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Introduction

Quantum computation enables a computational speed-up over classical computers for very specific prob-
lems, by exploiting the interference between quantum states of qubits—the quantum analogues of classical
bits—to evaluate multiple computational paths in parallel. The main challenge in physically implement-
ing quantum computing platforms lies in maintaining a sufficiently long coherence time to perform the
required operations on the qubits before coherence between them is lost. Spin qubits based on the spin
states of confined charge carriers in semiconductor quantum dots represent a particularly attractive alter-
native, as they combine relatively long coherence times with high integration and scalability—essential
features for the implementation of redundant qubits in Quantum Error Correcting Codes, where multiple
physical qubits are used to encode a single logical qubit.

These advantages stem from the well-established manufacturing capabilities of the semiconductor
industry, which has optimized fabrication techniques over decades to achieve high transistor density
in small areas. One of the fundamental criteria—known as the DiVincenzo criteria—for determining
whether a qubit is suitable for quantum computation is that it must be measurable via an appropriate
readout mechanism. In this regard, Single-Electron Transistors (SETs) can be used as readout elements
in spin-to-charge conversion-based protocols.

This thesis was carried out in collaboration with the Institute of Microelectronics of Barcelona (IMB-
CNM, CSIC). The IMB-CNM is a research center of the Spanish National Research Council (CSIC),
specializing in the development and fabrication of micro- and nanoelectronic devices. Located at the UAB
Campus in Bellaterra (Barcelona), the institute combines cutting-edge scientific research with advanced
technological facilities, including a cleanroom for microfabrication. The thesis work was supervised by
the NanoNEMS group, which specializes in advanced nanofabrication techniques.

The goal of this thesis was to develop simulations that could support the group in the fabrication of
gate-defined Single-Electron Transistors (SETs) for quantum-dot-based semiconductor platforms. Devel-
oping a properly functioning SET fabrication process is a crucial first step toward building semiconductor
platforms for quantum computing. It provides feedback on the correctness of the process and helps iden-
tify and address potential issues. The TCAD simulations carried out in this thesis were primarily aimed

1



at supporting the understanding of the behavior of the devices currently under development, as well
as at building a model that could closely approximate the real operation of the device. Given these
objectives, the choice was to use a semiclassical model included in the Sentaurus software by Synopsys.
This approach allowed for simulations that were not overly time-demanding and that provided a general
understanding of the device, although at the expense of the ability to investigate single-electron effects
and to simulate behavior at millikelvin temperatures, due to intrinsic limitations of the chosen model.

The fabrication processes are also presented, and the simulation results are compared with both data
from the literature, showing good agreement, and preliminary electrical measurements of the fabricated
devices.
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Chapter 1

Silicon Quantum Dot-Based Qubits

1.1 Introduction

So far, many options have been proposed to physically implement qubits—the information units of quan-
tum computers—including the well-known superconducting qubits, trapped ions, and photonic qubits, as
well as research-level implementations such as neutral atom-based qubits [27]. Among these proposals,
silicon quantum dot-based qubit technology is one of the most promising alternatives, due to the rela-
tively long coherence times associated with the weak interaction between electron spins and the silicon
crystal lattice [39], and its compatibility with CMOS manufacturing processes [25].

This latter advantage enables to exploit already consolidated and optimized processes to scale up and
integrate multiple physical qubits into a single chip, as well as to manufacture chips on a large scale.
Using multiple physical qubits to encode a logical qubit is essential to increase the system’s robustness
with respect to decoherence errors [29].

In this chapter, we will briefly revisit the concept of a qubit, which is essential to understanding the
working principles of silicon quantum dot-based spin qubits—the subject of this thesis.

1.2 Qubits

The intrinsic advantage of quantum computers over classical computers in solving complex computational
problems lies in the quantum nature of qubits and the entanglement established between them [29]. A
qubit is the unit of information in a quantum computer; it is the equivalent of a bit in classical computing.
Unlike a classical (Boolean) bit, which can assume only two states, 0 and 1, a qubit can exist in a
superposition of the two basis states |0⟩ and |1⟩:

|ψ⟩ = a|0⟩+ b|1⟩ (1.1)

where |0⟩ and |1⟩ are vectors in the Hilbert space C2, and thus the state |ψ⟩ of the qubit can also be
represented as a vector in this space:

|ψ⟩ = a|0⟩+ b|1⟩ = a
(
1 0

)
+ b

(
0 1

)
=

(
a b

)
(1.2)

According to quantum mechanics, for a pure state the normalization condition |a|2 + |b|2 = 1 must hold,
where |a|2 and |b|2 represent the probabilities of measuring the system in state |0⟩ or |1⟩, respectively.
This allows the state to be expressed in polar coordinates and represented as a vector on the Bloch sphere:

|ψ⟩ = cos
θ

2
|0⟩+ eiδ sin

θ

2
|1⟩ (1.3)
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1.2. QUBITS

Figure 1.1: Bloch sphere representation of a generic qubit pure state [40].

The high computational power of quantum computers arises precisely from the superposition of states
in qubits, which enables the machine to evaluate multiple logical paths in parallel through algorithms that
exploit constructive and destructive interference between quantum states. A clear example of this—briefly
mentioned here to avoid unnecessary digressions—is the Deutsch algorithm [7], one of the simplest quan-
tum algorithms.

To better understand the advantage provided by superposition in qubits, let us compare the informa-
tion content of a system of n qubits with its classical counterpart:

• n classical bits can represent 2n different states but can only assume one configuration at a time;

• n qubits can exist in a quantum superposition of all 2n basis states simultaneously.

This means that to represent the quantum state of n qubits, a classical computer would require 2n

complex coefficients. However, to date, only a few algorithms—most notably Shor’s algorithm for prime
factorization [36], and Grover’s algorithm for exhaustive search [15]—are known to leverage quantum
properties to achieve a speed-up over classical computation. Furthermore, individual operations on
qubits are generally slower than operations on classical bits. Therefore, quantum computing becomes
advantageous primarily for problems with high computational complexity, and the benefit increases as
the problem size grows.

Figure 1.2: Quantum speedup [18]. The goal is to reduce the crossover time and crossover size, i.e. the
time and problem size beyond which it becomes advantageous to use quantum computation.
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1.3. DECOHERENCE

1.3 Decoherence

In quantum computation, the decoherence of a qubit refers to the loss of quantum information due to its
interaction with the external environment [29].

Decoherence in a given physical qubit platform is not a fundamental limitation per se; what truly
matters is its ratio to the gate operation time, that is, the time required to perform a single operation
on a qubit (calculated by measuring the period of the Rabi oscillations):

decoherence time

gate operation time
(1.4)

This ratio provides an estimate of how many operations can be performed on each qubit before the stored
information is lost, and is currently the most limiting factor in building quantum computers.

Pure and mixed quantum states To better understand the implications of decoherence and how it
can be measured, it is necessary to examine the concepts of pure and mixed quantum states.

A quantum state is said to be pure if there exists a measurement for which one of the possible
outcomes occurs with probability 1. In the absence of interactions with the environment, a pure state
evolves unitarily and remains pure over time.

In a qubit, a pure state is any state:

|ψ⟩ = a|0⟩+ b|1⟩ = cos
θ

2
|0⟩+ eiδ sin

θ

2
|1⟩ (1.5)

Consequently, pure states are all those states that can be represented by a vector pointing to the surface
of the Bloch sphere. A unitary transformation means that the vector evolves over time by rotating, but
without changing its magnitude.

A quantum state is said to be mixed if it can be described as a probabilistic ensemble of pure states:

|ψ⟩ = p1|ψ1⟩+ p2|ψ2⟩+ p3|ψ3⟩+ · · ·+ pn|ψn⟩ (1.6)

where pi is the probability that the mixed state is in the pure state |ψi⟩ and
∑

i pi = 1. It is easy to verify
that the Bloch vector associated with a mixed state always has a norm strictly less than 1, therefore it
points inside the Bloch sphere.

When a qubit in a pure state interacts with the external environment it becomes a mixed state which
does not maintain phase coherence over time (decoherence), hence it becomes computationally ineffective
considering that any quantum computing algorithm rely on interference between the coherent quantum
states of qubits.

Figure 1.3: Bloch sphere representation of a) a generic pure state and b) a generic mixed state. The
position along the vertical axis is related to the probabilities of the |0⟩ and |1⟩ components. The rotation
around the same axis is associated with the relative phase between them.

5



1.3. DECOHERENCE

1.3.1 Decoherence time

As mentioned above, decoherence is associated with the loss of quantum information. Therefore, when
studying the physical implementation of a type of qubit, it is crucial to estimate its decoherence time
in order to understand how many computational operations can be performed on the qubit before the
information is lost [29].
The total decoherence time of a qubit consists of two contributions:

1

T ∗
2

=
1

2T1
+

1

T2
(1.7)

• Longitudinal relaxation time T1: This refers to the average time the system takes to relax from
the excited state to the ground state, which is energetically more favorable. To measure it, the
system is initialized in the excited state (|1⟩ in Figure 1.4b, opposite to the convention used in the
Bloch spheres discussed in this chapter), and then measured after increasing delay times.

(a) (b)

Figure 1.4: a) Quantum state occupancy probability vs time [14], the probability of measuring |0⟩ decays
as exp(−t/T1). b) Bloch sphere representation of longitudinal relaxation.

• Dephasing time T2: this refers to the characteristic time over which the system loses purely phase
coherence due to interactions with the surrounding environment.

The total decoherence time T ∗
2 can be measured by observing the decay of Ramsey oscillations. To

do this, the system is initialized in the ground state. A π/2 pulse is then applied to bring the system into
an equal superposition state: |ψ⟩ = 1√

2
(|0⟩+ eiϕ|1⟩). The system is configured so that the state acquires

a time-dependent phase (in the case of spin qubits, this can be achieved by applying a constant magnetic
field), causing the associated vector to rotate around the longitudinal axis (Larmor precession).

A second π/2 pulse is then applied. Depending on the phase of the state at that moment (i.e., on
time), this can project the qubit either into the excited state |0⟩ or into the ground state |1⟩. Conse-
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1.3. DECOHERENCE

quently, by performing repeated measurements at different times, regular oscillations in the measured
state probabilities, known as Ramsey oscillations, can be observed.

However, interactions with the surrounding environment cause the initially pure state to evolve into a
mixed state (decoherence). This can be visualized on the Bloch sphere by imagining that the state vector
reduces its magnitude during the precession motion, due to the fact that the pure states it is composed
of are out of phase. As a result, the second π/2 pulse no longer projects the system into a well-defined
state. Instead, it results in a probabilistic mixture, and as t → ∞, the probabilities of measuring either
|0⟩ or |1⟩ approach 50%. This corresponds to maximum decoherence, as the Bloch vector approaches zero
magnitude.

(a)

(b)

Figure 1.5: a) Measurement of phase decoherence in a qubit [14] and b) Bloch sphere reepresentation.
As t → ∞, it becomes impossible to measure a state with 100% probability due to intrinsic uncertainty
caused by decoherence.

Figure 1.6: Loss of phase coherence during Larmor precession due to the interaction of the qubit with
the environment.
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1.4. SEMICONDUCTOR QUBITS

1.4 Semiconductor qubits

To date, it is still unclear which qubit technology will ultimately prevail. Some types of qubits are
characterized by an intrinsically better ratio between decoherence time and gate operation time, but in
general to improve the detrimental effect of decoherence we rely on Quantum Error Correction (QEC)
algorithms to make the system more fault-tolerant [36]. However, this requires the use of redundant
qubits, i.e. multiple physical qubits used to represent a single, more stable logical qubit. To do this, it
is necessary to increase the integration capacity, which is why semiconductor qubits are very interesting.
Indeed, among all the possibilities, semiconductor qubits are a very promising option mainly because they
allow to exploit the well-consolidated manufacturing capabilities of semiconductor industry to achieve a
significant integration [42].

1.4.1 Semiconductor qubits platforms

We briefly present a comparison, based on the work in [], of some of the main alternatives for imple-
menting semiconductor qubits. In general, it is important to keep in mind that the main challenge in
designing qubits is achieving both strong isolation from the environment and easy access for control and
manipulation. However, these two requirements are fundamentally opposed, so a trade-off is necessary.

• Nuclear spin qubits. The information is represented by the spin of the nuclei of dopant atoms in
semiconductor substrates. The main advantage comes from the low interaction between the nuclear
spin of the dopants and the environment, which makes them particularly stable over time. However,
the fabrication process is non-trivial and difficult to scale, due to the high control required over the
positioning of the atoms. Furthermore, the high isolation of the qubits comes at the cost of reduced
controllability.

• SiGe heterostructures. In these structures, confinement in the vertical direction is provided by the
energy gap difference between the silicon and the silicon germanium, rather than by the electrostatic
control of a gate as in MOSFET-like structures. This, combined with the fact that the layers are
grown epitaxially, allows for quantum wells with very low defectivity. However, epitaxy makes the
fabrication process non-trivial. Also, again, the high isolation of the qubits provides good coherence
but results in having less control on them.

• FDSOI and SiMOS structures. These are MOSFET-like structures built on Fully Depleted Silicon-
On-Insulator (FDSOI) or bulk Silicon wafers. In this case the confinement along the horizontal
plane is given by the geometry of the structure while that in the vertical direction by the inversion
layer, created by the gate electrode, at the Silicon-Oxide interface . They exploit the fabrication
processes of CMOS technology, which is highly optimized in terms of scalability, and allow the
creation of qubits with good coherence, although they have the disadvantage of confining the qubit
to the dielectric interface, which presents defects. They will be discussed in more detail in the next
chapters, as they are the focus of this thesis.
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1.5. QUANTUM DOT BASED QUBITS

(a)

(b)

(c)

(d)

Figure 1.7: Semiconductor platforms for quantum computing. a) Nuclear spin qubits [16], b) SiGe
heterostructures qubits [28], c) FDSOI quantum-dot based qubits [19], d) Planar SiMOS Double Quandum
Dot qubit [22].

1.5 Quantum Dot based qubits

This Section is dedicated to discuss the information encoding mechanisms of semiconductor QD based
qubits and the requirements that make QD electron spin qubits suitable for quantum computing, namely
the DiVincenzo criteria. By information coding mechanisms we mean the physical property used to
represent the quantum states |0⟩ and |1⟩ and their superpositions.

The main options consist in using nuclear or electronic spin states (spin qubits) and spatial charge
configurations (charge qubits).

9



1.5. QUANTUM DOT BASED QUBITS

Figure 1.8: Quantum information encoding mechanism for spin (left) and charge (right) quantum-dot
qubits.

1.5.1 Electron charge qubits

In electron charge qubits, information is encoded by the electron delocalization in a quantum dot struc-
ture. In a double quantum dot (DQD) configuration, such as the one shown in Figure 1.9, the two
quantum states correspond to the presence of an electron in the left quantum dot (|L⟩) or the right one
(|R⟩):

|ψ⟩ = pL|L⟩+ pR|R⟩ (1.8)

Figure 1.9: Structure of a DQD qubit with a quantum point contact (QPC) current measurement system
[5]: the movement of an electron from the left dot to the right one or vice versa causes a local change in
charge, which in turn leads to an increase or decrease in the QPC current. The central gate is used to
tune the height of the barriers between the dots, thus controlling the coupling between the two states by
changing the overlap integral of the system.

In a DQD (double quantum dot) structure, the qubit state can be controlled by tuning the system’s
detuning energy—that is, the energy difference between the two quantum dots, using dedicated gate
electrodes. Interactions between different qubits can be achieved through the capacitive coupling between
dots. The main advantage of this approach is that it is fast and fully electrostatic. However, charge qubits
typically suffer from shorter coherence times, as they interact electrostatically with other nearby charges,
such as those trapped in impurities, which are unstable and lead to fluctuations in the electric field.

An approach that provides greater robustness against decoherence is to use the spin of the charge
carriers as the information encoding mechanism.

10



1.5. QUANTUM DOT BASED QUBITS

1.5.2 Electron spin qubits

In electron spin qubits the information is represented by the spin (↑ or ↓) of a single electron trapped in
the QD:

|ψ⟩ = p↓| ↓⟩+ p↑| ↑⟩ (1.9)

In this case, decoherence, i.e. the loss of information, is related to the spin orbit-coupling between the
spin of the electron and that of the nuclei present in the material. In Silicon, this component is reduced,
which is why Silicon integrated qubits are particularly attractive. In fact, spin qubits exhibit significantly
longer relaxation (T1) and dephasing (T2) coherence times compared to charge qubits, with T2 reaching
values on the order of tens of milliseconds [26]. In the case of electron spin qubits, a strong magnetic field
is applied to energetically separate the spin-up and spin-down states via Zeeman splitting. Qubit state
manipulation is achieved by applying an alternating magnetic field resonant with the Zeeman energy,
which induces Rabi oscillations, i.e., oscillations of the state vector along the energy axis.

Figure 1.10: When the magnetic field is in resonance with the system’s Zeeman energy, the qubit state
oscillates between the spin-up and spin-down states (Rabi oscillations).

Qubits based on a single electron confined in a single quantum dot are known as Loss-DiVincenzo
(LD) qubits, named after their inventors. Other more complex implementations have been proposed and
are currently under validation, but they lie beyond the scope of this thesis.

1.5.3 Di Vincenzo criteria for quantum dot spin qubits

The conditions that a quantum system must satisfy in order to be suitable for quantum computation are
called DiVincenzo criteria [8]. Quantum-dot based qubits satisfy each of these criteria. In the following
they are discussed with reference to electron spin qubits.

1. A scalable physical system with well-characterized qubits.

In electron spin qubits, information is represented by the spin of electrons trapped in the QD, a
property that is relatively easy to manipulate. This is a scalable technology because it can exploit
current lithographic techniques.

2. The ability to initialize the state of the qubits to a simple fiducial state, such as |00 . . . 0⟩.

11



1.6. ELZERMAN SINGLE-SHOT READOUT MEASUREMENT

An electron spin qubit can be easily initialized to the ground state (spin-up) by exploiting the charge
injection from an electronic reservoir. In particular, the potential of the QD must be controlled
by a specific electrode so that the Fermi level of the reservoir is intermediate between the spin-up
(lower) and spin-down (higher) levels of the electron in the dot, so that the charge is injected only
in the state in which it can assume spin-up (see Figure 1.12c).

3. Long decoherence times, much longer than the gate operation time.

The decoherence time is of the order of ∼ µs (less stable than nuclear spin qubits), but they are
very fast, with gates that may operate in the range of ∼ 10 ns, giving a ratio of ∼ 100 [3].

4. A universal set of quantum gates.

Control of a single spin qubit can be achieved through Electron Spin Resonance (ESR) [11], although
selectively addressing individual qubits within an array is often challenging.

For two-qubit operations, the
√
SWAP gate, i.e. the gate that swaps the contents of two qubits, has

been demonstrated, relying on the exchange interaction between spins [30]. However, to construct
universal two-qubit gates, it is essential to also implement single-qubit gates, whose realization is
hindered by the limited selectivity in addressing individual qubits.

5. A qubit-specific measurement capability. Single-shot measurements (Figure 1.11) have been achieved
using spin-to-charge conversion mechanisms [9].

In the following, the Elzermann protocol for single-shot spin qubit read-out, presented in [9] and based
on spin-to-charge conversion mechanism is presented.

1.6 Elzerman single-shot readout measurement

Figure 1.11 shows a quantum-dot spin qubit in an electrode configuration that allows the qubit state to
be read in a single-shot measurement using the spin-to-charge conversion method. In this configuration
the electrodes T and M control electron tunneling between the reservoir and the dot, the electrode P
controls the dot potential.

Figure 1.11: Scanning electron micrograph of a quantum-dot spin qubit in single-shot Elzerman measure-
ment apparatus [9]. The electrodes T and M control electron tunneling between the reservoir and the
dot, the electrode P controls the dot potential. The Quantum Point Contact (QPC) current is extremely
sensitive to the charge in the quantum dot and can therefore detect the presence/absence of the electron

12



1.6. ELZERMAN SINGLE-SHOT READOUT MEASUREMENT

The Elzerman single-shot readout measurement exploits the separation of spin up and spin down
energy levels upon application of an intense magnetic field. In particular, during the measurement a
voltage (VP > 0) is applied to the P electrode (which controls the dot potential) such that the Fermi
level of the reservoir falls between the spin up and spin down energy levels, so that:

• if the electron has spin-down (higher energy) it tunnels into the reservoir and escapes the dot,
resulting in an increase in the QPC current;

• if the electron has spin-up (lower energy) it remains in the dot, and the QPC current remains stable;

Figure 1.12: Elzerman measurement sequence for spin qubits, Injection and Read-out phases [9]. a)
P-electrode voltage. b) Measured QPC current. c) Energy diagram of the quantum dot.

This method also allows the measurement of the longitudinal relaxation time T1, i.e. the average time
for a spin to flip from ↓ to ↑ in the second step, but it cannot measure the phase relaxation time T2.

Single-charge sensors The term Elzerman readout refers to the specific protocol for spin readout that
relies on spin-to-charge conversion. This mechanism is based on projecting the quantum information from
a spin degree of freedom onto a charge degree of freedom, which is essential because measuring the spin of
a single electron is challenging due to its magnetic moment being much smaller than the strong magnetic
fields applied to achieve the Zeeman splitting. The detection of the charge state associated with the

13



1.6. ELZERMAN SINGLE-SHOT READOUT MEASUREMENT

spin configuration can be achieved using various charge sensors with single-electron sensitivity. The main
three are:

• Quantum Point Contact (QPC) charge sensor. A quantum point contact (QPC) is a constriction
between two conducting regions having dimensions comparable to the electron wavelength (nm).
The current flowing through this constriction, i.e., the QPC current, is extremely sensitive to charge
and can detect the presence or absence of even a single electron.

• Dispersive radiofrequency reflectometry. The system is coupled to a radiofrequency (RF) resonator,
and variations in the phase and/or amplitude of the reflected signal are monitored, which are
sensitive to the charge of a single electron. It is a non-invasive technique because no current is
passed directly through the device.

• Single-Electron Transistors (SETs). These are quantum-dot based transistors, whose current can
be modulated by the addition of a single charge in the dot.

It is important to note that the RF resonator-based approach requires a complex but external setup,
whereas the SET- and QPC-based approaches require additional space on the device, since the sensors
must be manufactured close to the spin qubit. This added footprint poses a limitation to the scalability
of the chip.

The objective of this thesis is to develop compact simulations aimed at guiding and optimizing the
fabrication process of Single-Electron Transistors (SETs) for spin qubit readout, currently under devel-
opment at IMB-CNM. Establishing a reliable SET fabrication process represents the first step toward
the implementation of a silicon quantum dot-based qubit architecture for quantum computation.
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Chapter 2

Single-Electron Transistor

2.1 Introduction

As stated by the DiVincenzo criteria, the ability to read out the quantum state is one of the key require-
ments for the physical realization of a quantum bit, along with its initialization, control, and the coherent
manipulation of single or multiple units.

The spin-to-charge conversion mechanism maps the measurement of the electron’s magnetic moment,
difficult to detect, onto a charge measurement. A Single-Electron Transistor (SET) can serve as a highly
sensitive charge sensor. In this chapter, we briefly recall the theory behind the SET and introduce the
concept of gate-defined SETs, which represent the most suitable implementation to fully leverage the
manufacturing capabilities of CMOS technology.

A Single-Electron Transistor consists of a conductive island separated from carrier reservoirs by insu-
lating barriers through which charges can tunnel and a dedicated gate that can control the potential of
the island [17]. Figure 2.1a shows a schematic of a generic SET, while Figure 2.1b shows the capacitive
model of the device.

(a)
(b)

Figure 2.1: a) Schematic and b) capacitive model of a generic Single-Electron Transistor [17]. CD, CS ,
and CG represent the capacitances associated with the Drain, Source, and Gate junctions, respectively.
V is the drain-to-source voltage, and VG is the gate voltage.

Before discussing the physical principle underlying the single-electron transistor, it is worth talking
about the charging effects, first observed by Fulton and Dolan [13] in 1987, on a simple structure consisting
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2.2. CHARGING EFFECTS AND COULOMB BLOCKADE

of a single common electrode connected to three vertical electrodes, forming three electron tunneling
junctions.

2.2 Charging effects and Coulomb Blockade

Charging effects can occur in structures consisting of a small conductive island connected by resistors to
big reservoirs, i.e., macroscopic pieces of metals. In this type of structure the charge inside the conductive
island is quantized, since it is small and well separated from the reservoirs. The charge in the conductive
island can therefore be written as a multiple of the elementary charge:

Q = ne (2.1)

where n is the number of charges in the island and e is the elementary charge.

Figure 2.2: Schematic of a generic structure exhibiting charging effects. A conductive island isolated
from big charge reservoirs, namely Source and Drain.

The electrostatic energy stored in the dot is given by:

EC =
e2

2CΣ
n2 (2.2)

where CΣ is the total capacitance of the island and is given by the sum of the various capacitive
contributions:

CΣ = CS + CD + C0 (2.3)

CS and CD are the capacitances associated with the junctions to the Source and Drain reservoirs, respec-
tively, while C0 is the stray capacitance, i.e., a parasitic capacitance intrinsic to the conductive island
that depends on its geometry. In general, the smaller the island, the smaller the value of C0.

The total capacitance of the island therefore provides a measure of how much its potential changes
upon the addition of a single charge. Since the island is very small, the addition of a single electron
introduces a significant amount of electrostatic energy, called charging energy, given by:

EC =
e2

2CΣ
(n+ 1)2 − e2

2CΣ
n2 =⇒ EC =

e2

2CΣ
(2.4)

This implies that, in order to be effectively included in the island, the charge must have enough energy
to overcome this repulsive contribution. If this condition is not met, charge transport is suppressed — a
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2.3. SINGLE ELECTRON TRANSISTOR

phenomenon known as Coulomb Blockade. It is straightforward to see that, in order to observe Coulomb
blockade, the thermal energy must be much smaller than the charging energy:

kBT ≪ EC (2.5)

Theoretically, an additional amount of energy should be added to the expression of the charging
energy in 2.4, due to the quantization of energy levels in the island caused by its small dimensions.
However, in gate-defined SETs, the island dimensions are typically on the order of tens of nanometers,
which corresponds to energy level spacings in the neV range, small even compared to the thermal energy
of ultra-low temperature devices operating in the millikelvin regime, so it is a contribution that can be
neglected.

2.2.1 Resistance Requirement

As previously mentioned, in order to observe charging effects, the conducting island must be well isolated
from the charge reservoirs. To quantify the required resistance of the tunnel barriers, we use the Heisen-
berg uncertainty principle, which states that the product of the uncertainty in energy and the uncertainty
in time must satisfy:

∆E ·∆t > ℏ (2.6)

In the case of a charge/discharge event:

• ∆t is the average charging/discharging time of the island, which is related to the total capacitance
CΣ and the tunnel resistance R by:

∆t = RCΣ (2.7)

• ∆E is the energy variation during the event, which corresponds to the charging energy of the device:

∆E ≈ e2

CΣ
(2.8)

Substituting into the uncertainty relation:

∆E ·∆t = e2

CΣ
·RCΣ > ℏ =⇒ R > RQ

∼=
ℏ
e2

= 25 kΩ (2.9)

Therefore, another requirement for observing the Coulomb blockade effect is that the tunnel resistance
must be greater than the quantum of resistance RQ

∼= ℏ/e2 = 25 kΩ.This is why SETs often use tunneling
junctions, so as to keep the quantum dot isolated while still allowing current to be detected.

2.3 Single Electron Transistor

In a single-electron transistor, the conductive island is separated from the source and drain reservoirs by
tunneling barriers, and a dedicated electrode, the gate electrode, allows control of the island’s potential.
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2.3. SINGLE ELECTRON TRANSISTOR

Figure 2.3: Schematic of a generic Single Electron Transistor.

Figure 3.13 shows the capacitive model of a SET. From this, it is possible to calculate the charge
present on the island as a function of the applied voltages as:

Q = CSVDOT + CD (VDOT − VDS) + CG (VDOT − VG) (2.10)

Consequently, the electrostatic energy of an electron at the QD can be written as:

UDOT = −qVDOT = −q

Vext︷ ︸︸ ︷(
CD

CΣ
VDS +

CG

CΣ
VG

)
+
Q

CΣ
(2.11)

Where CΣ = CS + CD + CG. The first term relates to the effect of the applied external voltages, while
the second is the charging effect due to the charges present in the dot. While the expression for the
electrostatic energy of the dot system, consisting of N electrons, can be obtained by considering the
energy required to charge the dot with N electrons and changing the applied voltage, this corresponds to
calculating the integral:

UES(N) =

∫ −Ne,Vext

Q=0,Vext=0

(VDOT dQ+QdVext) =
(Ne)2

2C
−NeVext (2.12)

From this expression, it is possible to derive the electrochemical potential of the dot, i.e., the energy an
electron must have to enter the system. Obviously, it depends on the number of charges present in the
dot and is given by the difference in electrostatic energy between the system with N electrons and the
system with N-1 electrons:

µ(N) = UES(N)− UES(N − 1) =

(
N − 1

2

)
e2

CΣ
− eVext (2.13)

It is easy to verify that the difference in energy between the electrochemical potentials is always constant
and equal to:

µ(N)− µ(N − 1) = 2EC =
e2

CΣ
(2.14)
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2.3. SINGLE ELECTRON TRANSISTOR

Figure 2.4: Graphical representation of the relationship between the electrostatic energy of the island
and the electrochemical potential, or the energy an electron must have to enter the system.

Therefore, to enable conduction, external voltages must be applied such that the electrochemical
potential of the dot lies within the Fermi bias window. Otherwise, due to charge quantization caused by
the small size of the island, no conduction occurs (Coulomb blockade), because there are no electrons with
sufficient energy in the reservoirs to enter the dot, and none in the dot to exit and reach the reservoirs.

µS ≥ µ(N) ≥ µD (2.15)

Figure 2.5: Energy diagram of a SET. Due to the discretization of charges in the conductive island, for
low values of VDS there are no states available for conduction. When the Fermi bias window includes the
electrochemical potential of the island, conduction is activated.

The main advantage of Single-Electron Transistors (SETs) lies in the possibility of having a dedicated
gate electrode that allows precise control over the potential of the conductive island.

By applying a voltage to the gate electrode, the electrochemical potential of the quantum dot can be
shifted, enabling a transition from the Coulomb blockade regime—where conduction is suppressed—to a
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2.3. SINGLE ELECTRON TRANSISTOR

state where current can flow. This gate control also allows for accurate tuning of the number of electrons
on the island, down to the level of a single charge.

Figure 2.6: Coulomb diamonds. For specific combinations of voltages, periodic with respect to the gate
voltage, the device enters the Coulomb blockade regime, in which no current flows. This results in the
appearance of diamond-shaped regions, known as Coulomb diamonds, in a VDS vs Vgate diagram, where
the current is blocked.

Figure 2.6 shows a typical VDS–VG plot of a SET, displaying diamond-shaped regions where the
current is suppressed—the Coulomb diamonds. There are several important features to highlight. First,
these regions are periodic with respect to the gate voltage, with a period given by e2/αCΣ, where:

α =
CG

CΣ
(2.16)

Moreover, the slopes of the diamond edges depend on the capacitive coupling between the island and
the electrodes. In particular, with reference to the figure:

β =
CG

CG + CD
(2.17)

γ =
CG

CS
(2.18)

It is straightforward to verify that the three coefficients are related by the expression:

1

α
=

1

β
+

1

γ
(2.19)

Therefore, if the Coulomb diamonds are not symmetric, this indicates that the capacitive coupling
between the island and the source/drain contacts is asymmetric, i.e., the island is more strongly coupled
to one of the two electrodes.
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2.4. SETS FOR CHARGE SENSING

Furthermore, as long as the island capacitances do not depend on the number of electrons, the
Coulomb diamonds will have uniform size. However, as the electron population in the dot increases, the
total capacitance of the island can change, leading to smaller diamonds at higher gate voltages.

2.3.1 Coulomb peaks

If the drain-to-source voltage is kept constant and close to zero, sweeping the gate voltage results in a
conductance profile characterized by current-blocked regions with a well-defined number of charges, and
sharp periodic conductance peaks, known as Coulomb peaks, where the number of charges in the dot
fluctuates and current can flow.

(a)
(b)

Figure 2.7: Coulomb peaks correspond to gate voltage values for which the conduction is activated and
the number fo charges in the islands fluctuates. a) Drain-to-source current as a function of gate voltage, at
a constant and very small VDS , taken from [10]. b) Degradation of the Coulomb peaks with Temperature
[32].

Figure 2.7b shows how, as the temperature increases, the well-defined and sharp Coulomb peaks
begin to degrade, turning into broader oscillations. This feature makes SETs particularly interesting as
temperature sensors, as it is possible to establish a correlation between the amplitude of the Coulomb
peaks and the temperature.

However, the most relevant application in the context of quantum computing based on semiconductor
platforms is undoubtedly the use of the SET as a charge sensor. When embedded in a radio-frequency
circuit, the SET is currently the most sensitive charge detector available [13, 34], and it has been shown
to be capable of detecting real-time electron tunneling events on a sub-microsecond timescale [23].

2.4 SETs for charge sensing

As previously discussed, due to the small dimensions of the conductive island in a SET, the addition of
a single charge significantly alters its potential, introducing a non-negligible electrostatic energy contri-
bution.

Figure 2.8 shows the Coulomb diagram of a metal-nanoparticle-based SET [4], which displays broken
Coulomb diamonds. This phenomenon occurs because individual external charges can approach the
conductive island, thereby modifying its potential. As a result, the Coulomb diamonds shift along the
gate voltage axis, during the measurment.
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2.4. SETS FOR CHARGE SENSING

Figure 2.8: Coulomb diagram of a metal-nanoparticle-based SET showing the effect of an external charge
perturbing the potential of the quantum dot, resulting in a shift of the Coulomb diamonds [4].

Consequently, by selecting the appropriate combination of voltages, it is possible to detect the presence
or absence of an external charge based on whether current flows through the device.

2.4.1 SETs for spin-to-charge conversion based read-out of spin qubits

The work presented in [26] demonstrates, for the first time, single-shot, time-resolved readout of an
electron spin in silicon using a gate-defined SET. In this study, the electron spin qubit is based on
phosphorus atoms implanted in a 90 nm × 90 nm region, with a fluence optimized to maximize the
probability of having three donor atoms located approximately 30–60 nm from the conductive island of a
gate-defined Metal-Oxide-Semiconductor SET. A plunger gate electrode is used to control the potential
of the qubit.

The readout protocol follows the Elzermann scheme, presented in Section 1.6. It consists of three
main phases:

1. LOAD phase: The potential of the qubit is tuned via the plunger gate such that both spin-up and
spin-down energy levels lie below the electrochemical potential of the SET dot. As a result, an
electron tunnels from the SET dot to the qubit, occupying one of the two spin states.

2. READ phase: A suitable positive voltage is applied to the plunger gate so that the electrochem-
ical potential of the SET dot lies between the spin-up and spin-down energy levels of the qubit.
Depending on the spin state of the electron, it may or may not tunnel back into the SET dot (spin-
dependent tunneling). A tunneling event results in the addition of a charge to the SET island,
shifting its potential and transitioning the system from a Coulomb blockade regime to a conductive
regime. This transition is detected as a current peak in the SET signal, which lasts for a char-
acteristic time before the spin-up electron relaxes and tunnels back into the qubit as a spin-down
electron.

3. EMPTY phase: The voltage applied to the plunger gate is set such that both spin-up and spin-down
states lie above the SET dot electrochemical potential. Therefore, regardless of the electron’s spin
state, the qubit is emptied.
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2.4. SETS FOR CHARGE SENSING

Figure 2.9: Protocol for spin-to-charge conversion based spin qubit readout [26]. a) Schematic of the
measurement setup, where the qubit is tunnel-coupled to the conducting island of a SET. b) Three-phase
protocol for qubit state readout. c) Circuit diagram of the measurement system, including an SEM image
of the qubit and the SET. d) Shift in Coulomb peaks resulting from the addition of a charge to the SET
island at a plunger gate voltage of approximately Vpl ≈ −1.4 V. e) Plot of the SET current as a function
of the top gate voltage Vtop, which controls the island potential, and the plunger gate voltage Vpl, which
controls the qubit potential. The breaks in the Coulomb peak lines correspond to the addition of an
external charge.

Figure 2.9d shows a plot of the SET current as a function of different combinations of the top gate
voltage Vtop and the plunger gate voltage Vpl. Each horizontal slice at a fixed Vpl corresponds to a trace
of Coulomb peaks as a function of Vtop. Notably, discontinuities in the Coulomb peak lines appear in the
plot. These breaks are due to shifts in the island potential caused by the addition of external charges.

In particular, the transitions observed for Vpl > −0.7 V are unstable and are most likely caused
by trapped charges at the Si/SiO2 interface. On the other hand, the stable transitions observed for
Vpl < −0.7 V are attributed to single charges tunneling from the qubits.

Figure 2.9e shows the Coulomb peaks measured at one of the transitions discussed above, specifically
at Vpl ≈ −1.4 V. The shift in the peak positions is directly related to the added charge, and can be
expressed as:

∆Vtop =
∆q

Ctop
(2.20)

where ∆q is the change in charge sensed by the SET, and Ctop is the capacitance between the conductive
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island and the top gate.

Measurement of the Relaxation Time T1 As previously mentioned in the discussion of the Elzer-
mann read-out, this method allows the measurement of the longitudinal relaxation time T1 of the qubit,
that is, the average time it takes for an electron in the spin-up state to relax into the lower-energy
spin-down state.

This is done by measuring the probability P↑ of detecting a spin-up electron as a function of the waiting
time τW , i.e., the time during which the system is held in the load phase. The time T1 characterizes the
decay rate of this probability, which follows an exponential trend:

P↑(τW ) = P↑(0) exp

(
−τW
T1

)
(2.21)

Figure 2.10: Normalized probability of the spin-up state as a function of the waiting time τW [26].

Figure 2.10 shows the experimentally measured decay of the spin-up probability for different values
of the applied magnetic field. A relaxation time T1 of up to 6 seconds was achieved for an applied field
of 1.5 T. The readout fidelity exceeds 90% for both spin states.

2.5 Gate-Defined SETs

The simplest way to integrate a SET into a semiconductor platform for quantum computing is to use gate-
defined Metal-Oxide-Semiconductor SETs, as they take advantage of the manufacturing capabilities that
have been optimized over the years to achieve high integration density and scalability for MOSFET-like
devices.

In a gate-defined SET, the conductive island is separated from the source and drain regions by barrier
gates that locally deplete charges. Figure 2.11a, taken from the work presented in [1], shows a device
based on a MOSFET structure with additional gates, namely the barrier gates, placed between the main
gate (from now on referred to as the lead gate) and the silicon oxide layer, used as the gate oxide. The
intermetal dielectric separating the barrier gates and the lead gate is aluminum oxide, formed as a result
of the thermal oxidation of the aluminum barrier gates.

The device is an n-type FET fabricated from a near-intrinsic substrate, with phosphorus-implanted
regions used to create the source and drain wells.
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Figure 2.11: a) SEM image of a typical device [1]. b) Schematic cross-section of the channel of the device
showing the depletion induced by the barrier gates [1]. (c) Schematic of the band diagram along the
channel. The voltage Vlead applied to the lead gate is responsible for the formation of the channel and
for controlling the quantum dot potential, while the voltage Vb applied to the barrier gates controls the
height of the potential barriers.

The lead gate functions as the gate of a conventional MOSFET; thus, above a certain voltage (Vlead,th),
it creates a thin inversion layer of charges (a two-dimensional electron gas, 2DEG) at the oxide interface,
enabling conduction. If the barrier gates are kept below their threshold voltage (Vb,th), the channel
beneath them is depleted of charges, thereby confining electrons in the center and isolating the quantum
dot from the source and drain regions. In terms of the band diagram, this corresponds to the formation
of potential barriers in the conduction band (see Figure 2.11c).

By applying increasingly positive voltages to the barrier gates, the potential barriers are lowered,
and beyond a certain value the device behaves as a conventional MOSFET, as the channel becomes
continuous.

As we will see in more detail in the following chapters, at room temperature the barriers are not able
to effectively cut off the channel, especially in structures that are not isolated from the substrate, whereas
at millikelvin temperatures they are, and the device enters conduction very abruptly. Figure 2.12 shows
the voltage window for which the device is conductive, namely when Vlead > Vlead,th and Vb > Vb,th. The
white rectangle highlights the region where Coulomb blockade is observed; this occurs for barrier gate
voltages near their threshold value. In this regime, the Fermi level of the contacts aligns with the top of
the potential barriers, where they are thinner and allow electrons to tunnel in and out of the quantum
dot.
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Figure 2.12: Voltage window for which the device is conductive. Single electron effects are observed near
the threshold voltage of the barriers, i.e., for Vb ≈ 4.3 V.

Figure 2.13 shows the Coulomb diamonds obtained for this device. From the size of the diamonds, a
total capacitance CΣ of 64 aF and a gate capacitance CG equal to 20 % of the total capacitance (i.e., 13
aF) are extracted. A total capacitance of 64 aF corresponds to a charging energy of 1.25 meV. In order
to observe Coulomb blockade effects, the thermal energy must be much smaller than this value, meaning
the temperature must satisfy T ≪ 14 K.

Figure 2.13: Coulomb diamonds observed in a device with a dot area of 30 nm × 105 nm [1].
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Chapter 3

IMB-CNM Fabrication Processes

This chapter presents the fabrication processes developed by the NANONEMS group at the Institute of
Microelectronics of Barcelona (IMB-CNM, CSIC) for gate-defined SET devices. In particular, two types
of structures will be discussed.

Figure 3.1a shows a device based on a Fully Depleted Silicon-On-Insulator (FDSOI) nanowire FET,
featuring multiple gates along the channel to achieve carrier confinement. The nanowire is patterned
from the silicon overlayer of a SOI wafer, while the gates are deposited via lift-off in a single metal layer.

Figure 3.1 illustrates an alternative approach based on a planar MOSFET, fabricated from a lightly
doped silicon wafer. In this case, the barrier gates are deposited first to enable channel depletion, followed
by a lead gate deposited on top, which defines the conductive channel.

(a)
(b)

Figure 3.1: a) Schematic of the FDSOI Nanowire SET with multiple gates. b) Schematic of the planar
SET device.
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3.1 FDSOI Nanowire SET fabrication process

The fabrication process of the nanowire-based structure begins with a SOI wafer composed of a 50 nm-
thick silicon overlayer, a 400 nm-thick buried oxide (BOX) layer, and a 700 µm-thick silicon substrate. The
patterning of the devices is carried out using a mix-and-match (M&M) lithography process: conventional
optical lithography is used for defining large, less critical features, while high-resolution techniques such
as electron beam lithography (EBL) are employed for the smaller, critical structures — namely, the
nanowire and the gates. The following steps summarize the main stages of the fabrication process, which
was carried out by Ziyin Sun, whose work is presented in [38].

Transferring alignment marks Alignment marks are defined using optical lithography (OL#1) fol-
lowed by etching of both the silicon and silicon dioxide layers. These marks are essential for ensuring
proper alignment in subsequent lithographic steps. A positive photoresist, 6512, is used for this purpose;
in this type of resist, the exposed areas become soluble in the developer solution.

Figure 3.2: Transferring alignment marks.

Mix&Match process for nanowire patterning The photoresist 7520, a negative resist that becomes
insoluble upon exposure, is sequentially exposed using an optical lithography step (OL#2) to define the
nanowire leads, followed by an electron beam lithography (EBL) step to pattern the nanowire itself.

28



3.1. FDSOI NANOWIRE SET FABRICATION PROCESS

Figure 3.3: Mix&Match process for nanowire patterning.

The mix-and-match (M&M) approach enables the combination of the speed and ease of optical
lithography with the high precision and resolution of EBL, restricting the use of the latter to the most
critical areas only.

Gate oxide growth and S/D implantation A thin silicon oxide layer (6.5 nm) is thermally grown
via dry oxidation, ensuring high dielectric quality and interface integrity. The negative photoresist 7520
is patterned through optical lithography (OL#3) to create a protective mask that shields the channel
region during the subsequent implantation step. This mask prevents dopants from reaching the channel,
allowing selective doping of the source and drain (S/D) reservoirs only. Two different implantations are
performed: one with phosphorus atoms (with energy = 15 keV and dose = 2×1014 atoms/cm2) to obtain
n-type devices, and another with boron atoms (with energy = 7 keV and dose = 2 × 1014 atoms/cm2)
for p-type devices.

Figure 3.4: Gate oxide growth and S/D implantation.
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Metal pads deposition The metal pads are deposited using a lift-off technique assisted by a Lift-Off
Resist (LOR). This is necessary to achieve a cleaner lift-off and to avoid issues that may arise from the
deposition of continuous metal films. For this reason, the LOR is deposited before the positive photoresist.
The photoresist is then exposed in correspondence with the metal pad areas and developed. During this
phase, the exposed regions of the LOR dissolve laterally, creating undercuts that prevent the formation of
continuous films during the metal deposition step. Aluminum is then deposited by evaporation, followed
by a lift-off process. Finally, a thermal treatment in a reducing atmosphere, known as Forming Gas
Anneal (FGA), is carried out to form more stable, robust, and low-resistance contacts, and to improve
the quality of the metal interface.

Figure 3.5: Metal pads deposition.

Metal gates deposition The gates are patterned using EBL and defined via a lift-off process: alu-
minum is uniformly deposited by thermal evaporation onto the surface of the photoresist (PMMA, pos-
itive) and on the exposed areas of the device (corresponding to the gate pattern). The photoresist is
then stripped away, leaving aluminum only in the regions defined by the gate geometry. It is important
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to note that EBL is used at this stage only for the critical regions — that is, the smaller gate features
in contact with the nanowire. The larger gate tracks and contact pads are instead patterned using an
additional optical lithography step.

Figure 3.6: Metal pads deposition.

Metal contacts opening Finally, a passivation layer is deposited to protect the device. Therefore,
in order to electrically characterize it, the metal contacts must be opened. This is achieved using direct
laser writing, where a laser beam—operating in the visible, UV, or IR range—writes directly on the
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photoresist, without the need for a mask, in the regions corresponding to the contact pad openings. In
this case as well, aluminum is deposited by thermal evaporation and patterned via a lift-off process.

Figure 3.7: Contacts opening.

3.2 Planar SET fabrication process

The substrate used for the fabrication of the planar SET is a lightly boron-doped silicon wafer, with a
doping concentration of NA = 1.5× 1015 cm−3. As for the nanowire-based device, the fabrication steps
are presented below in sequential order.

Transferring alignment marks First, the alignment marks are transferred onto the silicon substrate
through an optical lithography step (OL#1). A 1.2 µm thick layer of positive photoresist (6512) is
spin-coated onto the substrate and exposed according to the alignment mark pattern. The exposed areas
become more soluble and are removed during development. A 500 nm deep layer is then dry etched into
the silicon to define the marks, after which the photoresist is stripped.

Figure 3.8: Transferring alignment marks.
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Local Oxidation of Silicon (LOCOS) The Local Oxidation of Silicon (LOCOS) process is used to
electrically isolate the different devices on the chip. First, an 18.7 nm thick layer of pedestal oxide is
grown on the substrate by dry oxidation (at 900 °C for 36 minutes). Then, a 117.5 nm thick layer of silicon
nitride (Si3N4) is deposited via Low-Pressure Chemical Vapor Deposition (LPCVD) and patterned using
a second optical lithography step (OL#2) to cover the active areas of the chip. The silicon nitride acts
as a hard mask during the subsequent oxidation step, as it resists high temperatures and inhibits oxide
growth underneath. A thick thermal oxide layer (∼200 nm) is then grown in the field regions to ensure
proper electrical isolation between devices. After the oxidation, the resulting oxynitride is removed, the
nitride is etched away, and finally, the pedestal oxide is stripped using Buffered Oxide Etch (BOE).

Figure 3.9: Local Oxidation of Silicon.

Source/Drain implantation Before the Source and Drain well implantation, a 36.5 nm thick layer of
sacrificial silicon oxide is grown by dry oxidation (at 950 ◦C for 45 minutes). This sacrificial oxide serves
to attenuate the ion energy during implantation and helps minimize sputtering and crystalline damage
in the silicon substrate, thereby reducing the extent of amorphization caused by the ion beam.

A third optical lithography step (OL#3) is carried out to open windows in the photoresist over the
implantation regions. For this, a 1.2 µm thick layer of 6512 positive photoresist is used.

Subsequently, phosphorus ions are implanted at an energy of 50 keV with a dose of 4.2× 1015 cm−2

to form the Source and Drain wells.
After implantation, a fourth optical lithography step (OL#4) is performed using AZ negative pho-
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toresist. This step is used to selectively expose the active region and remove the sacrificial oxide grown
earlier.

Figure 3.10: Source/Drain implantation.

Source and Drain contacts At this point, a 6.5 nm thick gate oxide layer (SiO2) is grown via dry
oxidation. The formation of the Source and Drain metal contacts begins with the definition of contact
windows: openings are etched into the gate oxide to access the underlying regions.

The contact window patterning is performed through optical lithography. Subsequently, a 30 nm thick
layer of aluminum is deposited onto the contact openings by sputtering (at T = 100 ◦C and P = 400 W).

A further lithography step (OL#5) is carried out using the 6512 positive photoresist to define the
areas where the Source and Drain contacts are to be formed. After development, a thicker aluminum
layer (200 nm) is deposited, either by sputtering or thermal evaporation, followed by a lift-off process to
finalize the metal contact patterning.

The photoresist is removed by immersion in acetone and subsequent UV treatment to ensure complete
stripping.

Figure 3.11: Source/Drain contacts deposition
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Barrier gates definition At this stage, the structure could be used to fabricate a traditional MOSFET
by simply performing an additional optical lithography step to define and deposit the gate electrode.

However, to realize a planar Single-Electron Transistor (SET), it is necessary to pattern barrier gates
within the active region. Due to the small critical dimension required for these gates (approximately
30 nm), a high-resolution lithography technique—Electron Beam Lithography (EBL)—must be employed.
Using EBL (EBL#1), a positive-tone resist (PMMA) is exposed in the regions corresponding to the
barrier gate geometry. After development, 30 nm of aluminum is deposited via thermal evaporation,
followed by a lift-off process to define the metal gate structures. Subsequently, a 5 nm thick layer of
aluminum oxide (Al2O3) is deposited using Atomic Layer Deposition (ALD), a technique that ensures
excellent thickness control and uniformity. This dielectric layer serves to electrostatically isolate the lead
gate from the underlying barrier gates, acting as an intermetal dielectric.

Figure 3.12: Barrier gates definition

Lead gate definition A second EBL step (EBL#2) is carried out to define the geometry of the lead
gate, which is the electrode responsible for inducing the inversion layer in the channel. As in the previous
step, 30 nm of aluminum are deposited via thermal evaporation and patterned through a lift-off process
using PMMA as the resist.

Figure 3.13: Lead gate definition and contacts opening
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3.2. PLANAR SET FABRICATION PROCESS

Subsequently, a final EBL step (EBL#3) is performed to open the contact windows for the Source,
Drain, and barrier gates. The aluminum oxide layer is then etched in the exposed areas using Argon
milling, in order to ensure electrical contact. Finally, a 200 nm thick metal layer (aluminum) is deposited
by thermal evaporation and patterned via lift-off to complete the contact definition.

In Figure 3.14, the main steps of the fabrication process for the planar structure simulated using
TCAD Sentaurus are shown. The final structure obtained through this process will be analyzed in the
following Chapter.

Figure 3.14: TCAD simulation of the fabrication process.
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Chapter 4

Planar SET Simulations

The final chapters are dedicated to the simulations of the fabricated devices electrical behavior.
Both the planar structure and the nanowire FET are analyzed, with particular emphasis on the

latter, especially under low-temperature conditions. It is worth noting that Sentaurus is not specifically
optimized for cryogenic simulations, mainly due to the unreliability of certain parameter trends used
in semiclassical models at low temperatures. Moreover, at cryogenic temperatures the intrinsic carrier
concentration becomes extremely low, which often leads to convergence issues during the simulation
process.

(a)

(b)

(c)

Figure 4.1: Planar SET device fabricated at IMB-CNM. a) Optical microscopy image of the device layout,
b) SEM image of the central region of the device, c) topographic map of the device obtained by AFM.

In this chapter, the electrical behavior of the planar SET is discussed, starting from the structure
obtained through the simulation of the fabrication process, as presented at the end of the previous chapter
(Figure 3.14). The device consists of a MOSFET-like structure, with two additional barrier gates placed
between the lead gate—which controls the inversion layer in the channel—and the silicon active region.
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The barrier gates are electrically isolated from the lead gate by a 5 nm thick layer of aluminum oxide,
deposited by Atomic Layer Deposition (ALD).

Figure 4.1 shows the planar SET devices fabricated at IMB-CNM. In particular, Figure 4.1a presents
an optical microscopy image of the device layout; Figure 4.1b shows a Scanning Electron Microscope
(SEM) image of the central region of the channel; and Figure 4.1c displays a topographic map acquired
using Atomic Force Microscopy (AFM).

4.1 Room temperature 2D simulations

First, the structure was tested as a traditional MOSFET, by setting the lead gate and both barrier gate
voltages equal (VLead = Vb1 = Vb2), effectively simulating a single gate controlling the inversion layer in
the channel. The electrical simulation was carried out on the 2D structure obtained from the fabrication
process, assuming a third dimension of 50 nm, corresponding to the width of the fabricated lead gate.

(a) (b)

Figure 4.2: a) 2D cross-section of the device obtained by simulating the manufacturing process. b) Zoom
into the barrier gates region.

Figure 4.3 shows the transcharacteristic of the device under these voltage conditions for different
spacings between the source and drain implantation wells: 4 µm (corresponding to the geometry in
Figure 4.2), 2 µm, 1.5 µm, 1.2 µm, and 1.15 µm.

As can be observed, when the distance becomes too small, a punch-through current appears, leading
to conduction even at gate voltages below the threshold. Punch-through refers to a breakdown process
whereby source and drain electrode depletion regions merge, allowing current to flow between them
regardless of the gate voltage.
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(a) (b)

Figure 4.3: Transcharacteristics for different S/D separations in linear (a) and logarithmic (b) scale,
where Vg = VLead = Vb1 = Vb2.

(a) (b)

Figure 4.4: Punch-through effect arising for S/D separation of 1.15 µm. a) Doping distribution in the
substrate. b) Current density at Vg = VLead = Vb1 = Vb2 = 0 V.

Figure 4.5 shows the conduction band profile along a 1D cut through the device channel for two
values of gate voltage, one below threshold (Vg = 0 V) and one above threshold (Vg = 2.0 V), under
the same drain-source voltage (VDS). As can be observed, the behavior resembles that of a conventional
MOSFET: when the gate voltage is below threshold, the potential barrier between source and channel is
too high to allow thermionic emission of carriers from the source reservoir. Conversely, when Vg exceeds
the threshold, the barrier is lowered, enabling current to flow through the channel.

Figure 4.6 shows the Id–Vg and Id–Vd characteristics of the device, again confirming the behavior
expected from a standard MOSFET.
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Figure 4.5: Conduction band profile along the channel for Vg = 0 V and Vg = 2.0 V, showing barrier
lowering with increasing gate voltage.

(a)
(b)

Figure 4.6: a) Id−Vg transcharacteristic for VDS ranging from 0.06 V to 0.51 V. b) Id−Vd characteristic
for Vg ranging from -0.5 V to 1.0 V.

4.1.1 Effect of temperature on the electrical behavior

Although reaching low temperatures (less than 20 K) is not easy due to convergence problems (espe-
cially on a non-ideal structure obtained from process simulations), an analysis of the device behavior at
temperature, up to T = 60 K, can still be done.

Figure 4.7 shows experimental measurements of a SOI FinFET taken by [6], for temperatures ranging
from 200 °C to -50°C. The tested device is a FinFET but the reasoning we will discuss in the following
is valid for any Field Effect Transistor.
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(a) (b) (c)

Figure 4.7: SOI FinFET experimental measurements for different temperatures, taken from [6].

As can be observed from the plots there is a specific gate voltage, VG = 0.52 V in the measured
device, for which the current remains constant as the temperature varies. This point is known as the
Zero-Temperature-Coefficient (ZTC) point and arises from the interplay of two competing effects that
effectively cancel each other out:

• above this voltage, the current increases as the temperature decreases. This is due to the fact
that at lower temperatures there is less phonon scattering, hence the overall mobility of carriers
increases;

• below this voltage the current decreases slightly as the temperature decreases, due to the fact that
at lower temperatures reaching the channel inversion becomes easier resulting in a lowering of the
threshold voltage Vth. In this regime, the effect of lowering the threshold voltage dominates over
the mobility effect.

(a) (b)

Figure 4.8: Simulated Id − Vg transcharacteristic in a) linear and b) logarithmic scale for temperature
ranging from 293 K to 80 K.
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Figure 4.9: Transconductance gm at different temperature obtained from simulations.

The plots in figure 4.8 show the Id − Vg curves simulated at different temperatures using the hy-
drodynamic based model discussed in detail in Section 5.3. Figure 4.9 instead shows a plot of the
transconductance gm = dIDS

dVG
. The trend reflects that expected from the literature.

Figure 4.8b shows the transcharacteristic in logarithmic scale highlighting the change of the Sub-
threshold Slope (SS) as a function of temperature. Subthreshold Slope is a fundamental quantity in
MOSFETs that describes how quickly the drain current increases with increasing gate voltage in the
subthreshold region, i.e. when the transistor is “almost off” and the current increases exponentially. It
is measured in mV/dec:

SS =
dVGS

d (log10 IDS)
(4.1)

The relationship between SS and temperature is linear:

SS = nVT ln(10) = n
kT

q
ln(10) (4.2)

where n ≥ 1 is the ideality factor and accounts for all effects (such as charges at the oxide/semiconductor
interface, defects or impurities, short channel effect . . . ) that make the device behavior in the substrate
region less ideal, a value of n = 1 corresponds to an ideal device. The SS versus temperature behavior
extracted from Figure 4.8b is linear and shown in the plot in Figure 4.10, the calculated ideality factor
value is n = 1.05, so very close to ideality.
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Figure 4.10: Subthreshold slope as a function of temperature

4.1.2 Effect of the Barrier Gates Voltage on Conduction

After simulating the MOSFET behavior, the analysis focuses on the influence of the barrier gate voltages.
The primary function of the barrier gates is to locally deplete the electron population beneath them, once
the channel is fully formed, thereby creating electrostatic confinement for the quantum dot that forms
between the two barriers. To investigate this effect, a first analysis is performed at room temperature
by applying a voltage to the lead gate well above the threshold, ensuring the formation of a conductive
channel. The voltage applied to the barrier gates is then varied to observe how it modulates the conduc-
tion. Figure 4.11a shows the current flowing through the device as a function of the barrier gate voltage
under these conditions.

(a) (b)

Figure 4.11: a) Id − Vb curve, with VLead = 2.0 V and VDS = 0.5 V. b) Id − Vb curve of a similar device
taken from [2].
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As can be observed, applying a negative voltage to the barrier gates reduces the current, following a
trend similar to that reported in the literature [2] for comparable devices (Figure 4.11b). However, the
minimum current remains on the order of nanoamperes. This is because, at room temperature, negative
barrier potentials cause the electron channel to bend toward the substrate (Figure 3.13b) instead of being
fully depleted.

As we will see for the nanowire-based SET, this effect vanishes at cryogenic temperatures. Under
these conditions, conduction is strictly confined to the silicon/gate oxide interface, and beyond a certain
threshold voltage, the barriers completely suppress conduction.

(a) (b)

Figure 4.12: Electron current density with VDS = 0.5 V, VLead = 2.0 V for a) Vb1 = Vb2 = 2.0 V and b)
Vb1 = Vb2 = −2.0 V.

The same type of analysis, performed on an FDSOI device, is presented below. The goal is to
demonstrate that in this device the current is more effectively turned off, thanks to the presence of the
silicon active layer separated from the substrate.

4.1.3 Comparison between Bulk and SOI devices

A slight modification to the fabrication process was implemented to replicate the device on an SOI wafer
featuring a 17.9 nm-thick silicon overlayer. The doping type is the same in both devices: in fact, also in
the SOI wafer, the starting silicon overlayer is lightly doped with a boron concentration of 1015 cm−3,
while the source and drain wells are doped with phosphorus atoms at a concentration of approximately
2× 1019 cm−3.

A comparison between the two structures is shown in Figure 4.13. It should be noted that, in
both cases, due to the way metal contacts are defined in Sentaurus, the lead gate and barrier gates are
represented as empty regions.
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(a) (b)

Figure 4.13: 2D simulations of a) the planar SET device fabricated on bulk silicon and b) the planar
SET device fabricated on an SOI wafer. The dimensions of the metal contacts and oxide layers are the
same in both cases.

The plot shown in Figure 4.14 compares the effect of the barrier gate voltage on the current in the two
devices. The key result is the behavior of the current for negative values of the barrier gate voltage. In
the device fabricated on a bulk wafer, the current decreases but eventually saturates at a constant value
on the order of nanoamperes, due to channel bending effects that allow electrons to bypass the barrier
through the substrate.

In contrast, in the SOI device, the current drops to values on the order of 10−14 A (before the
simulation fails to converge), since the buried oxide layer prevents any current from flowing through the
substrate, leading to more effective current suppression.

Figure 4.14: Drain current as a function of the barrier gate voltage, for VDS = 0.5 V and VLead = 2.0 V.
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Figure 4.15 shows the drain-to-source current as a function of the applied barrier gate voltages. It
can be observed that in the SOI device, there is a well-defined threshold beyond which the conduction is
effectively suppressed, indicating complete channel pinch-off.

Indeed, for voltages Vb1 = Vb2 = −0.7 V, we obtain a current on the order of nanoamperes for the
bulk wafer, and on the order of picoamperes for the SOI device.

(a) (b)

Figure 4.15: Drain current maps as a function of the barrier gate voltages. (a) Bulk silicon device at
VDS = 0.5 V and VLead = 1.0 V. (b) SOI device at VDS = 0.5 V and VLead = 0.6 V.

4.2 FDSOI Planar SET Room Temperature Simulations

The SOI structure allows for greater control of the simulation mesh in the dot and barrier regions, and
enables a more accurate definition of distinct areas within the silicon active layer. This distinction is
crucial for establishing the interfaces required by the tunneling model. For these reasons, the discussion
in this section will focus exclusively on the SOI device.

Figure 4.16a shows the definition of the silicon overlayer into three separate regions: BARRIER1,
BARRIER2, and QDOT. These subregions enable localized analysis of the conduction band profile and
current flow. In Figure 4.16b, a one-dimensional cut of the conduction band along the channel (at the
interface between silicon and oxide) is shown for different values of the barrier gate voltage. The formation
of electrostatic barriers beneath the gates is clearly visible, as well as the reduction in their height as the
voltage Vb1 = Vb2 increases.
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(a) (b)

Figure 4.16: Simulation of the SOI planar SET at room temperature. a) Electron density distribution
showin the formation of the dot, b) conduction band profile along the silicon–oxide interface for different
barrier gate voltages.

4.2.1 Tunneling Model

The calculation of electron tunneling through potential barriers is carried out using the non-local tunneling
model implemented in Sentaurus Device [35], based on the methodology presented in [20]. This approach
employs the Wentzel-Kramers-Brillouin (WKB) approximation to estimate the tunneling probability.

The main advantage of the non-local model is its capability to operate with conduction band profiles
that are not predefined, as is typically the case for tunneling through insulating layers, but instead self-
consistently computed by solving the Poisson equation. This allows for a more accurate estimation of
the tunneling probability along specific spatial paths defined within non-local meshes.

In this study, the non-local meshes are constructed with respect to two reference interfaces, as illus-
trated in Figure 4.17a:

• The BARRIER1/QDOT interface, between the first barrier region and the central region where the
quantum dot forms;

• The QDOT/BARRIER2 interface, between the quantum dot and the second barrier region.

Each non-local mesh is defined by definind a fixed distance, set to 50 nm in all simulations, from
the reference interface, ensuring that all relevant tunneling contributions are captured while maintaining
reasonable simulation times. The meshes are oriented perpendicularly to the interfaces, and tunneling
probabilities are evaluated at each mesh node.

Sentaurus Device also provides a parameter called Permeation, which extends the integration region
beyond the explicitly defined interfaces. When the potential barrier is smooth, enabling this parameter
(i.e., setting it to a positive value) allows the tunneling rate to be computed along the entire length of
the non-local path, not just at the interface itself. In all simulations presented here, the Permeation

parameter is set to 2 nm.
Figure 4.17a displays the normalized direction vectors along which tunneling occurs. The same figure

also shows the electron tunneling rate through the barriers, computed as a generation/recombination rate
(in units of cm−3 s−1). Blue regions correspond to negative values, indicating electrons disappearing from
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the conduction band, while red regions indicate positive values, i.e., electrons appearing in the conduction
band on the opposite side of the barrier.

(a) (b)

Figure 4.17: a) Colored plot of the electron tunneling rate for VLead = 2.0 V, Vb1 = Vb2 = 0.0 V and
VDS = 0.1 V. b) Conduction band profile and tunneling rate (in logarithmic scale) along the channel, in
the same voltage conditions.

WKB approximation The model used to calculate the tunneling probability is based on the WKB
approximation and assumes a single-band parabolic band structure. According to this approximation,
the tunneling probability ΓCC,v(u, l, ε) of an electron with energy ε, tunneling between a lower position
l and an upper position u > l within the conduction band, is given by:

ΓCC,v(u, l, ε) = TCC,v(l, ε) exp

(
−2

∫ u

l

κC,v(r, ε)dr

)
︸ ︷︷ ︸

Transparency factor

TCC,v(u, ε) (4.3)

where:

• TCC,v is the interface transmission coefficient, which quantifies the coupling efficiency between the
non-local tunneling path and the band edge at the interface. In this work, it is set to the default
value of 1, corresponding to perfect coupling.

• The transparency factor describes the exponential suppression of tunneling. Its exponential argu-
ment is an integral over the local (imaginary) wave number κC,v(r, ε), which quantifies the spatial
decay of the electron wavefunction within the barrier. This quantity depends on the local tunneling
mass mC(r) and the carrier energy ε:

κC,v(r, ε) =

√
2mC(r) |EC,v(r)− ε|Θ [EC,v(r)− ε]

ℏ
(4.4)

where Θ is the Heaviside step function. The tunneling mass used for electrons is the transverse
effective mass in silicon, mt,e = 0.19m0.
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Gate-defined SETs are designed such that the dominant contribution to tunneling occurs near the top
of the potential barriers. However, as discussed in more detail in Chapter 5, at temperatures above the
millikelvin regime, the current due to thermionic emission typically dominates over the tunneling current.

To validate the tunneling model adopted in this work, a simplified conduction band profile was con-
structed, consisting of potential barriers with constant thicknesses and well-defined shapes (Figure 4.18).
In this test structure, the energy gap of silicon was locally modified to artificially define the barriers.

Figure 4.18: a) Conduction band profile constructed by locally modifying the silicon energy gap in
correspondence with the barriers, resulting in a barrier height of 0.3 eV. b) Zoomed view into the barrier
region.

Figure 4.19 shows a comparison of the simulated drain-to-source current as a function of temperature,
with (solid lines) and without (dashed lines) the tunneling model enabled. As temperature decreases,
the contribution of thermionic emission (dashed lines) diminishes, while the tunneling current (solid
lines) remains approximately constant. However, for very thick barriers, such as those 10 nm thick, the
tunneling current is extremely low, on the order of 10−10 A and a difference in terms of order of magnitude
can only be appreciated at very low temperatures.
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Figure 4.19: Comparison of drain-to-source current in the presence (solid lines) and absence (dashed
lines) of tunneling model, for two different barrier widths.

4.3 Experimental measurements and fixed charge model

Some experimental measurements were performed at room temperature and at -40 °C on the fabricated
structures to test them before measuring in cryogenic apparatus. Measurements were performed by Pol
Gaya and are discussed in detail in [33].

(a) (b) (c)

Figure 4.20: Device layout. a) Optical image of the device including contact pads. b) AFM (?) image of
the device active region with c) zoom into the central part.

Figure 4.20 shows the layout of the test device, along with AFM images of the active region, high-
lighting the terminations of the barrier gates. The device includes two contact pads labeled SS and DD
for the source and drain, respectively; pads B1 and B2 for the barrier gates; and pads G1 and G2 for the
lead gate. These allow for proper biasing and verification of continuity in the gate metallization.
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Figure 4.21: Id−V g curves for VDS ranging from 0 V to 1 V obtained from room temperature electrical
measurements.

Preliminary room temperature measurements (Figure 4.21) show a slight modulation of the current
as a function of the gate voltage. However, conduction is never fully suppressed, even at very negative
values of the lead gate voltage. Figure 4.22a displays a color map of the drain-to-source current as a
function of the barrier gate voltage (Vb1 = Vb2) and the lead gate voltage (Vlead), measured at a fixed
drain-to-source voltage of VDS = 0.05 V and a temperature of -40 °C.

(a)
(b)

Figure 4.22: Electrical measurements performed at T = −40°C. a) Colored plot of the drain-to-source
current as a function of the barrier gates voltage and the lead gate voltage, b) Id−Vb curve corresponding
to the black dashed cut in the 2D plot, i.e. at VLead = 1.0 V.

As can be seen, the lead gate has a minimal effect on current modulation, while the barrier gates
appear to be highly effective in suppressing conduction. This behavior can be explained by considering an
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additional contribution to conduction due to the presence of fixed charges at the oxide/silicon interface.

4.3.1 Effect of the Fixed Charges on Conduction

During the fabrication process, positive charges can become trapped at the oxide/silicon interface, leading
to a shift in the threshold voltage. These fixed charges are typically associated with defects or dangling
bonds, contamination, or non-ideal conditions during oxide formation. The most critical fabrication
steps contributing to this issue include the thermal oxidation of silicon, which forms the oxide layer, and
subsequent thermal annealing steps.

Positive charges at the oxide/silicon interface lead to a reduction in the threshold voltage of an
nMOSFET, as they attract electrons, facilitating the onset of inversion. Figure 4.23 shows a 2D simulation
of the device on a silicon bulk wafer using Sentaurus, illustrating the behavior for different concentrations
of fixed interface charges.

The threshold voltage is extremely sensitive to the concentration of fixed charges. For a charge density
of σSiO2/Si = 4.5× 1012 cm−2, the device is already conducting at a gate voltage of 0 V.

Figure 4.23: Comparison of the Id − Vg curves of the device for different fixed charges concentration at
the Si/SiO2 interface.

To explain the experimentally observed behavior, it is necessary to perform simulations using a full
3D structure. Since the lead gate voltage does not fully suppress conduction but only induces a slight
modulation, it is reasonable to infer that an additional current component flows through lateral regions
not effectively controlled by the lead gate. In these areas, conduction is enabled by the presence of fixed
charges at the oxide/silicon interface.

Figures 4.24a and 4.24b show 3D simulations performed under different voltage bias conditions. The
plots illustrate the electron current density within the device for a fixed interface charge concentration of
σSiO2/Si = 5.5×1011 cm−2. For visualization purposes, the metallic gates have been rendered transparent
to clearly reveal the spatial distribution of the current density beneath them.
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(a) (b)

Figure 4.24: 3D plot of the electron current density for a) VLead = −1.5 V and b) VLead = 2.0 V.

Figures 4.24a and 4.24b refer to two different lead voltage values, VLead = −1.5 V and VLead = 2.0
V, respectively. As can be seen, due to the presence of fixed charges, a conductive inversion layer forms
along the entire silicon surface interface, resulting in a parasitic current. The lead gate can only control
the portion of the device below it, resulting in a reduced modulation.

Figure 4.25 shows the transcharacteristic Id − Vg of the device, the value of the concentration of the
fixed charges, i.e. σSiO2/Si = 5.5 × 1011 cm−2, was chosen so that the behavior replicates the electrical
measurements in terms of threshold voltage, observed around VLead = −0.4 V.

Figure 4.25: Drain-to-source current as a function of the lead gate voltage for the 3D simulation accounting
for a fixed charge concentration of 5.5× 1011 cm−2.

As evident from Figure 4.25, the current remains nearly constant for negative VLead values, confirming
the presence of a current component that cannot be modulated by the lead gate. The effectiveness of
the barrier gates in modulating the current, on the other hand, can be attributed to the device layout.
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Specifically, the barrier gates are oriented perpendicularly to the main current path, and below a certain
threshold voltage, experimentally observed around Vb1 = Vb2 = −1 V, they are capable of suppressing
even this parasitic conduction component.

Figure 4.26: AFM image of the device active area, barrier gates effectively suppress parasitic conduction
paths.

Further investigations could be carried out by simulating a structure that more closely resembles the
actual device layout, or even by simulating the entire fabrication process. This would help identify which
regions of the device contribute most significantly to the parasitic current, thereby providing guidance
on where to intervene during fabrication to mitigate the issue. Another valuable line of analysis involves
studying the effect of fixed charges at low temperatures, given that the SET is intended to operate in the
millikelvin regime.
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Chapter 5

Nanowire SET Simulations

The nanowire SET is based on a FDSOI Nanowire FET with additional gates around the nanowire to
locally control the potential profile in the channel and achieve charges confinement. Figure 5.1b shows
an SEM image of a device fabricated at IMB-CNM, with a single barrier gate patterned.

Figure 5.1: a) Schematic of a SET nanowire with two barrier gates, b) tilted SEM view of the gated Si
NW, c) cross section of the device.

We first present some simulations of a simple nanowire at room temperature, together with some
experimental measurements performed on the same type of device.

5.1 Preliminary simulations on a simple nanowire at room tem-
perature

In this Section, room temperature simulations of simple nanowires are discussed and compared with ex-
perimental measurements performed on manufactured devices, with particular emphasis on the rectifying
behavior exhibited for high applied voltages.

Figure 5.2 shows the devices fabricated on a SOI wafer, the width of the EBL window is 4 µm while
the length of the nanowire (LNW ) is variable (500 nm, 1000 nm, 2000 nm, depending on the device). All
nanowires have a square cross-section of around 50 nm x 50 nm.
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Figure 5.2: Manufactured FDSOI nanowires. a) Nanowires with Source, Drain and Gate Aluminum pads,
b) zoomed SEM image of a nanowire without the gate electrode.

Figure 5.3b shows the simulated voltage-current characteristic for simple nanowires lightly doped with
Boron atoms (NA = 1.5× 1015 cm−3), for different lengths.

(a)

(b)

Figure 5.3: TCAD simulations of a simple nanowire without bulk. a) Structure of a simple NW lightly
doped with NA = 1.5× 1015 cm−3 Boron atoms. b) Id − Vd curve simulated for different NW lenghts.

As expected, the trend obtained in the range from -1 V to 1 V is linear, and the resistance values are
compatible with the theoretical ones calculated from:

R = ρ
LNW

ANW
(5.1)

considering a resistivity equal to ρ = 8× 10−12 Ω cm.
For nanowires of length 500 nm, 1000 nm and 2000 nm, resistances of 105.1 MΩ, 115.6 MΩ and

134.98 MΩ are obtained, respectively.
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The linear trend is also observed in the electrical measurements performed on the devices within a
small drain voltage range (VDS ranging from -1 to 1 V in Figure 5.4a), showing resistance values very
similar to those predicted by the simulations. However, the voltage-current characteristic for higher
voltage values shows a rectifying behavior rather than a linear one (Figure 5.4b).

(a) (b)

Figure 5.4: Electrical measurements of the manufactured nanowires. a) Comparison between the simu-
lated and experimentally measured nanowire IDS − VDS curves, with VDS ranging form -1 V to 1 V. b)
IDS − VDS curves measured experimentally for various bulk voltages. Rectifying behaviour showing up
for high values of VDS is clearly visible.

This effect can be explained by considering the influence of the SOI substrate, which modifies the
carrier density in the nanowire depending on the applied drain voltage.

5.1.1 Rectifying Behavior Induced by Substrate-Driven Carrier Modulation

To understand the influence of the bulk on the behavior of the nanowire, let’s analyze what happens to
the current for positive and negative VDS .

• For VDS < 0 some positive charge accumulates in the bulk at the interface with the BOX, conse-
quently the density of majority carriers (holes in this case) in the active silicon layer near the drain
contact is reduced, resulting in a lower current;
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(a)
(b)

Figure 5.5: Space charge plot at VDS=-10 V. a) 3D plot and b) 2D plot corresponding to cut C1 at the
drain contact.

(a) (b)

Figure 5.6: a) Comparison between the IDS-VDS characteristic simulated with (solid lines) and without
(dashed lines) SOI substrate. For negative values of VDS , the total current decreases when the influence
of the substrate is accounted. b) Hole concentration profile in a 1D cut below the drain contact, due to
the positive charge accumulated in the bulk at the interface with the oxide, the number of holes (majority
carriers) decreases in the silicon overlayer.

• For VDS > 0 some negative charge accumulates in the bulk at the interface with the BOX, conse-
quently the majority carrier density in the silicon overlayer increases, resulting in a higher current,
which increases with the applied voltage.
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5.1. PRELIMINARY SIMULATIONS ON A SIMPLE NANOWIRE AT ROOM TEMPERATURE

(a)
(b)

Figure 5.7: Space charge plot at VDS=10 V. a) 3D plot and b) 2D plot corresponding to cut C1 at the
drain contact.

(a) (b)

Figure 5.8: a) Comparison between the IDS-VDS characteristic simulated with (solid lines) and without
(dashed lines) SOI substrate. For positive values of VDS , the total current decreases when the influence
of the substrate is accounted. b) Due to the negative charge accumulated in the bulk at the interface
with the oxide (hole depletion), the number of holes increases in the silicon overlayer.

In any case, the nanowire SET should work in a very low voltage range, on the order of tens of
millivolts, in this range the fabricated devices exhibit correct resistive behavior.
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5.2 Nanowire Field-Effect Transistor

?? Before analyzing the behavior of a nanowire dedicated to the realization of SETs for the readout of
spin quibits, it is useful to simulate a simple FDSOI nanowire FET, that is, a nanowire with a single
gate (hereinafter called the lead gate) that controls the charge population along the entire channel. This
stage is necessary to verify that the device behaves like a regular transistor, and to extract its important
parameters, among all the threshold voltage. Figure 5.9a shows the 3D structure of the simulated FET
nanowire, fabricated from a SOI substrate lightly doped with Boron atoms (NA = 15× 1014 cm−3), with
Source and Drain regions implanted with Phosphorus atoms (ND = 1× 1020 cm−3). Figure 5.9b shows
a 2D cross-section cut along the length of the nanowire.

The nanowire has a cross-section (square) of size 50 nm x 50 nm, one dimension is patterned during
the EBL stage, the other corresponds to the thickness of the silicon overlay of the SOI wafer. The
thickness of the gate oxide surrounding the nanowire is 5 nm.

(a)

(b)

Figure 5.9: Nanowire top-gated FET. a) 3D structure and b) cross secion along the lenght of the nanowire.

In Figure 5.10 the transcharacteristic Id − V g curve of the device is shown, for different nanowire
lengths (i.e. 400 nm, 1000 nm, 2000 nm and 4000 nm). As it can be appreciated, with decreasing length:

• the saturation current increases as the resistance of the nanowire decreases, owing to the reduced
channel length. Since Isat ∝ 1/L in the linear regime, shorter channels exhibit less voltage drop
and allow a higher drive current.

• the SS of the device worsens (i.e. increases), due to short-channel effects such as drain-induced
barrier lowering (DIBL) and increased influence of source/drain potentials on the channel.

• the threshold voltage decreases slightly as the channel length is reduced.
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(a) (b)

Figure 5.10: Id−Vg characteristics of the device for different lengths in a) linear and b) logarithmic scale

5.2.1 Nanowire with multiple gates

A nanowire based device allows for greater control over charge confinement, and also eliminates the par-
asitic current problem observed for planar devices. This is why these types of structures are particularly
interesting in the context of quantum computing based on electrostatically defined quantum dots.

In Figure 5.11 a platform for quantum computing based on a FDSOI nanowire with four gates is
shown, taken from the work presented in [31]. In this case the device is a p-type FET, with a fully
intrinsic nanowire. Gate G2 serves to maintain the confinement of a single hole, whose spin will encode
the quantum information of the qubit. Gates G3 and G4 instead serve to define a hole island used as
reservoir and sensor for hole spin readout. Also in this case the readout is based on the ’Elzerman’ spin-
to-charge conversion method, but instead of using a SET to detect tunneling, dispersive radiofrequency
reflectometry is used. Gate G1 is used to provide a screening from the disorder introduced by the source
region.

(a) (b)

Figure 5.11: a) Three-dimensional representation of a SOI nanowire device with four gates and b) SEM
image of the device [31].
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The simulated structures can be easily adapted to a similar configuration. Figure 5.12 shows 3D views
of the simulated devices, with three and five gates.

Figure 5.12: Simulated FDSOI nanowire-based qubit platform, featuring devices with three (left) and
five (right) wrap-around gates.

In the following, some simulations performed on a nanowire device with five gates are presented.

(a) (b)

Figure 5.13: a) Electron density (top) with barrier gate voltage Vb = 0.3V and conduction band profile
(bottom) for Vb from 0.0 V to 0.3 V. Minima correspond to gate positions, maxima to uncovered regions.
b) Conduction band profile at Vb = 0.0V versus temperature, showing band flattening at low temperatures
due to lack of thermally generated carriers.
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Figure 5.13a (upper plot) shows the electron density in the device with equal barrier gate voltages
applied, set to Vb = 0.3V. The plot below displays the conduction band profile along the nanowire
channel for Vb ranging from 0.0 V to 0.3 V. The minima of the conduction band correspond to the
positions of the barrier gates, while the maxima appear in the uncovered regions.

Figure 3.13b shows the conduction band profile for Vb = 0.0V as a function of temperature. It is
interesting to note the flattening of the band diagram at low temperatures, caused by the lack of thermally
generated carriers capable of screening the potential.

The presented structure is not very robust in terms of convergence due to the multiple voltages that
must be managed, which makes the system more unstable, especially at low temperatures. Therefore, in
the following sections, a similar structure with only three gates will be discussed, specifically designed to
operate as a single-electron transistor.

5.3 Nanowire SET low-T simulations

In this section, we discuss a nanowire-based SET, which operates on principles very similar to the planar
device described in the previous chapter. Figure 3.13 shows some reference devices reported in the
literature [41][12].

(a) (b)

Figure 5.14: Examples of nanowire-based SETs, consisting of three gates to control the tunneling barriers
and an upper gate to modulate charge accumulation in the channel and in the quantum dot. a) Schematic
representation of the device presented in [41]. b) Top view and cross-sectional view of the device discussed
in [12].

Figure 5.15 shows the structure of the simulated device. The dimensions and materials used are
almost identical to those of the planar SET; however, in this case, the intermetal oxide separating the
upper gate from the barrier gates is silicon oxide instead of aluminum oxide.
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(a) (b)

Figure 5.15: Nanowire SET structure. a) 3D view and b) 2D cut along the nanowire length. For these
specific simulations the nanowire has a length of 300 nm, a square cross-section of 50 nm x 50 nm and
aluminum gates with a thickness of 30 nm, separated by a distance of 30 nm.

Given the simplicity of this configuration, the simulations are more robust at low temperatures, which
is why it is possible to perform analyses for temperatures down to T=20 K before convergence problems
arise.

Figure 5.16a shows a 3D plot of the spatial distribution of electrons in the structure at room temper-
ature, for a gate voltage value well above the threshold, so as to create a well-defined conduction channel,
while the barriers are kept at Vb1 = Vb2 = 0.0 V so as to locally deplete the regions below them and
provide the confinement. Referring to the transcharacteristic of the nanowire FET shown in Section ??,
the lead gate was set to Vlead = 2.0. Under these conditions the electron density in the quantum dot is
of the order of 1019 electrons/cm3, having a quantum dot with dimensions equal to 50 nm x 30 nm x 5
nm, or 7500 nm3, we can estimate that the number of electrons in the dot is of the order of 102.

Figure 5.16b shows a cross-section of the channel (upper plot), with the tunneling rate of electrons
through the barriers, and the conduction band profile (lower plot) in the 1D cut corresponding to the
black dashed line in the cross-section. At room temperature, the charge flow is not completely localized
at the interface of the silicon with the gate oxide, resulting in electrons flowing also in the lower part of
the nanowire, where tunneling is observed through a peak in the conduction band profile, approximately
at the center of the QD. This contribution disappears at low temperatures, as shown in Figure 5.17.
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(a) (b)

Figure 5.16: a) Electron density distribution in the device, for VLead = 2.0 V and VB1 = VB2 = 0.0 V,
b) section of the nanowire with electron tunneling rate for the same voltage values and conduction band
profile corresponding to the black dashed line.

Figure 5.17: Electron tunneling rate: comparison between T=293 K and T=18 K.
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As can be appreciated from the conduction band profile, the potential barriers formed by the barrier
gates are too thick (about 30 nm) to observe significant tunneling. The major contribution to the
tunneling current is given by the electrons close in energy to the energy maximum of the barriers (in a
range of some millielettronvolts), where the profile is more tapered and the thickness perceived by the
electrons is smaller, also due to the Fowler-Nordheim (FN) effect caused by the voltage VDS . However,
for temperatures outside the millikelvin regime, the noisy current contribution due to thermionic emission
will always be larger than that due to tunneling, making it impossible to distinguish single-electron effects
(Figure 5.18).

Figure 5.18: Plot of the conduction band profile in the channel at room temperature, along with the
corresponding electron distribution. The parabolic approximation was used for the density of states. Due
to thermal broadening, a significant number of electrons have enough energy to overcome the potential
barriers via thermionic emission, while only a small fraction of electrons are energetically aligned with the
conduction band maximum, where the barrier thickness allows for an appreciable tunneling probability.

5.3.1 Low-T simulations

In order to maximize the tunneling-to-thermionic current ratio, the device must operate in the millikelvin
regime. At temperatures near absolute zero the Fermi distribution becomes abrupt (Figure 5.19a. Thus, if
the voltages applied to the barrier gates are such that the quasi-Fermi level of the electrons is energetically
aligned with the barrier maximum (this occurs near the threshold voltage for the barriers), no electrons
will have enough thermal energy to tunnel through the barriers, but there will be a considerable amount
of electrons available to tunnel through the tips of the barriers (Figure 5.19b).
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Figure 5.19: a) Fermi distribution for temperatures ranging from T = 293 K to T = 0 K. b) Schematic illus-
tration of electron tunneling through the electrostatically defined barrier; at absolute zero, the thermionic
current contribution is zero.

In this regard, the role of the Source-Drain voltage plays a fundamental role. In fact, due to the
potential drop, localized almost entirely on the barriers since it is the region with the highest resistance,
the top of the barriers assumes a triangular shape due to the resulting electric field. As a consequence,
electrons energetically aligned with the maximum of the barriers perceive a reduced thickness and the
tunneling rate is significantly higher than direct tunneling, which instead occurs through the entire
thickness of the barriers, in the underlying part. This effect is known as Fowler-Nordheim tunneling [24],
and is also the main tunneling mechanism through the gate oxide in nanometric transistors.

(a) (b)

Figure 5.20: a) Fowler–Nordheim tunneling through an intermetal layer of aluminum oxide [24]. b)
Simulated band diagram at T = 26 K of the nanowire-based SET.
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Figure 5.20b shows the conduction band profile under conditions of fully formed inversion layer
(VLead=2.0 V) and barrier gate voltage close to the threshold (Vth = 0.1 V) for the minimum tem-
perature that was possible to simulate in this condition, i.e. T = 26 K. The FN effect is appreciable,
however the temperature is still too high to have zero thermionic current. Indeed, at this temperature
the thermal energy is of the order of some electronvolt:

∆E = kBT ≈ 2.24 meV (5.2)

Another reason why these devices need to work at low temperatures has already been discussed in Chapter
2 and concerns the charge energy of the QD. As already mentioned, to observe single-electron effects, the
charge energy of the QD must be much larger than the thermal energy of the electrons:

EC ≫ kBT =⇒ T ≪ EC

kB
(5.3)

This requirement becomes more stringent for larger QDs, which have a higher capacitance and therefore
a lower charge energy. Furthermore, it should be considered that temperature has a detrimental effect on
the decoherence times of spin-qubits; in general, quantum computing systems always operate in cryogenic
apparatus.

Due to convergence issues, it was not possible to obtain a reliable description of the device in the
millikelvin range. Instead, we extracted the temperature dependence of the main parameters. To enable
this, the simulation was adapted to be more robust at low temperatures. In particular:

• The hydrodynamic model with Fermi statistics was used [35]. The expressions for the current
densities in the hydrodynamic model, used for solving the continuity equations, are:

J⃗n = µn

(
n∇EC + kTn∇n− nkTn∇ ln γn + λnf

td
n kn∇Tn − 1.5nkTn∇ lnmn

)
(5.4)

J⃗p = µp

(
p∇EV − kTp∇p+ pkTp∇ ln γp − λpf

td
p kp∇Tp + 1.5pkTp∇ lnmp

)
(5.5)

where the first term accounts for the carriers drift due to the spatial variations of electrostatic
potential, electron affinity, and the band gap, the second one is the diffusion term, the third one
corrects for Fermi–Dirac statistics in highly doped or low-temperature regimes, the fourth term is
the diffusion term and takes into account the current generated by temperature gradients (Seebeck
effect), the last one is related to variations of the effective mass in the device. The reason why this
model is more robust at low temperatures than the classical drift-diffusion model lies in the third
term, which accounts for semiconductor degeneration under low-temperature conditions.

• A model for incomplete activation of dopants has been employed [35], since at low temperatures
the thermal energy kBT is not high enough compared to the activation energy of dopants (Phos-
phorus) in Silicon to ensure complete ionization of the dopant species. Since ND,0 and NA,0 are
the substitutional (active) donor and acceptor concentrations, the concentration of ionized dopants
is given by:

ND =
ND,0

1 + gD exp
(

EF,n−ED

kT

) =
ND,0

1 + gD
n
n1

for ND,0 < ND, crit (5.6)

NA =
NA,0

1 + gA exp
(

EA−EF,p

kT

) =
NA,0

1 + gA
p
p1

for NA < NA, crit (5.7)
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with n1 = γnNC exp
(
−∆ED

kT

)
and p1 = γpNV exp

(
−∆EA

kT

)
, where γn, γp are coefficients that account

for the Fermi statistics.

• The carrier temperature equations are solved together with Poisson and carrier density equations in
a quasi-static loop to gradually lower the temperature, following a sequence of similar quasi-static
loops used to ramp all terminal voltages to their final values. This approach improves convergence,
but its drawback is that it does not allow for other kinds of analysis once the minimum temperature
is reached, as the system becomes highly sensitive and unstable in that regime.

In figure 5.21 the conduction band profiles and quasi-Fermi levels of electrons of the 300 nm long SET
Nanowire are shown for different temperatures, down to the minimum achievable, i.e. 18 K. For clarity,
only the quasi-Fermi levels at room temperature and at 18 K are shown.

Figure 5.21: Conduction band profile for temperatures ranging from T = 293 K to T = 18 K. The electron
quasi-Fermi level is shown for the two extreme temperature values. At low temperatures, fewer electrons
have sufficient thermal energy to overcome the barriers. As a result, the barrier region becomes more
resistive, and the entire voltage drop occurs across it.

At sufficiently low temperatures, the MOSFET channel becomes degenerate, as theorized in [21, 37],
due to the electrostatically induced inversion layer and the sharp occupation of energy states near the
conduction band edge, as electrons follow a step-like Fermi-Dirac distribution.

In Figure 5.22 we plot (in linear and logarithmic scale) the drain-to-source current when the gate
voltage is well above the threshold (VLead = 2.0 V, i.e. the channel is completely formed) and the voltage
applied to the barriers are Vb = 0.0 V and Vb = 0.1 V. The plot shows what was previously stated in
Chapter 4 about the planar structure, in fact the application of a positive voltage at room temperature
decreases the current but is not able to cut the conduction, since the channel can bend towards the
substrate. At very low temperatures this effect vanishes, the only possible conduction occurs in a thin
layer at the interface with the oxide and therefore a positive barrier voltage leads to a current of almost
six orders of magnitude smaller at T=18 K. It is reasonable to expect that at millikelvin temperatures
the current is practically zero for the same applied voltage.
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(a) (b)

Figure 5.22: Drain current as a function of temperature (down to 18 K) for barrier gate voltages of Vb
= 0.0 V (blue line) and Vb = 0.1 V (red line), shown in a) linear and b) logarithmic scale. The plots
indicate that at room temperature, a gate voltage of Vb = 0.0 V is not sufficient to suppress conduction,
as already discussed in the previous chapter, whereas at low temperatures it is.

Figure 5.23 instead shows a 2D colored plot at T=20 K of the drain-to-source current as a function
of the barrier voltage and the lead gate voltage, in a range that includes both thresholds. As expected
from the literature (see Figure 2.12), a rectangular window is obtained for which significant conduction
occurs. In fact, to have a conductive channel, the lead gate voltage must be sufficiently positive to create
the inversion layer, and the barrier voltage must be such as not to induce depletion in the channel.

(a) (b)

Figure 5.23: Colored plot of the drain current as a function of VLead and Vb in a) logarithmic and b)
linear scale, simulated at T = 20 K. The plots show well-defined thresholds, with the device turning on
completely over a range of a few tens of millivolts.
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(a)

(b)

Figure 5.24: Comparison of a) electron density and b) electron current density in the device at T =
293 K and T = 18 K. The applied voltages are the same (i.e., VDS = 0.01 V, VLead = 2.0 V, and
Vb1 = Vb2 = 0.0 V), showing that conduction is effectively suppressed only at low temperatures. Figure
3.13 further illustrates that at T = 18 K, conduction is strictly confined to the electrostatically induced
electron channel, which is localized in a thin layer at the interface with the gate oxide.

71



Conclusions

The objective of this thesis was to develop a simulation model for gate-defined Single-Electron Transistors,
in order to investigate the electrical behavior of devices currently under development at IMB-CNM, to
guide their fabrication process, and to get as close as possible to the device’s real working point. A
trade-off between physical accuracy and simulation time led to the choice of TCAD simulations using
Sentaurus by Synopsys, and in particular the semiclassical model based on the self-consistent solution
of the Poisson and carrier density equations, i.e., sdevice. This allowed for straightforward investigation
of fabricated devices and comparison of simulation results with electrical characterizations performed at
room temperature, assisting in the correct interpretation of the observed behaviors. In particular, the
rectifying behavior observed in FDSOI nanowire-based devices was highlighted, caused by the influence
of the substrate on the active silicon layer, which modifies the majority carrier concentration at high
applied voltages, and the effect of fixed charges at the oxide/semiconductor interface in planar devices,
which results in a parasitic current that cannot be modulated by the lead gate, but can be modulated by
the barrier gates due to the device layout.

However, this type of simulation does not allow for the study of single-electron effects or device be-
havior in the temperature range in which they are intended to operate, i.e., in the millikelvin regime.
Switching to more advanced quantum transport models could solve both problems, providing greater
robustness at ultra-low temperatures. The simulations performed were nonetheless adapted to achieve
convergence at the lowest possible temperature, namely 18 K. This was done by adopting the hydrody-
namic model with a quasi-stationary final ramping on temperature. The WKB model used to estimate
the tunneling rate gives reasonable results, although at temperatures higher than a few millikelvin, the
tunneling current is always negligible compared to the thermionic contribution.

Nevertheless, simulations allow for the extraction of meaningful results on the potential profile along
the channel and the effect of different applied voltages, as well as on temperature dependence up to 18
K. Further studies could focus on the influence of materials and geometries on device behavior, as well
as on the analysis of capacitive contributions, which determine the charging energy of the dot and the
Coulomb blockade behavior.
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