sccm O2)

BAK no rotation 

80 °C DMSO/cylcopentanon 9:1 

blow-dry

Inspect under microscope

12. Finalize sample 

Date Image  

PMMA A4

Bake

4000rpm

160°C

60 sec 

30 sec 

Bruker AFM 

Protect sample for cleaving 

Cleave, PMMA to glue chip on measurement 

PCB. Bake at 80°C for 20 mins, wire bonding 
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Summary

In this thesis we investigate charge transport through ambipolar silicon quantum

dots. Quantum dots are promising to host spin quantum bits (qubits) for future

quantum information processing. Compared to other semiconductor materials silicon

provides an environment to control spins with minimal decoherence. So far, most

experiments have focused on electrons. But the hole spin can be used as qubit as well.

However, it is still unknown which qubit is most suitable. Here, we use an ambipolar

approach to investigate and compare electrons and holes in the same device.

In Chapter 2 a introduction to the material silicon and its electronic properties

is given. We explain quantum dots and the constant interaction model, which is

used to describe its electrostatic properties and the transport through a quantum

dot. Finally, the operation of our metal-oxide-semiconductor field-effect transistor

(MOSFET)-based devices is presented.

Chapter 3 focuses on the experimental methods used throughout this work.

Our fabrication process combines micro- and nanofabrication in a cleanroom. Large

structures are fabricated on waferscale using photolithography. Nanostructures are

patterned with electron-beam lithography and can be adjusted for each device. An

overview of the different device types investigated in this work is given. At the end

of this chapter, the low-temperature measurement setups are presented.

Low temperatures are required in order to resolve e.g. the discrete energy spec-

trum of a quantum dot via electrical transport spectroscopy. The thermal energy

has to be lower than the energy scale of the quantum dot system. In this work a

dilution refrigerator is used to reach temperatures as low as 10 mK. However, in elec-

tronic transport experiments the effective electron temperature can be an order of

magnitude higher than the cryostat′s base temperature mainly caused by electrical

noise and pick-up of interference in the signal wires. In Chapter 4 we report metal

powder filters based on printed circuit boards for effective filtering in the microwave

range. We investigate the transmission characteristics of different metal powders.

All metal powder filters perform better at room temperature than at cryogenic tem-

peratures and comparable below 4 K. In a dilution refrigerator with printed circuit

board copper powder filters, we reach an effective electron temperature of 22 mK in

a high-impedance device, closely approximating the cryostat′s base temperature (10
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mK).

In Chapter 5 we report the fabrication and electronic characterization of p-type

narrow-channel field-effect transistors in intrinsic silicon. Hole transport at 4 K can be

controlled by local gates such that Coulomb peaks appear at small source-drain bias.

Regular Coulomb peak lines and closing Coulomb diamonds in energy spectroscopy

clearly indicate single-hole tunneling in the many-hole regime. The strong capacitive

coupling to each respective barrier gate suggests that single Coulomb islands are

created underneath or in the vicinity of the controlling gate.

In Chapter 6 and 7 we apply the ambipolar concept to various device types.

The strength of the ambipolar devices is the ability to compare electron and hole

properties in the same electrostatically defined nanostructure and thus in exactly

the same crystalline environment, including defects, impurities, trapped charges and

Si/SiO2 interface.

In Chapter 6, we first investigate electron and hole transport in nanoscale, am-

bipolar MOSFET structures with a single gate and verify ambipolar device operation.

We find the electron and hole mobilities estimated from transconductance plots to dif-

fer by a factor of 3, like in microscale devices. Then we demonstrate confinement

of either electrons or holes underneath an additional nanoscale bottom gate. The

electron and hole QD have the same source, drain and gate capacitances as well as

charging energies indicating that we load the same QD with either electrons or holes.

In Chapter 7 we demonstrate the realization of a gate-defined quantum dot

structure, containing two bottom gates and one top gate, which is fully operational in

both the electron and hole regime. We show that the ambipolarity allows the creation

of either an electron or a hole quantum dot both electrostatically defined between the

two bottom gates. We find the size of the created electron QD to be slightly smaller

than its hole counterpart. The extracted α-factor and gate capacitances for both

regimes demonstrate an electron-hole confinement symmetry.

We think that the results obtained in this work are essential for future quantum

information processing based on spin qubits in quantum dots. The possibility to

compare electron and hole spin qubits in one and the same device in exactly the

same crystalline environment as reported can break new ground in the search for the

most suitable spin qubit in silicon quantum dots as outlined in Chapter 8. Using the

advantages of either spin qubit one can think of a future ”quantum CMOS”technology.
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In dit proefschrift onderzoeken we ladingstransport door ambipolaire silicium

kwantumdots. Kwantumdots zijn veelbelovend als dragers van spinkwantumbits (spin-

qubits) voor toekomstige kwantuminformatieverwerking. Vergeleken met andere halfgelei-

dermaterialen biedt silicium een omgeving waarin spins met minimale decoherentie

kunnen worden gecontroleerd. De meeste experimenten hebben zich tot dusver op

elektronen geconcentreerd, maar de spin van een gat kan eveneens als qubit worden

gebruikt. Op het moment is het echter nog onbekend welke van deze twee het meest

geschikt is. In dit werk gebruiken we een ambipolaire aanpak om in één enkel device

het gedrag van elektronen en gaten te onderzoeken en met elkaar te vergelijken.

In hoofdstuk 2 wordt een introductie gegeven over het materiaal silicium en de

elektronische eigenschappen hiervan. We leggen uit wat een kwantumdot is en behan-

delen het constant-interaction model, dat gebruikt wordt om de elektrostatische eigen-

schappen van en het transport door een kwantumdot te beschrijven. Tenslotte presen-

teren we de werking van onze metaal-oxide-halfgeleider-veldeffecttransistor (MOSFET)-

gebaseerde devices.

Hoofdstuk 3 gaat dieper in op de experimentele methodes die gebruikt zijn

tijdens dit onderzoek. Ons fabricageprocess combineert micro- en nanofabricagetech-

nieken, uitgevoerd in een cleanroom. Door middel van fotolithografie worden eerst de

grote structuren aangebracht op een wafer. De fijne nanostructuren zijn daarna per

afzonderlijk device gemaakt via elektronenbundellithografie. Er wordt een overzicht

gegeven van alle verschillende soorten devices die onderzocht zijn. Aan het eind van

dit hoofdstuk beschrijven we de opstellingen die gebruikt zijn voor de metingen bij

lage temperaturen.

Lage temperaturen zijn noodzakelijk om, bijvoorbeeld, het discrete energiespec-

trum van een kwantumdot via elektrische transportmetingen zichtbaar te kunnen

maken. De thermische energie moet lager zijn dan de typische energieschalen van

het kwantumdotsysteem. Voor dit onderzoek is een mengcryostaat gebruikt om tem-

peraturen zo laag als 10 mK te bereiken. Dankzij, voornamelijk, elektrische ruis en

interferentie van signalen die opgevangen worden door de bedrading kan de effectieve

elektronentemperatuur echter een orde van grootte hoger zijn dan de basistemper-

atuur van de cryostaat. In hoofdstuk 4 beschrijven we op printplaten gebaseerde
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metaalpoederfilters om effectief te kunnen filteren in het microgolfbereik. We onder-

zoeken de transmissiekarakteristieken van verschillende metaalpoeders. Alle onder-

zochte metaalpoederfilters functioneren beter bij kamertemperatuur dan bij cryogene

temperaturen en vertonen vergelijkbaar gedrag onder 4 K. In een mengcryostaat die

uitgerust is met printplaten met koperpoederfilters kunnen we in devices met hoge

impedantie een effectieve elektronentemperatuur van 22 mK bereiken, niet veel hoger

dan de basistemperatuur van de cryostaat (10 mK).

In hoofdstuk 5 beschrijven we het fabricageproces en de elektrische karakter-

isatie van p-type veldeffecttransistoren met een smal kanaal in intrinsiek silicium.

Gatentransport bij een temperatuur van 4 K kan worden gecontroleerd met behulp

van lokale elektrodes, zodat Coulombpieken verschijnen bij kleine source-drain bi-

asspanning. Regelmatige lijnen van Coulombpieken en sluitende Coulombdiamanten

in de gemeten energiespectra wijzen op de tunneling van individuele gaten in het

veelgatenregime. De sterke capacitieve koppeling met iedere afzonderlijke barrière-

elektrode doet vermoeden dat er één enkel Coulombeiland wordt gevormd onder of

nabij de betreffende elektrode.

In hoofdstukken 6 en 7 passen we het principe van ambipolariteit toe op di-

verse soorten devices. Het grote voordeel van deze ambipolaire devices is het kunnen

vergelijken van de eigenschappen van gaten en elektronen in dezelfde elektrostatisch

gedefinieerde nanostructuur en dus in exact dezelfde kristallijne omgeving, inclusief

defecten, onzuiverheden, gevangen ladingen en Si/SiO2 grensvlak.

In hoofdstuk 6 onderzoeken we eerst het elektronen- en gatentransport in nanoschaal,

ambipolaire MOSFET-structuren met één enkele elektrode en verzekeren ons ervan

dat de devices ambipolair functioneren. We vinden dat de mobiliteiten van elektronen

en gaten, bepaald aan de hand van differentiële-geleidingsgrafieken, een factor 3 van

elkaar verschillen, zoals dat ook in microdevices het geval is. Vervolgens laten we

de insluiting van elektronen of gaten zien onder een extra aangebrachte bodemelek-

trode met nano-afmetingen. De capaciteiten van de source, drain en elektrode zijn

identiek voor de elektronen- en gaten-kwantumdot, het bewijs dat we één en dezelfde

kwantumdot aan het vullen zijn met gaten danwel elektronen.

In hoofdstuk 7 demonstreren we de realisatie van een met elektroden gedefinieerde

kwantumdotstructuur, uitgerust met twee bodemelektroden en één topelektrode, die

volledig functioneel is in zowel het elektronen- als het gatenregime. We laten zien

dat het ambipolaire karakter van het device het mogelijk maakt om een elektronen-,

danwel gaten-kwantumdot elektrostatisch te definiëren tussen de twee bodemelek-
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troden. Onze metingen laten zien dat de afmetingen van de elektronenkwantumdot

net iets kleiner zijn dan die van de gatenkwantumdot. De berekende alpha-factor

en elektrodecapaciteiten voor beide regimes laten een elektron-gatinsluitingssymetrie

zien.

De resulaten van dit onderzoek zijn, ons inziens, onmisbaar voor toekomstige

kwantuminformatieverwerkingstoepassingen gebaseerd op spinqubits in kwantumdots.

De aangetoonde mogelijkheid om elektron- en gat-spinqubits te vergelijken in exact

dezelfde kristallijne omgeving opent nieuwe mogelijkheden in de zoektoch naar de

meest geschikte spinqubit in silicium kwantumdots, zoals wordt uitgelegd in hoofdstuk

8. Door de voordelen van beide spinqubits te gebruiken kan men nadenken over een

toekomstige ”kwantum-CMOS-technologie”.
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Zusammenfassung

In dieser Arbeit untersuchen wir den Ladungstransport durch ambipolare Silizium-

Quantenpunkte. Quantenpunkte stellen vielversprechende Systeme zur Realisierung

von Spin-Quantenbits (Qubits) für zukünftige Anwendungen in der Informationsver-

arbeitung auf Basis der Quantenmechanik dar. Verglichen mit anderen Halbleiterma-

terialien bietet Silizium den Vorteil der Spinkontrolle mit minimaler Dekohärenz. Bis

heute konzentrierten sich experimentelle Arbeiten vor allem auf Elektronen. Allerd-

ings können auch Löcherspins als Qubits genutzt werden. Gegenwärtig ist aber

noch unbekannt welche Art Qubits geeigneter sind. Wir benutzen einen ambipo-

laren Ansatz zur Untersuchung und zum Vergleich von Elektronen und Löchern in

derselben Transistorstruktur.

Kapitel 2 gibt eine Einführung zum Material Silizium und seinen elektronischen 
Eigenschaften. Wir erklären Quantenpunkte und das Modell der konstanten Wechsel-

wirkung, das zur Beschreibung der elektrostatischen Eigenschaften von Silizium und 
den Ladungstransport durch einen Quantenpunkt genutzt wird. Schliesslich präsen-
tieren wir den Betrieb unsere Metall-Oxid-Halbleiter-Feldeffekttransistor-(MOSFET)-

basierten Struktur.

Kapitel 3 konzentriert sich auf die experimentellen Methoden, die in dieser Ar-

beit verwenden werden. Unser Fabrikationsprozess verbindet Mikro- und Nanofabrika-

tion in einem Reinraum. Grosse Strukturen werden auf Wafergrösse mit Hilfe von 
Fotolithografie hergestellt. Nanostrukturen werden durch Elektronenstrahllithografie 
strukturiert und können per Probe angepasst werden. Es wird eine Übersicht über alle 
in dieser Arbeit verwendeten Probentypen gegeben. Am Ende des Kapitels werden 
die Messanordnungen für Niedrigtemperaturmessungen vorgestellt.

Niedrige Temperaturen werden benötigt um die diskreten Energiespektren mit 
Hilfe von Ladungstransportspektroskopie aufzulösen. Die thermische Energie muss 
dabei niedriger sein als die Energieskale des Quantenpunktsystems. In dieser Arbeit 
wird ein Mischungskryostat verwendet um eine Temperatur von zehn Millikelvin zu 
erreichen. Allerdings kann die effektive Elektronentemperatur vor allem durch elek-
trisches Rauschen und die Aufnahme von Interferenzen in den Signalkabeln in elektro-
nischen Transportmessungen eine Grössenordnung höher sein als die Grundtemper-

atur des Kryostaten. In Kapitel 4 stellen wir auf Leiterplatten basierte Metallpulver-
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filter für effektives Filtern im Mikrowellenbereich vor. Wir untersuchen die Transmis-

sionscharakteristika verschiedener Metallpulver. Alle Metallpulverfilter funktionieren

bei Raumtemperatur besser als bei kryogenen Temperaturen und vergleichbar unter 4

K. In einem Mischungskryostaten mit Leiterplatten-Kupferpulverfiltern erreichen wir

eine effektive Elektronentemperatur von 22 mK in einer Hochimpedanzprobe, was

beinahe der Grundtemperatur des Kryostaten von 10 mK entspricht.

In Kapitel 5 beschreiben wir die Fertigung und elektronische Charakterisierung 
von p-Typ-Schmalkanal-Feldeffekttransistoren in undotiertem Silizium. Löchertrans-
port bei 4 K kann durch lokale Gates gesteuert werden, sodass Coulomb-Impulse bei 
kleinen Source-Drain-Spannungen sichtbar werden. Regelmässige Coulomb-Impulse

und schliessende Coulomb-Diamanten in der Energiespektroskopie signalisieren Einzel-
lochtunneln im Viele-Löcher-Regime. Die starke kapazitive Kopplung zu jedem der 
Gates deuten an, dass einzelne Coulomb-Inseln unter oder in unmittebarer Nähe zum 
steuernden Gate geformt werden.

In Kapitel 6 und 7 wenden wir das ambipolare Konzept auf verschiedene Proben-
typen an. Die Stärke der ambipolaren Proben liegt in ihrer Fähigkeit Elektronen- und 
Löchereigenschaften in derselben elektrostatisch definierten Nanostruktur zu vergle-
ichen und folglich in exakt der gleichen Kristallumgebung, einschliesslich Störstellen, 
Verunreinigungen, Haftladungen und der Si/SiO2-Grenzfläche.

In Kapitel 6 untersuchen wir zunächst Elektronen- und Löchertransport in nanoskali-

gen, ambipolaren MOSFET-Strukturen mit einem einzelnen Gate und zeigen so die 
ambipolare Wirkungsweise der Probe. Wir stellen fest, dass sich die aus Transkon-
duktanzkurven berechneten Elektronen- und Löcherbeweglichkeiten um den Faktor 
3 voneinander unterscheiden, ähnlich wie in mikroskaligen Proben. Danach demon-

strieren wir den Einschluss von entweder Elektronen oder Löchern unterhalb eines 
zusätzlichen nanoskaligen Gates. Die Elektronen- und Lochquantenpunkte haben 
die gleichen Source-, Drain- und Gatekapazitäten sowie Ladungsenergien, was darauf 
schliessen lässt, dass wir den gleichen Quantenpunkt mit Elektronen oder Löcher
aufladen.

In Kapitel 7 demonstrieren wir gatedefinierte Quantenpunktstrukturen, die zwei 
untere und eine obere Elektrode aufweisen und vollständig funktionsfähig sowohl im 
Elektronen- als auch im Löcherregime sind. Wir zeigen, dass die Ambipolarität die 
Erzeugung entweder eines Elektronen- oder eines Löcherquantenpunktes erlaubt, die 
beide elektrostatisch zwischen den unteren Elektroden definiert sind. Wir beobachten 
für den Elektronenquantenpunkt eine geringfügig kleinere Grösse gegenüber dem
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Löcherquantenpunkt. Die berechneten α-Faktoren und Gatekapazitäten in beiden 
Regimen zeigen eine Symmetrie im Einschluss von Elektronen und Löchern auf.

Wir glauben, dass die in dieser Arbeit gewonnen Ergebnisse entscheidend sind

für zukünftige quantenbasierte Informationsverarbeitung mit Spin-Qubits in Quan-

tenpunkten. Die hier vorgestellte Möglichkeit zum Vergleich von Elektronen- und

Löcherspin-Qubits in ein und derselben Probe in der exakt gleichen Kristallumgebung

stellt einen wegweisenden Schritt bei der Suche nach dem geeignetsten Spin-Qubit in

Siliziumquantenpunkten dar, wie in Kapitel 8 skizziert wird. Die Nutzung der jeweili-

gen Vorteile beider Spin-Qubits lässt eine zukünftige ”Quanten-CMOS”-Technologie

möglich erscheinen.
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FILIPP MÜLLER, PhD candidate in the NanoElectronics group, works in the 

cleanest part of the cleanroom. With his research, he hopes to contribute to the 

development of a quantum computer. 

+

TEXT: PAUL DE KUYPER | PHOTO: RIKKERT HARINK >

'What a transistor is to a regular computer, we try 

to make for the quantum computer.' Filipp Müller 

explains. 'A quantum computer works with 

quantum bits, the so-called qubits. A qubit, for 

instance the spin of an electron, can take on 

values between 0 and 1 and can only be 

described correctly by quantum mechanics. We 

try to create a nanostructure in which we can 

isolate an individual electron.'  

'We manufacture those nanostructures on 

silicon', Müller continues. 'Other groups 

investigate different materials, but we choose 

silicon because of its use in the current chip 

technology. The existing chip manufacturing 

infrastructure needs fewer adaptations for 

qubits in silicon than if we would use other 

materials.’

Ultra clean

Müller came to the UT three years ago, after a 

physics education in Germany. At the moment, 

seven researchers work on the project, but he 

was the first. 'In this project, we work with the so-

called CMOS-technology, which stands for 

Complementary Metal-Oxide-Semiconductor.' 

Müller helped to establish this manufacturing 

process in the NanoLab.  

'Before you're allowed to research anything in 

the cleanroom, you have to draw up a process 

document', he explains. 'You consult the 

technical staff on whether or not you may work in 

the way you intend to. Obviously, it's important
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that you will be able to work safely, but also that 

your research doesn't intervene with other 

experiments. That's called cross-contamination 

in the lab.’ 

The manufacturing line for CMOS-technology is 

called the ultra clean line (UCL), according to 

Müller. 'The UCL belongs to the cleanest part of 

the cleanroom. You're only allowed to work with 

a few materials there, like silicon, silicon oxide, 

phosphorus, boron and arsenic. This is 

necessary because our research on the 

nanoscale is very sensitive to impurities.’  

'Our device fabrication combines micro- and 

nanofabrication. We manufacture large basic 

structures on a wafer (a slice of silicon, ed.) with 

m ic ro techno logy  (pho to l i t hog raphy ) .  

Afterwards, we write nanostructures on it, using 

electron-beam lithography. The smallest 

patterns have a resolution of approximately 

twenty nanometres. Sometimes you're working 

on a sample for weeks. The real challenge is 

that all structures need to be aligned with an 

accuracy of 5 nanometres. When the sample is 

ready, we investigate how the structures behave 

electronically, in a helium dewar at extremely 

low temperatures (-269 Celsius). We try to 

control the states of individual electrons in a 

single-electron-transistor. 

His goal is to contribute to the quantum 

computer, but Müller underlines that it won't be 

here overnight. Not so strange, he believes. 'A 

lot of research still needs to be done. The 

present-day computer also needed decades to 

evolve from idea to mass production.'  |
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