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Abstract

This thesis presents a theoretical study of electron transport in small electronic
devices, especially Single-Electron Transistors (SETs) and quantum dots (QDs).
At very small sizes, traditional electrical behavior changes, and new effects like
tunneling, charge quantization, and Coulomb blockade become important. These
effects help explain how electrons move one at a time in controlled ways, which
is useful for building energy-efficient and highly sensitive devices.

The work starts by examining SET's with metallic islands, where electron flow
is blocked or allowed based on the charging energy and the applied gate voltage.
Then, it focuses on quantum dots, which are even smaller regions where electrons
are confined, leading to discrete energy levels. The study shows how gate voltage
can tune the energy levels and control the flow of electrons through the device.
The resulting patterns, called Coulomb diamonds, are explained using simple
energy models.

Later sections explore more complex processes such as co-tunneling and the
Kondo effect. These occur when electrons interact strongly or when regular
tunneling is blocked. These processes change how current flows through the
device, especially at very low temperatures.

The thesis also discusses thermal transport in Single-Electron Devices, where
not only charge but also heat is carried by electrons. It explains how heat trans-
fer is influenced by factors like charging energy, gate voltage, and temperature.
The study shows that under certain conditions, classical laws such as the Wiede-
mann—Franz law do not hold. These findings are important for understanding
energy flow in nanoscale systems and can help in designing low-power and ther-
mally efficient devices.

The models and concepts discussed in this work are supported with mathe-
matical analysis and diagrams to improve understanding. Although the study
is theoretical, it connects closely with experimental observations. Overall, this
thesis provides a strong foundation for understanding electron and thermal trans-
port in nanoscale systems and supports future research in nanoelectronics and

device design.
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Introduction

In recent years, the miniaturization of electronic components has led to grow-
ing interest in how quantum effects influence charge and heat transport at the
nanoscale. Devices such as Single-Electron Transistors (SETs) and quantum
dots (QDs) have become important in this field because they allow control over
individual electrons.

This project explores how effects like tunneling and Coulomb blockade affect
electron transport in SETs. At very small scales, classical models no longer apply,
and quantum behavior becomes dominant. In metallic islands, energy levels
are nearly continuous, and transport is mainly governed by charging energy.
In contrast, quantum dots exhibit discrete energy levels due to confinement,
resulting in more complex and tunable transport behavior.

The thesis also discusses higher-order effects such as co-tunneling and the
Kondo effect. These become relevant when simple sequential tunneling is blocked,
especially at low temperatures. In such cases, electrons can still pass through
the device using virtual intermediate states or through spin interactions, altering
the overall conductance.

In addition to charge transport, this study also looks at thermal transport in
Single-Electron Devices, where electrons carry heat as well as charge. Heat flow
in these systems depends on factors like gate voltage, temperature, and charging
energy. At the nanoscale, the usual rules that relate heat and charge trans-
port—such as the Wiedemann—Franz law—may no longer apply due to strong
electron interactions. Understanding this behavior is important for designing
energy-efficient and low-power devices.

Overall, this work provides a theoretical understanding of both charge and
heat transport in nanoscale systems. It connects fundamental physics with po-
tential applications in nanoelectronics, and may help guide the design of future

advanced devices.



Chapter 1

Quantum charge transport
through Single Electron
transistor(SET)

A single-electron transistor (SET) is a tiny electronic device that controls the
flow of one electron at a time. It works like a regular transistor, which can turn
electrical signals on or off, but at a much smaller scale. The SET uses a special
effect called "quantum tunneling ” where electrons can pass through barriers
even if they seem unable to.

Why do we need SET over reqular transistors? We need Single-Electron
Transistors (SETs) over regular transistors because they offer precise control of
individual electrons, making them ideal for highly sensitive and low-power ap-
plications, especially at the nanoscale. Unlike regular transistors, which struggle
with leakage and heat as they shrink, SET usages quantum effects like tun-
neling and energy quantization to operate efficiently at extremely small sizes.
This makes them crucial for future technologies such as quantum computing and
ultra-sensitive sensors, where traditional transistors face limitations in perfor-
mance and scalability. Single electron transistors (SETSs) can be implemented
using either metallic islands or quantum dots, each offering unique ways to con-

trol electron flow at the nanoscale.

1.1 SET with metallic island:

Metallic islands are small conducting regions separated by insulating barriers,
known as tunnel junctions, from the source and drain electrodes. Due to quantum
tunneling, metallic islands allow electrons to pass through only one at a time,

making them crucial for applications requiring precise control of electron flow.
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At room temperature, thermal fluctuations provide electrons with sufficient
energy to surpass the Coulomb blockade barrier (the regime of zero conduction),
leading to continuous rather than discrete tunneling events. To overcome this,
the thermal energy kg7 must remain much smaller than the charging energy
E. = %, where e is the electron charge and C' is the capacitance of the island.
The charging energy represents the energy needed for an electron to overcome
Coulombic repulsion from the other electrons in the island. Metallic islands,
generally tens to hundreds of nanometers in size, exhibit a quasi-continuous
energy spectrum due to their relatively large dimensions. In contrast, quantum
dots(we’ll see in the next chapter2), which are much smaller-often only a few
nanometers exhibit strong quantum confinement, resulting in discrete and well-
separated energy levels. We can think of the Quantum dot as a particle in a
box, which restricts electron movement and forces them into specific quantized

states.

1.2 Charge Transport

In a SET, electron transport across the metallic island is mainly governed by the
Coulomb blockade and precise control over individual tunneling processes.The
metallic island, positioned between the source and drain lead and isolated by
thin insulating barriers, acts as a confined region where individual electrons can
tunnel in and out under specific conditions. The transport of electrons through
the metallic island is influenced primarily by two factors: charging energy and
thermal energy. Due to the small size , the energy required to add an additional

electron, known as the charging energy F,. = £ creates an electrostatic barrier

2C
that prevents electrons from freely entering the island unless a certain energy
threshold is met. When the thermal energy kg7 (where kp is Boltzmann’s
constant and 7T is temperature) is lower than the charging energy, the island is
in a regime of Coulomb blockade, effectively preventing electron transport at low
gate voltages(Dark blue region in Fig.1.1). To overcome this blockade, we use the
gate voltage (V;) that influences the electrostatic potential of the metallic island.
By adjusting the gate voltage, the Coulomb blockade can be lifted periodically,
allowing an electron to tunnel onto the island from the source lead, and then
from the island to the drain lead. This tunneling occurs in a controlled discrete
manner, with electrons moving one by one, as the gate voltage cycles through
the conditions that align with the charging energy requirements. This results in
Coulomb oscillations in the current, with each peak (Conductance)representing

a single-electron tunneling event.



Since the size of the metallic island is in the range of nanoscale, which is
small enough to show quantum effect like the tunneling, which leads to the flow
of charge, but not small enough like a Quantum dot for its energy level to be
discretized. So the island’s energy depends only on the charge it holds, its ca-
pacitance(C), the surrounding electrostatic environment, and any gate voltages.

Thus the electrostatic energy of the island is given by|[?]

(Ne)?
Eq = o Neg, (1.1)
where: (]\2%)2 is the coulomb charging energy for N electron, which is the energy

required to add N electron into the QD. Neg, = E, is the potential energy of
the charge(Ne)of the QD due to the gate voltage(V}).

So, in the above equation, we can see that because of the non-discreteness of
the energy level the energy due to the discrete level is not included, which will be
included in the case of a Quantum dot. In a metallic island, the energy levels are
not typically discrete. They usually have a high density of states, meaning that
the energy levels are effectively continuous due to the large number of available
electron states. This is because the island contains a large number of atoms,
leading to closely spaced energy levels, which can be treated as a continuum. So,
no strict energy quantization for individual electron levels occurs. As a result, an
electron in the source can tunnel into the metallic island without being required
to match a specific discrete energy level E (NN + 1) (the energy state associated

with an extra electron within the quantum dot).

So, thus the energy cost (required) for tunneling into (4) or out (—) of the
island, AEZE | is determined by the surplus electron count and the applied voltage

i,n?

across the island and is given by[6]:(Detail derivation in AppendixA).

wn o

1
AEE = +£2F, (n —n, + 5) + eVi, (1.2)

Where: E, = % is the charging energy, which is significant in small islands.
ng = % is the gate-induced charge, where (|, is the gate capacitance, and V
is the gate voltage. n is the number of electrons in the island. C' = C; +Cy + C
is the total capacitance, summing the capacitances between the island and the
source electrode, drain electrode, and gate terminal, respectively. V,; = k;V}

is the portion of the externally applied potential difference dropped across each

C1Co
C1+Co

tunnel junction ¢, with k; = %, where C = is the equivalent capacitance.
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Figure 1.1: The charge stability diagram for an SET(Metallic island)(Adapted
from [7])

1.3 Coulomb diamond

In a SET device, the transfer of electrons between the leads and the central island
occurs under specific energy conditions controlled by the system’s electrostatic
configuration.; tunneling occurs only when the energy cost is low enough such
that the chemical potential of Dot(u4) aligns with or lies between the source and
drain lead’s Fermi level. When this tunneling take place we get current which
can be seen as a light blue and red region in Fig.1.1 . When the energy of
the electron is not enough for tunneling then this creates Coulomb blockade
regions where charge transport is blocked, forming Coulomb diamonds(Dark blue
region in Fig.1.1) in a plot of gate voltage V, versus bias voltage V;. In the plot
ng = Gals Qo ng < V,. Where, n, is the average occupancy number of electrons
in the island.Within each Coulomb diamond, the metallic island maintains a
fixed and stable number of electrons. However, at the charge degeneracy points
the intersections between adjacent diamonds—the island becomes energetically
favorable to fluctuate between two neighboring charge states. The dimensions of
the Coulomb diamonds are governed by the charging energy E.. Along the n,
(or gate voltage V) axis, the diamonds span a range of %, while along the bias

voltage V}, axis, their extent is %



Chapter 2

SET with Quantum Dot

In a SET based on a quantum dot(QD),charge transport occurs through the
quantum tunneling of individual electrons same as that of metallic island. A
quantum dot is in the nanoscale region much smaller than that of the metallic
island, so it confines electrons, acting like an artificial atom with discrete energy
levels. The quantum dot is located between two metallic leads (source and drain)
and is connected to a third terminal, the gate, which controls the potential of
the dot. As a result, it controls the position of the energy level of the Dot,
which the tunneling electron can occupy. It is separated from the leads by
tunneling barriers, which are thin insulating layers that electrons can quantum

mechanically tunnel through.

2.1 Charge Transport

Charge conduction across a nanoscale quantum system involves the process of
electrons moving between the quantum device and leads, typically governed by
quantum tunneling, energy quantization, and electrostatic phenomena such as
Coulomb repulsion.Unlike a continuous band of energy levels found in larger
materials like the metallic island, a quantum dot has discrete, quantized energy
levels due to its small size and quantum confinement effects. Because of which
the total electrostatic energy of the Quantum Dot (QD) depends not only on
the charge in it and the gate voltage (V;) but also on the Sum of the energy of
the discrete level in the QD where the electron are occupied.

So, the expression of the total energy of the QD is given by|[6]:

Eia(N) =Y &, + Ea(N) (2.1)

where:
10



Figure 2.1: Energy level schematic of a quantum dot: (a) illustrating the

Coulomb blockade regime, and (b) depicting single-electron tunneling events.

o Fq(N) = (]\2[2)2 — Negey is the electrostatic energy of the QD due to its
charge in it and the gate voltage.(¢est = D %Vexm is the potential due to

the external reservoirs or gates.)

e The expression Zp ep represents the total energy accumulated from all

occupied discrete energy levels.

The term Zp ep accounts for the total quantum mechanical energy contributed
by electrons occupying the discrete energy levels within the quantum dot.

The energy difference between the quantum dot and the Fermi level of the leads
defines the energy required for adding an extra electron into the quantum system,

which can be expressed as[11]:

1(N) = Eiorar(N + 1) — Etotal (V) (2:2)
Substituting from earlier expressions(3.1), we get(Detail derivation in Ap-
pendix B):
((N) = eny1 — €Pext + (]V+—Cl,/2)62 (2.3)
Hege, en+1 denotes the energy of the (N + 1)th discrete electron level, while
(N+3)e

& — represents the Coulomb energy required to add the (N + 1)th electron.
Together, these terms define the total energy cost associated with the tunneling

of an additional electron into the quantum dot.

2.1.1 Influence of gate voltage on charge transport in QD

Charge flow through a nanoscale quantum system (QD) is regulated through the
applied gate voltage (V,), which adjusts the discrete energy levels within the QD
via modulation of its chemical potential (yg). . This adjustment influences the
electron tunneling criteria relative to the connected source and drain terminals.

The charge induced on the QD by the gate voltage is given by:

Qext = CgVy = nye (2.4)
11



where: C, is the capacitance between the QD and the gate, Vj is the gate voltage,
nge is the charge induced on the QD.

The tunneling condition depends on the chemical potential of the QD u(N).
When p(N) = 0(i.e. when the fermi levels of the leads and the DOT are aligned),

the tunneling energy cost is zero. So,the equation(2.3) becomes :

(N +1)e?
€Pext = EN41 T T) (2.5)
Substituting ¢ in terms of gate voltage yields:
Qexi G,V
Pext = Ct = gc,g =aV, (2.6)
where o = % is the gate coupling factor.
The tunneling condition becomes:
N +1)e?
eaVy = eni1 + N+ 1De? (2.7)

2C

Thus, the conductance of the QD oscillates with V, reaching a maximum
when the condition is satisfied. Each conductance peak corresponds to the ad-

dition of one electron to the QD.

Periodicity of Conductance Oscillations

The periodicity of conductance peaks is determined by the energy required to

add an electron (E,qqorAp )Fig.2.1, given by:
Eadd = 604A‘/g =0F + 2Ec (28)

where 0F denotes the energy spacing between adjacent single-particle energy
levels, 2E.is the Coulomb charging energy, « is thegate coupling factor and AV,
is the gate voltage spacing between conductance peaks.

This equation explains the periodic nature of the conductance oscillations in

QDs, with each period corresponding to the addition of one electron.

2.2 Coulomb diamond analysis

In Fig.2.2, the distinct diamond-like patterns indicate regions of charge stabil-
ity and are typically identified by the term Coulomb blockade diamonds|8, 13].
Within these regions, charge transport is suppressed due to the Coulomb block-
ade.The junction of two neighboring diamonds marks the degeneracy point in

the charge state, a condition under which the energy required for additional
12



electron occupancy becomes negligible. Features beyond the Coulomb blockade
area reflect the quantized energy states within the quantum dot.

In the figure(2.2),the green lines running parallel to the edges of the coulomb
diamond are the excited state corresponding to a certain ground state to which
it intersects.

The energy level spacing 6 E can be determined from the bias voltage difference
oVs.
If red lines appears then it means that at certain biasing voltage Vj, the ground

and the excited state comes under the bias window.

2.2.1 Linear equations corresponding to Coulomb dia-

mond

The current-voltage (I-V') characteristics of the quantum dot display sharp steps
whenever the dot’s chemical potential ;14 matches the energy level of the leads.

The Coulomb diamonds arise from the alignment conditions of the dot’s chem-
ical potential with the leads, i.e. the degenerate state. These are described by

the linear equations (Detailed derivation in Appendix Csection 1):

Vo = BV, + K, (2.9)
Vi, = =0V, + k, (2.10)

where, V; is the bias voltage, and V, is the gate voltage.$ is the slope of the
positive edge of the coulomb diamond which corresponds to the boundary con-
dition i.e when the chemical potential(jus) of source(lead 1) align with chemical
potential (pgo) of QD. And on the other hand ' is the slope of the negative edge
of the coulomb diamond which corresponds to the another boundary condition
i.e when the chemical potential(jg) of drain(lead 2) align with chemical potential

(taor) of QD.
The slopes 8 and (' are given by:

_ Cg
N Cd+Cg’

B = % (2.11)

g

Here, C, denotes the capacitance linking the quantum dot and the gate,
C; serves as the capacitance linking the quantum dot and the source, and Cjy
corresponds to the capacitance linking the quantum dot and the drain. The total

capacitance of the system is given by:

C:CS-I—Cd-f-Cg.
13
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Figure 2.2: A Coulomb diamond plot depicts electron transport through a quan-
tum dot as a function of the bias voltage V}, and the dimensionless gate voltage
ng. The diamond-shaped shaded areas represent regions of Coulomb blockade,
where electron flow is inhibited. Outside these regions, sequential tunneling is
allowed due to favorable energy conditions.The insets illustrate the alignment of
energy levels between the electrochemical energies of the source (u,) and drain
(iq) terminals and the electrochemical potentials p(N), pu(N + 1), etc., of the
confined region (quantum dot), emphasizing resonant tunneling conditions and

transitions between charge states at the diamond boundaries.

Capacitive Coupling: The capacitive coupling between the dot and the
source/drain can be extracted from the slopes of the Coulomb diamond edges.
This asymmetry is described by the ratio Cy/Cs (Detail derivation in Appendix
C section 2):

Ca (1
o =8 (5—1). (2.12)

If the ratio % = 1, the coupling is symmetric, meaning the quantum dot is
equally coupled to both the source and the drain. If % > 1, the quantum dot is
more strongly coupled to the drain. If % < 1, the quantum dot is more strongly

coupled to the source.

Gate Coupling Factor (Lever Arm):The parameter «, often termed the
lever-arm, plays a crucial role in linking variations in the quantum dot’s chemical
potential Ay with corresponding changes in the gate voltage AV,.This factor can
be directly obtained from the slopes 5 and 5’ as (Detail derivation in Appendix
C section 30):

(2.13)



2.3 Charging Energy and Diamond Extents

One can estimate E,. by examining the extent of the diamond-shaped stability
regions plotted against both gate and bias voltages in transport measurements of
a quantum-confined structure.The period of conductance oscillations corresponds

to the energy required to add an electron,and this is defined as:
Faa=2E.+0F (2.14)

where,0 ' denotes the separation among the quantized energy levels within the
confined QD.
Horizontal extent :The horizontal extent of the Coulomb diamond (along

the V-axis in Fig.2.2) is related to the addition energy by

FEaqaCy
e

AV, = (2.15)

This equation tells us that the horizontal width AV, of the coulomb diamond
provides information about the addition energy FE,44 in relation to the gate ca-
pacitance Cj; and the lever arm «. In other words, by measuring the span of the
Coulomb blockade region along the Vj-axis, we can estimate the electron addition
energy of the quantum dot.A larger AV, means a larger addition energy which
indicates either a high Coulomb charging energy FE,44,which indicates either a
high Coulomb charging energy E., large quantum confinement (leading to large
dE)or both.
Vertical extent: Similarly,the height of the diamond-shaped region in the
V, direction, as shown in Fig.2.2, offers an alternative way to determine the
addition energy.:
N (2.16)

e
This equation shows that the vertical height AV} of the Coulomb diamond is

proportional to the addition energy FE,43. In other words, by measuring the
height of the Coulomb diamond along the V}, axis, we can directly estimate the
addition energy. A larger AV} indicates a larger addition energy. This means
that a larger bias voltage is needed to overcome the Coulomb blockade and allow

electron transport.
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Chapter 3

Higher-Order Tunneling

In contrast to sequential tunneling discussed in the previous Chapter2, where sin-
gle electrons tunnel one by one through the quantum dot (QD) or metallic island,
co-tunneling represents a higher-order process that dominates in the Coulomb
blockade regime[10].. When sequential tunneling is blocked, second-order co-
tunneling allows charge transport through the simultaneous tunneling of multi-
ple electrons across the system. This process involves the quantum dot briefly
occupying virtual intermediate states, which are not directly observable but en-
able the system to bypass the Coulomb blockade. The nature of co-tunneling
depends strongly on the coupling strength between the leads and the quantum
dot or metallic island. Co-tunneling is classified into elastic and inelastic pro-
cesses. In elastic co-tunneling, an electron tunnels in and out of the quantum dot
or metallic island, leaving it in its ground state. This process dominates at low
bias voltages, where the applied energy does not excite the system. In contrast,
inelastic co-tunneling occurs when the quantum dot is left in an excited state af-
ter the tunneling event. This requires the external bias |eV}| to exceed the energy
gap 0 F between the ground and excited states of the dot. Consequently, inelas-
tic co-tunneling sets in at higher bias voltages, contributing additional transport

channels.

3.1 Regimes in the Co-tunneling process

There are two regimes : one consists of elastic processes only, and the other
includes elastic and inelastic contributions.

Elastic-only regime: Only elastic co-tunneling occurs. This typically hap-
pens at low-bias voltages because the energy the bias provides is insufficient to
excite the quantum dot.

Elastic and inelastic regimes: As the bias voltage increases and surpasses
16



V(mV)

Figure 3.1: Conductance diagram of the quantum dot (QD) showing the in-
fluence of higher-order tunneling processes across multiple electron occupancy

regimes(Adapted from[3]).

a certain threshold (the excitation energy of the dot), both elastic and inelastic
co-tunneling can occur. Inelastic co-tunneling becomes possible because the bias
now supplies sufficient energy to elevate the quantum dot to an excited state

with an elevated energy level.

These two regime can be seen in the coulomb diamond diagram figl.In the
region where the N(average occupancy no.)= odd, the 1st regime can be seen,
and in N=even, the 2nd regime can be seen. Both these co-tunneling processes
are virtual processes, which means that the electron that tunnels through the dot
does not actually occupy an energy level in the quantum dot for a measurable

amount of time. It tunnels through a virtual intermediate state.

Transition between the Regimes: The transition between these Regimes
an be sharper than the characteristic lifetime broadening of the dot’s energy
levels[2].It means that this transition is governed by a specific threshold in the
applied bias voltage, marking the onset of inelastic co-tunneling. In this regime
(typically observed in the Coulomb diamond region where the electron number N
is even, which is control by the gate voltage), the quantum dot make transitions
from only elastic processes to allowing both elastic and inelastic co-tunneling. The
bias voltage threshold corresponds to the first excitation energy of the confined
quantum system, defined as the separation in energy (6 E) from the ground state

to its first excited configuration.
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Figure 3.2: Stability diagram plotted in the plane of the source-drain voltage V4
and gate voltage V;.(Adapted from [3]).

3.2 Stability diagram

The stability diagram (Fig. C) of a generic quantum dot can be obtained by

dl

o as a function of the bias voltage V4

plotting the differential conductance
and the gate voltage V.

The stability plot depicts electron transport behavior in a quantum dot,
mapped against variations in both source—drain voltage V,; and applied gate
voltage V,, emphasizing Coulomb blockade effects and transitions among various

tunneling regimes.

(a) Stability Diagram Overview:

The Coulomb diamonds (grey regions) represent the Coulomb blockade, where
no current flows due to insufficient required energy to introduce a further electron
onto the confined quantum system.Within each diamond, the QD maintains a
fixed electron number(N, N + 1, N — 1). The slanted edges of the diamonds
correspond to the alignment of QD energy levels with the Fermi levels of the
leads, allowing sequential tunneling (first-order transport). Vertical dotted lines
inside the diamonds indicate the onset of inelastic co-tunneling, where the bias

voltage (eVyq) provides enough energy to excite the QD.

Transport Mechanisms:

1. Sequential Tunneling Through Ground and Excited States (Fig-
ures3.2 b, e):
18



(b) and (e) represent sequential tunneling via the first excited energy level
of the quantum dot. When the QD energy levels align with the Fermi
levels of the leads, electrons tunnel through the dot one by one, either via
the ground state or the excited state. These processes occur outside the

Coulomb blockade region, along the edges of the diamonds.

2. Elastic Co-Tunneling (Figure3.2 c):

Inside the Coulomb blockade (light grey regions in Fig.3.2), transport oc-
curs via second-order processes. One electron virtually tunnels into the QD
while another simultaneously exits, so that the quantum dot remains in its
ground energy state. This mechanism provides finite conductance within
the diamonds without exciting the QD, contributing to charge transport

in the blockade region.

3. Inelastic Co-Tunneling (Figure3.2 d):
At higher bias (eViy > A(N)), the QD gains energy and transitions to

an excited state. In this process, one electron tunnels out of the QD’s
ground state while another tunnels into an excited state, resulting in an
energy differenceA(N), corresponding to the first excited energy level of
the quantum dot. This mechanism leaves the quantum dot occupying an
excited energy level and is marked by vertical dotted lines in the diagram,

as the process depends mainly on V.

This diagram clearly shows how bias and gate voltages control the transport
through a QD. Sequential tunneling governs regions outside the Coulomb dia-
monds, including transport through the excited states (Figures 3.2b, e). Mean-
while, co-tunneling dominates within the Coulomb blockade region, transitioning
between elastic (ground state) and inelastic (excited state) regimes based on the

bias energy.
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Chapter 4

Kondo effect

4.1 Fundamental Description of the Kondo Ef-
fect in Metals

The Kondo effect originates from the interaction between a localized magnetic
impurity (such as a spin—% atom) and the conduction electrons in a metal. This
interaction occurs via spin-exchange scattering, where the impurity spin couples

with the spins of conduction electrons.

At high temperatures, scattering of conduction electrons off the impurity
spin follows conventional magnetic scattering, causing the resistivity to decrease
as the temperature decreases, resembling typical metallic behavior. However,
as the temperature approaches the Kondo temperature Tk, a correlated spin-
singlet state forms due to many-body interactions between the impurity spin and
conduction electrons, as illustrated in Fig.4.1. This leads to enhanced scattering

at low temperatures, resulting in an increase in resistivity.

This low-temperature regime is dominated by the Kondo resonance, char-
acterized by a sharp peak in the density of states near the Fermi level, which
increases scattering. The resistivity contribution due to the Kondo effect is ap-

proximately described as: [12]:

p(T) = p, —cln (1) (4.1)

T,
indicating a logarithmic divergence as 7" — 0, which is a key characteristic of
Kondo effect. Where, T representing the characteristic energy scale at which the
Kondo effect becomes significant. The concept of Kondo screening, initially ex-
plored in bulk metals, has since been extended to nanoscale systems like quantum

dots, where it plays a reverse yet analogous role in enhancing conductance.
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Figure 4.1: Schematic depiction of an impurity’s unpaired spin embedded in a
metal, interacting with the mobile spins of the conduction electrons. When the
temperature is above the characteristic Kondo temperature Tk, only a small
number of conduction electron spins are involved. However, below Ty, the im-
purity spin becomes completely screened by the surrounding delocalized spins,
resulting in the formation of a spin-compensating region known as the Kondo

cloud.

4.2 The Kondo Effect in Quantum Dots

Quantum Dots function as systems in which electrons experience confinement
in all three spatial dimensions. Due to this confinement, the energy levels in a
QD are discrete, and electron transport occurs primarily through tunneling.The
Coulomb blockade regime dominates at low temperatures, where the addition
of an extra electron to the dot is energetically unfavorable due to the charging
energy . However, when the QD has an odd number of electrons, there is a
net unpaired spin, analogous to the magnetic impurity in metals. Quantum
dots (QDs) are artificial nanostructures in which electrons are confined in all
three spatial dimensions. Due to this confinement, the energy levels in a QD
become discrete, and electron transport primarily occurs via tunneling. At low
temperatures, the Coulomb blockade regime dominates, where the addition of an
extra electron to the dot is energetically unfavorable due to the charging energy.

However, when the QD contains an odd number of electrons, it hosts a net
unpaired spin, analogous to a magnetic impurity in a metal. While the Kondo
effect in metals leads to increased resistivity due to enhanced spin scattering,
in ()Ds it manifests as an increase in conductance. In a QD with an unpaired
spin—%, the interaction between the localized spin on the dot and the spins of tun-
neling electrons from the leads gives rise to a Kondo resonance. This resonance
enhances the density of states near the Fermi level (see Fig.4.2), thereby opening
an additional channel for electron tunneling and increasing the conductance, as
described in Eq.4.2.
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Figure 4.2: Energy diagram of the quantum dot (QD) under Kondo correlations

at a temperature 7' < Tk.

As the temperature decreases, the conductance G increases due to the emer-
gence of this resonance. The Kondo temperature Tk defines the energy scale of
this effect, with the conductance reaching its maximum at 7" = 0.

An observed increase of conductance in () Ds, arising from Kondo correlations,
can be described by[9]:

_2€? T2

== . _"K 4.2
= T2+ Tk (4.2)

where e is the electron charge, h is Planck’s constant, and Tk is the Kondo
temperature, T, = T},/v/2Y/% — 1 and % = Gy is the maximum conductance at
T = 0.At T ~ Tk, the conductance reaches half of Gy[1, 9], providing a clear

experimental signature of the Kondo effect.

Kondo Temperature in QDs:

The Kondo temperature, which defines the energy scale for the formation of the

Kondo resonance, can be expressed as:

_TU men(en + U)
T =\ 5o <T) )

where: I' = mpV? is the tunneling rate between the dot and the leads, U is the

charging energy, ¢, is the energy level of the dot, p is the DOS in the leads.
The Kondo temperature increases with stronger tunneling coupling (I") and

decreases with higher charging energy (U), illustrating the competition between

Kondo screening and Coulomb blockade.
22



Co-Tunneling and Kondo Effect in Quantum Dots

In the Coulomb blockade regime, transport through the dot occurs via co-
tunneling, which involves the simultaneous tunneling of two electrons—one into
the dot and one out of it. Co-tunneling processes can be:

1.Elastic Co-Tunneling: The total energy of the system remains unchanged.
2.Inelastic Co-Tunneling: Energy is transferred, exciting the dot to a higher
energy state.

For odd charge states (N = 1,3,...), the quantum dot contains an unpaired
spin, and elastic co-tunneling dominates.Kondo resonance emerges when con-
duction electron spins in the leads couple with a localized spin, resulting in the
formation of a spin-singlet state.This interaction increases the density of states at
the Fermi level, enhancing conductance despite the elastic tunneling mechanism
since G o DOS near Fermi level in Co-tunneling process.

For even charge states (N = 2,4,...), there is no unpaired spin on the dot,
and the Kondo effect is absent. Conductance occurs through purely elastic co-
tunneling for low biases (eV, < 0F) and transitions to inelastic co-tunneling at

higher biases.
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Chapter 5

Thermal transport in single

Electron Device

Thermal transport in a Single-Electron Transistor (SET) is fundamentally gov-
erned by tunneling electrons between reservoirs through tunnel junctions and
the metallic island. This process leads to energy exchange, which results in heat
flow. In a normal metal, electrical and thermal conductance are related by the
Wiedemann-Franz law, which states that their ratio is a constant, known as the
Lorenz number Ly. However, in a SET, strong Coulomb interactions and quan-
tum effects modify this relationship, leading to deviations of the Lorenz ratio
(L/Lo) from the Wiedemann-Franz law, according to which L/Lo = 1. Under-
standing these deviations helps us explore energy transport at the nano-scale.
The transport of charge and heat in an SET occurs via sequential tunneling and
co-tunneling processes, which is also known as higher-order tunneling. The heat
current in the SET arises from the energy carried by tunneling electrons. When
an electron tunnels from a lead onto the island, it extracts energy from the lead,
while tunneling in the opposite direction injects energy into the lead. In the
sequential tunneling regime, where F¢ (charging energy)dominates over thermal
energy(E¢c > kgT) , the Lorenz ratio is given by|[14]:
L A%
-t o

(5.1)

Where,

e Ay represents the energy required to add an electron to the Nth charge

state, and is controllable through the gate voltage n,.

e [ is the universal Lorenz number for normal metals.

Now, we discuss how the Lorenz ratio depends on gate-induced charge (n,) which
is controlled by gate voltage (V) and temperature (7).
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Figure 5.1: Gate voltage dependence of Lorentz ratio(Adapted from [14])

Gate Voltage Dependence of the Lorentz Ratio

The Lorenz ratio in a SET is strongly influenced by the applied gate voltage
(V;), which controls the charge occupation of the island. Since charge transport
in an SET is governed by Coulomb interactions, variations in the gate voltage
modulate the tunneling rates and energy exchange, leading to deviations from
the Wiedemann-Franz law.

The above plot (fig.5.1) shows the theoretical analysis of Lorenz ratio changes
with gate-induced charge n, for different temperatures. The three different curve
correspond to different temperatures. we can divide the curves in the above plot
into three regimes in terms of their operational temperature, which are High,

Intermediate and low temperature regimes.

5.0.1 High Temperature Regime(kpT = E¢/2)

At high temperatures, the Coulomb blockade is suppressed, meaning electrons
can tunnel into the island regardless of the gate voltage since the thermal energy
kgT is much larger than the charging energy Eq(which is the energy required
by electron to tunnel into the island). Gate voltage dependence is weak, and
the Lorenz ratio is slightly greater than 1. Oscillations in the Lorenz ratio are
suppressed because thermal excitations dominate over the charging effects. Even
if thermal energy dominates over charging energy, the Lorentz ratio is still not

one since charging energy is still present.

5.0.2 Intermediate Temperature Regime (kg = E¢/10)

At intermediate temperature, Oscillations of L/Lq appear, with maxima at in-

teger values and minima at half-integer values. It follows a quadratic increase

away from the charge degeneracy points(Ay = 0).At half-integer n,, the Lorentz
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Figure 5.2: Temperature dependence of Lorentz ratio (Adapted from [14])

ratio becomes one (Wiedemann-Franz law holds ). But at integer ny,the charging
energy gap Ay is quite high, only the electrons with enough energy can tunnel
through. These electrons carry more thermal energy per electron, increasing
the heat-to-charge transport ratio. As a result, L/Lq increases significantly away

from degeneracy points.

5.0.3 Low-Temperature Regime (kg1 = E¢/40)

The oscillations become more pronounced, with sharp peaks at the integer (n,)
and valleys at the half-integer (n,) .The maximum value of L/ Ly increases signifi-
cantly and saturates at 9/5(1.8 )at off-degeneracy points. Sequential transport is
exponentially suppressed. Higher-order co-tunneling processes dominate, where

electrons tunnel via virtual intermediate states rather than direct transport.

5.1 Temperature Dependence of the Lorentz Ra-
tio

Temperature plays a crucial role in determining the dominant transport mech-
anism in an SET. At low temperatures, quantum effects such as co-tunneling
significantly alter the energy transfer processes, while at higher temperatures,
sequential tunneling becomes more prominent. Studying the Lorenz ratio as a
function of temperature helps us understand how these mechanisms evolve with
increasing thermal energy.

The above plot (fig.5.2) shows the theoretical study of how L/Lj temperature
evolves as temperature increases for different values of ny. At high temperatures
(kg >> E¢) the Lorenz ratio remains close to 1 for all n, values, as thermal

fluctuations dominate, and the SET behaves like a normal metal following the
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Wiedemann-Franz law. As temperature decreases(kgl < E¢) , deviations ap-

pear due to Coulomb blockade. The behavior depends on the gate position.

e At n, = 0.5 (solid black line): The system is at a charge degeneracy
point, allowing easy tunneling. The Lorenz ratio stays near 1 across all

temperatures.

o At n, = 0.48(dotted) and n, = 0.4(dashed):The Lorenz ratio peaks be-
fore decreasing as sequential tunneling is suppressed and higher-order co-

tunneling dominates.

e Atng, = O(gray solid line) ): The system is in Coulomb blockade, restricting
electron flow. The Lorenz ratio rises significantly at low temperatures and

settles at L /Ly = 9/5 when co-tunneling becomes dominant.

In all the respective values of n,, the L/L rises at a specific temperature and
reaches a maximum peak because at this temperature the charging energy gap
(Ay) is quite high so, only the electron with high energy an tunnel through
the island.These electrons carry more thermal energy per electron, increasing
the heat-to-charge transport ratio. As a result, L /L increases significantly away
from degeneracy points.
In the lowest temperature regime, scattering becomes weakly energy-dependent,

leading to a constant Lorenz ratio of 9/5. This confirms that quantum effects

and electron interactions govern nano-scale thermal transport in SETs.

5.2 Experiments on Thermal transport through
SET's

The theoretical understanding of thermal transport in Single-Electron Transis-
tors (SETSs), as discussed earlier, highlights the role of Coulomb interactions and
quantum effects in modifying the Lorenz ratio. Following the theoretical dis-
cussion, experimental studies have been carried out to measure heat and charge
transport in Single-Electron Transistors (SETs). These experiments test the
Wiedemann-Franz law and explore deviations due to electron interaction. Dur-
ing thermal measurements, the SET is kept in a no-current state to measure
only thermal conductance. Heat flow is analyzed as the source and island tem-
peratures change. This is compared to electrical conductance. Electrons in the
source reach thermal equilibrium due to fast interactions.

A Normal metal-Insulator—Superconductor (N-I-S) junction functions as a

thermometer, with the voltage drop across the N-I-S junction reflecting the
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Figure 5.3: False-colored SEM image of the Asymmetric design[6] [pp.86-87]
device.One of the blue colored component is the thermometer (extreme right side)
and the other (extreme left side) is the cooler /heater.In the magnified image (left)
red color indicates source ,yellow is the metallic island and green is the drain.
(Adapted from [5])

temperature of the normal metal. The biasing current is kept sufficiently small
to ensure that no significant cooling occurs during the temperature measurement.

For cooling the source, we use the same process but with higher biasing
current( but the voltage drop should be below A )so that significant number
electron could tunnel into the superconductor with £ > A.

If the Biasing current is too high so that the energy due to the voltage drop
across the N-I-S junction is greater than the superconductor energy gap(A), then
the cooling mechanism is overwhelmed by heating, so the electron temperature
T, becomes greater than the phonon temperature T, due to Joule heating.

Here, in the above fig.5.4(left) we can see that with the increase in cooling
Voltage (Veoor), which is applied to the superconductor lead (Al) (blue colored
component in the extreme left in fig.5.3 ) below the energy gap (A) (within which
cooper-pair exist) the temperature of the source also decreases under both the
state of the gate (Off n, = 0 as well as On(n, = 0.5)). But this continuous till
Voot &= 190V which is the Voltage whose corresponding energy is equal to the
energy gap(A). When V., & 1901V, T, reaches a minimum (=~ 100mK), which
is &~ 50m K below the bath temperature Tj.

When V.o > 1901V, T, increases above Tj,means the system is now heating
instead of cooling. This happens because at higher bias, Joule heating starts to
dominate, leading to electron overheating.

Effect of gate induced charge n, on cooling

The cooling is more effective when n, = 0 (black dot) than when n, = 0.5
(black circle). When n, = 0, transport through the Single-Electron Transistor
(SET) is blocked, reducing heat leakage, so more cooling is observed. When
ng = 0.5, the SET conducts more heat, reducing the cooling efficiency.

The two panels on the right of Fig. 2 demonstrate how the electronic tem-

perature in the source can be modulated by controlling the charge state n, and
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Figure 5.4: The left plot illustrates the variation of the electronic temperature 7,
of sample B (Ry = 52(2) as a function of the cooler bias voltage V.oo. The right
plot shows the dependence of T, on the gate voltage: the top graph corresponds
to the heating regime, while the bottom graph represents the cooling regime.
(Adapted from [5]

adjusting Voo

Heating Regime (Top Panel, Red Dots) fig.5.4: At a specific high-bias
setting of Vo, (marked by the red arrow in the left plot), the source experiences
heating.This occurs as a result of high-energy electrons being injected from the
superconducting cooler junction into the source.The energy added to the elec-
tronic bath increases temperature of electronsT, and the effect is modulated by
gate induced chargen,.The periodic oscillations in T, arise from Coulomb block-
ade effects, which influence the tunneling rates.

Cooling Regime (Bottom Panel, Blue Dots)fig.5.4: At a different bias
condition (blue arrow in the left plot),V,..is set such that high-energy electrons
are selectively removed from the source. This leads to a net cooling effect, re-
ducing 7,.Similar to the heating case, the effect is modulated by n, and periodic

oscillations in temperature are observed.

5.2.1 Thermoelectric Conductance Characteristics of a
SET

In figure 5.5 ,we can see the measured thermal conductance (k) and charge

conductance (o) of a Single Electron Transistor (SET) as a function of the in-

duced gate charge (n,). The measurements were taken at low temperatures for

two different samples. Sample A(left panel)- Tunnel resistance: (164k€2) and

Sample B(right panel)-Tunnel resistance:(52k€2). The goal of this measurement

is to study how heat and charge transport behave in a SET and whether the
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Figure 5.5: The thermal conductance (represented by blue dots) and charge con-
ductance (depicted by green dots) of the SET are shown at a bath temperature
of 132 mK (left, sample A) and 152 mK (right, sample B), measured relative to

the conductances observed in the gate-open configuration. (Adapted from/[5] )

Wiedemann-Franz law holds.

The top plots show how the thermal conductance k (blue dots) and charge
conductance o (green dots) vary with the gate charge n,.The charge conductance
o exhibits periodic oscillations as a function of ny, which is a characteristic feature
of Coulomb charging phenomena in a nanoscale single-electron device (SET).
The thermal conductance k follows a similar oscillatory behavior but does not
decrease as sharply as the charge conductance within the Coulomb blockade
regime.

When (ny) = 0.5 or any half-integral value(gate-open state or degenerate
state), both conductance reaches their maximum as well as the same values,
which means that at these values, the SET obeys Weidemann-Franz law. But
when n, = 0 or any integral value (Coulomb blockade region), charge conduc-
tance is strongly suppressed, and thermal conductance also decreases but remains
non-zero. This means that in the Coulomb blockade regime, charge transport is
significantly reduced, but heat transport is still present due to energy exchange
processes.

Sample A (left) shows a stronger Coulomb blockade effect than Sample B
(right). This is because Sample A has a higher tunnel resistance, which restricts
electron flow more strongly.

The bottom plots of fig.5.5 display the Lorenz ratio (L/Lg), which helps in
determining whether the Wiedemann-Franz law holds in the SET. The red line
represents the theoretical prediction from Ref. [14]. The purple dots show the
experimental data.

When n, = 0.5 (gate-open state), the Lorenz ratio is close to 1, indicating that
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the Wiedemann-Franz law is satisfied. This implies that electrons carry both
heat and charge as expected.On the other hand, in the regime characterized by
Coulomb blockade (n, = 0), the Lorenz number deviates significantly from 1,
indicating a breakdown of the standard relationship between heat and charge
transport, likely due to additional interactions affecting energy flow.

Sample A exhibits stronger deviations from the Wiedemann—Franz law com-
pared to Sample B. This is attributed to its higher tunnel resistance, which
enhances the effects of electron—electron interactions. These observations con-
firm that the Wiedemann-Franz law holds in the gate-open state but breaks

down in the Coulomb blockade regime due to strong electronic correlations.

31



Conclusion

In this thesis, I have studied the theoretical aspects of electron transport in
nanoscale systems, with a focus on Single-Electron Transistors (SETs) and quan-
tum dots (QDs). At small dimensions, electrons do not behave the same way as
they do in larger devices. Quantum effects such as tunneling, Coulomb block-
ade, and discrete energy levels become very important and strongly influence
how current flows.

The study began with SETs based on metallic islands, where the transport of
electrons is governed by charging energy. Electrons can only move through the
device if energy conditions are met, which can be controlled using gate voltage. I
then studied SET's that use quantum dots, where electrons are even more tightly
confined, and the energy levels become discrete. This leads to distinct features
in transport behavior, such as Coulomb diamonds and regular conductance os-
cillations.

I also examined more advanced transport processes such as co-tunneling and
the Kondo effect. These effects become important when simple tunneling is not
allowed, especially at low temperatures. They help explain how electrons can
still move through the device even when direct paths are blocked.

In addition to charge transport, this thesis also explored thermal transport in
Single-Electron Devices. At this scale, electrons also carry heat, and their behav-
ior can change depending on gate voltage, temperature, and energy level align-
ment. The study showed that common classical laws, like the Wiedemann—Franz
law, may not always apply under these conditions. This is important when de-
signing small devices that need to be both energy-efficient and thermally stable.

Overall, this work gave me a better understanding of how electrons move and
interact in small systems. It also showed how theoretical models, combined with
results from experiments, can help explain the unique behavior of electrons in
nanoscale electronics. These insights are useful for the future development of

low-power and high-performance electronic devices.
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Appendix A

Derivation of Energy cost for

tunneling

A.0.1 Total charging energy:

The overall electrostatic energy associated with a small metallic island in a Single-

Electron Transistor (SET), where the island has N excess electrons, is given by:

N2 e2
2C

(A.1)

Etotal =

Where:

e ¢ denotes the fundamental unit of electric charge.

o (' = () + Cy + C, represents the combined capacitance associated with

the island, comprising connections to the source (C), drain (Cy), and gate
(Cy)-
Gate-Induced Charge : The gate induces a charge @, = C,V}, and this

can be expressed in terms of a dimensionless gate charge n, as:

c,V.
ng=—~ (A.2)
e
Thus, the gate-induced charge ngye modifies the total energy of the system.
Total Electrostatic Energy with Gate-Induced Charge: The total

electrostatic energy of the system, accounting for the gate-induced charge, is:

N2e?
Echarging = T - N€¢g
N2%e? Nngye?
Echarging = 20 - CE’] (A3)

N2¢2
2C

excess electrons. The term Y72 represents the energy of the Dot due to the

where: The term represents the charging energy of the island with n

2
nge

c
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Energy Change Due to Tunneling

Now, we calculate the energy cost for tunneling an electron onto the island
(AE]y) or off the island (AE; ).

1. Energy Cost for Tunneling an Electron Onto the Island: When
an electron is added to the island, the count of surplus electrons increases from
N to N +1.The required energy for adding an electron (AE; x4 ) is the difference
in electrostatic energy between the (N + 1) electron state and the N electron

state :

AE!y = E(N + 1) — E(N)
Substituting the expression for E(N + 1) and E(N):

(N +1)%* (N +1)nge?

E(N+1)= 50 — c
NZ2e2  Nn,e?
E(N) = — g
(V) 20 C

Now, calculating the energy difference:

N (N +1)2%¢? NV L)nge? B N2e? B Nne?
AN 20

! C 2C C
N ((N2 +2N +1)e*  (Nnge? —i—nge2)) B (N262 B Nnge2)
o 2C C 2C C
Now, after simplifying, we get:
e? 1
AEfy = ol (N —ng + 5) (A.4)

2. Energy Cost for Tunneling an Electron Off the Island: When an
electron is removed from the island, the number of excess electrons changes from
N to (N —1). The energy cost for removing an electron (AE; y) is the difference
in electrostatic energy between the N — 1-electron state and the N electron state:

AE;y = E(N —1) — E(N)

)

Substituting the expression for E(N — 1) and E(N):

B(N—1)= (N —1)%? B (N — 1)nge?

20 C
NZ2e?  Nnye?
=22

Now, calculating the energy difference:
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AB;y = ((N — % (N - 1)n962) - <N2e2 B Nnge2)

2C C 2C C
AE-, = ((N2 —2N +1)e*  (Nnge® —ngGQ)) B <N2€2 B NngGQ)
" 2C C 2C C
Now, after simplifying further, we get:
e? 1
AE; y = el (N —ng — 5) (A.5)

3. Incorporating Bias Voltage: In addition to the charging energy, we
must account for the bias voltage V, applied across the tunnel junctions. A
portion of the total bias voltage, denoted as V,; = k;V}, falls across junction 1,
where k; is the fraction determined by the capacitance.

For a symmetric SET, k = ks = 3.

Thus, we add a term eV},; to account for the energy cost associated with the
bias voltage.

The energy cost for adding an electron:
AE;}L +eVhi

The energy cost for removing an electron:
AE{ n—€eVhi

4. Final Energy Expression:
For tunneling an electron onto the island:
2

e 1
AE], = el <n —ng + 5) + eV, (A.6)

For tunneling an electron off the island:

62

- 1
AE;, = fol (—n +ng + 5) —eVii (A.7)

Now, combining the energy cost for tunneling onto or off the island, i.e. eq"
(A.6) & (A7) , we get:
:t 1
AE;, =+2E.(n—ny,+ 3 + eV,

This is the energy cost for tunneling electrons onto and off the island.
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Appendix B

Derivation of the chemical
potential of Quantum Dot(QD)

Derivation of the expression
We know

Etotal ( = Z ep+ Eel
P=1

2

Mz

— Ne ¢ext
pP=1

This is the electrostatic potential energy of the QD due to N particles.
putting (N + 1) in place of N in the above equation we get,

N+1
(N —i— 1
Etotal N + ng ) (N + 1)€¢ezt

This is the electrostatic potential energy of the QD due to (N+1) particles.
Now, The chemical potential necessary for the addition of an electron to the

(N-+1)th energy level, which is a vacant level with energy, e(y41) is given by:
/L(N) = Etotal(N + 1) - Ewm](N) (Bl)

Now, putting the value of Eiya (N) and Fioga (N + 1) from the above two

expressions, we get:

N+1
(N + 1)2%2 N2 2
M(N) = pzl Ep + T (N + 1 €¢ext Z Ep — + Ne¢ext
N2e2 2 2Ne? NZ2e?
:U’(N) =EN+1 + 2% + % + 20 - N€¢ext - egbeem - 2% + Ne¢ewt
1. €2
p(N) =eni1 — €Pear + (N + 5)—
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This is the total energy required for the tunneling of an electron onto the

QD.
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Appendix C

Derivation of the expression of

the slope of coulumb diamond:

1.Derivation of V;, = 8V, + K and V, = -8V, + K

The linear equation of +ve and -ve edges of the Coulamb diamond can be find

out in the following way

The expression for the chemical potential of the source ( ps ) is

s = o + €Vp

where: pi is the intrinsic electrochemical potential at given temperature with-
out biasing and v,. eV, is the potential energy due to the biasing.

Let us consider the drain to be grounded.

Now, the chemical potential of the dot, g = g + eVyor

where:

C; _ OV, C4V, C4V,
Vdot or ¢ezt7i - Zz 6‘/6”# and ‘/d"t - ¢ b+ gc <+ dc ‘

since,Vy =10

50, Vior = C:V + Gy
c
CsW, + C,V,
JoHdot = fo +¢€ <—b C ! g)

C=C+Cy+C,

Now for the +ve edges condition we use the balancing equation since at this
condition the pg& ps align with each other. So, thus the balancing condition
is given by:
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tdot = 1s( Boundary condition )
c,V,+C,V,

= CV, = GV, + C,V,
= (C—CYV, =G,V

= (Cy+ Cy+Cy— C) Vo = C,V,

Cy
i%(@ C>V+K
V=BV, + K (C.1)

Where § = remven +c — slope of +ve edge.
K is a constant.
Now for the -ve slope we use similar balancing condition since now g & fig

align with each other. So, the balancing condition is given by:

pra = fio( since, Vg = 0)
S0, Ud = Hdot

= o = po + Vot
cVv,  C,V,

= Viw =0= —+ L2 =0
dot C'_I_C

= OV, = —=C,V,

C
Vo=V + K

Vo= -8V, + K (C.2)

where : ' = Cg and K is a constant.
here, pg is the intrinsic chemical potential which is same for source(s),drain(d)an
dot because they are made of same metal. (Without biasing and V;, and at same

temperature they are at equilibrium. There is no potential difference.)
_ _C
Thus, B = o+c> B’—C—z
The constant K denotes the intrinsic potential of the quantum dot when no
external voltage is applied.
The characteristic slopes of the Coulomb diamond uniquely reflect the prop-

erties of the quantum dot.

2. Derivation of the ratio g—g :

The slopes provide us the information about the asymmetry in the capacitive
coupling of the dot to source & drain. Which is given by
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we know

From equation (C.3),
Cy

Cq+C,

= B(Ca+Cy) = C,

= [Cq = Cy(1 - P)

==

1—
= Cy = Og( 3 B)
we have in equation (C.4)
_ G
f= C.
C
=0, =2
/8/
@ C'g(ég‘ﬁ) B 6/ l .,
c.” o ~7\5

o If g—j = 1, the coupling is symmetry meaning the quantum dot is equally
coupled to both the source and the drain. % > 1, then the quantum dot

becomes preferentially connected to the drain electrode.

o If g—j < 1, then the quantum dot is more effectively linked to the source

electrode.

L] L O
3.Derivation of o = 7:
The lever arm «, or gate coupling factor, represents the rate at which the dot’s
chemical potential changes with gate voltage, expressed as o = AA‘%. It can be
determined directly from the slopes of the Coulomb diamond edges as,

we have,

p = % andfl = %.(Cd +Cy)

(Ca+Cy) C
Now taking the reciprocal of both terms, side by side we get:

1 _CutC 1 _C

3 C, e
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Now summing both the reciprocal terms we get:

1 1 C+CatC  C

-4 — =
BB Cy C,

Thus,

_ Gy _
a—C—

=
+
2=

This is the required expression of «.[4]

41

SHRS



Bibliography

1]

T. A. Costi, A. C. Hewson, and V. Zlati¢. Transport coefficients of the an-
derson model via the numerical renormalization group. Journal of Physics:
Condensed Matter, 6(13):2519, mar 1994.

S. De Franceschi, S. Sasaki, J. M. Elzerman, W. G. van der Wiel, S. Tarucha,
and L. P. Kouwenhoven. Electron cotunneling in a semiconductor quantum
dot. Phys. Rev. Lett., 86:878-881, Jan 2001.

S De Franceschi, S Sasaki, JM Elzerman, WG Van Der Wiel, S Tarucha,
and Leo P Kouwenhoven. Electron cotunneling in a semiconductor quantum
dot. Physical review letters, 86(5):878, 2001.

Debika Debnath and Paramita Dutta. Gate-tunable josephson diode effect in

rashba spin-orbit coupled quantum dot junctions. Phys. Rev. B, 109:174511,
May 2024.

B. Dutta, J. T. Peltonen, D. S. Antonenko, M. Meschke, M. A. Skvortsov,
B. Kubala, J. Konig, C. B. Winkelmann, H. Courtois, and J. P. Pekola.
Thermal conductance of a single-electron transistor. Phys. Rev. Lett.,
119:077701, Aug 2017.

Bivas Dutta. FEnergetics in metallic-island and quantum-dot based single-

electron devices. Theses, Université Grenoble Alpes, November 2018.

Bivas Dutta, J. Peltonen, D. Antonenko, M. Meschke, Mikhail Skvortsov,
B. Kubala, J. Konig, C. Winkelmann, H. Courtois, and J. Pekola. Ther-

mal conductance of a single-electron transistor. Physical Review Letters,
119:077701, 08 2017.

Wipsar Dwandaru and Denny Darmawan. Towards the dynamics of coulomb
blockade in quantum dot via the totally asymmetric simple exclusion process
with a single site. Advanced Studies in Theoretical Physics, 10:23-32, 01
2016.

42



[9]

[10]

D. Goldhaber-Gordon, J. Gores, M. A. Kastner, Hadas Shtrikman, D. Ma-
halu, and U. Meirav. From the kondo regime to the mixed-valence regime
in a single-electron transistor. Phys. Rev. Lett., 81:5225-5228, Dec 1998.

Hermann Grabert and Michel H Devoret. Single charge tunneling: Coulomb
blockade phenomena in nanostructures, volume 294. Springer Science &
Business Media, 2013.

Marc A Kastner. The single-electron transistor. Reviews of modern physics,
64(3):849, 1992.

Jun Kondo. Resistance minimum in dilute magnetic alloys. Progress of
Theoretical Physics, 32(1):37-49, 07 1964.

Leo P. Kouwenhoven, Charles M. Marcus, Paul L. McEuen, Seigo Tarucha,
Robert M. Westervelt, and Ned S. Wingreen. FElectron Transport in Quan-
tum Dots, pages 105-214. Springer Netherlands, Dordrecht, 1997.

Bjorn Kubala, Jirgen Konig, and Jukka Pekola.  Violation of the
wiedemann-franz law in a single-electron transistor. Phys. Rev. Lett.,
100:066801, Feb 2008.

43



bdsc_Thesis.pdf

[ Te B Ol

14, 14. 12« 2.

HELSFTY RDER INTERKET SDLRIES FLUHLECATIONS STUDENT PAPERS

Py RS

tel.archives-ouvertes.fr

. Iniwrrat Source 2%

H hdl.handle.net 1
Iniwrrad Source 'H'

. Submitted to Indian Institute of Technology 1 %
Indore
Suters Facer
123dok.net

n Intwrret Source {1 %
docslib.or

H Iniwrrat Source E .::1 %
meso.seas_harvard.edu

H Intwrret Source .::1 %
waww.repository.cam.ac.uk

. Iniwrrat Source {1 %

artal. research.lu_se

. IIEIlr"rl Source .::1 'H'
opus.biblicthek uni-wuerzburg.de

! I-|'r:l'-r| Louree E {1 'HI
whww. sCribd_oom

- Iniwrrat Source {1 %
Electron Transport in Quantum Dots, 2003.

. Pu blicaiicn F":I q {1 %
Wi repo.uni-hannowver.de

- Iriwrrat fource lI:::1 'HI

44



research.tue.nl
Iriwrrat Souree

<14

sciencedochox.com
Iniwrrat Souroe

<

diglib.tugraz_at

Iniwrrat Souroe

<

d-nhb.info

Iniwrrat Source

{1%

digital.csic.es
Iniwrret Souroe

*-'11%

Ireneusz Weymann, Jurgen Kdnig, Jan
Martinek, Jozet Barnas, Gerd Schon. "Tunnel
magnetoresistance of quantum dots coupled
to ferromagnetic leads in the sequential and

cotunneling regimes", Physical Review B, 2005

Pu bl

<

Mesoscopic Electron Transport, 1997,

P bl i

<

Kushwaha, M.5.. "Plasmons and
magnetoplasmons in semiconductor
heterostructures”, Surface Science Reports,
200103

Pu bl

{1%

Matalya A. Zimbovskaya. "Transport
Properties of Molecular Junctions®, Springer
Soience and Business Media LLC, 2013

P bl i

*-'11%

Submitted to University of Sheffield

SHuderri Paper

*-'11%

dspace.iiti.ac.in-3080

Iniwrrat Souroe

<

unsworks.umsw.edu.au

45



ITHET T S TER

<1

fisica.cab.crnea.gov.ar

Iniwrrat Tource

<1

yujunmao1.github.io

Iniwrrat Toures

<1

Akman, Murten. "Electron-Electron
Interactions in a Two Dimensional Quantum
Dot.”, Middle East Technical University
(Turkey), 2024

Pu bliation

*‘-’-1%

Topics in Applied Physics, 2008.

Publicaiion

<1

"Mew Materials for Thermoelectric
Applications: Theory and Experiment”,
Springer Science and Business Media LLC,
2013

Pu bilication

<1

5. Gustavsson, R. Leturog, b. Studer, I
Shorubalko, T. Ihn, K. Ensslin, OD.C. Driscoll,
& C. Gossard. "Electron counting in gquantum
dot=", Surface Science Reports, 2009

Pu bliation

Kihan, Saba Meh=ar. "A \Vibrating Carbon
Manotube Probe to Study Superfluid 4He",
Lancaster University (United Kingdom), 2025

Pu blscaiion

<1

MNamoSdence and Technology, 2014

Pu bilicaiion

*11%

v theorie_physik_uni-muenchen.de

Iniwrrat Source

*‘-’-1%

Pouwse, Winston. "Quantum Simulation Using
Hybrid Metal-Semiconductor Islands",

46

*11%



Stanford University, 2023

P bl e

smartech_gatech.edu

Iniwrrad Source

{1%

Submitted to Royal | lolloway and Dedford
New College

Stuserr Pager

<Tw

Springer Series in 5olid-5tate Sciences, 2007,

Publicsiion

*-'11%

eprints lancs.ac.uk
Iniwrrad Source

{1%

nbi.ku.dk

Iniwrret Fource

<

wana sCience. g
Iniwrrat Source

*-'11%

Scheibner, Ralf. "Thermoelectric Properties of

Few-Electmon Quantum Dots”, Universitat
Wirzburg, 2008

Publicsiion

<%

VWAL AT Kiv-vanity.com
Iniwrret Source

*-'11%

Gulzat Jaliel. "Thermoelectric properties of a
quantum dot”, Elsevier BY, 2021

Publicsiion

*-'11%

Submitted to Indian Institute of Management,
Indore

Suderr Paper

d=space.mit_edu
Iniwrret Fource

<

sites. bu.edu
Iniwrret Source

*-'11%

47



. A L. Aarmour. “Ulassical dynamics of a {"I %
nanomechanical resonator coupled to a
single-electron transistor®, Physical Review B,

0342004

[aT]- iy

n Gaall, Markus. "The Kondo effect in single wall
carbon nanotubes with ferromagnietic
contacts", Publikationsserver der Universitat
Regensburg, 2012.

[aT]- iy

H Karyn Le Hur. "Capacitance of a guantum dot {"‘I %
from the channel-anisotropic two-channel
Kondo model”, Physical Review B, 04,2002

Pubiliciion
E Pelliccione, Matthew. "Local Imaging of High {1
Mobility Twao-dimensional Electron Systems "
with Virtual Scanning Tunneling Microscopy.”,
Stanford University, 2020
Pubiliciion
Springer Series in Materials Science, 1994
. P bl fezers ‘::1 %
E Su, Fhaoen. "Andreev Bound States in {"I %
Superconductor-Quantum Dot Chains.",
University of Pittsburgh, 2018
[aT]- By
H Zhang, ¥.W.. "Thermopower of a multilewvel {-‘I
quantum dot coupled with leads in Coulomb *
blockade®, Phy=ics Letters A, 20080414
Pubiliciion
FiCerca.sns.it
Imiwrrat Fource {1 %
ris.utwente.nl
Iniwrrat Tource {1 %

48



. Egger, Reinhiold, Alex Zazunow, and Alfredao
Lewy Yeyati. "Interaction Effects on Transport
in Majorana Nanowires", Topological
Insulators, 2015.

Publicstion

H T. A. Costi, V. Zlatit. "Thermoelectric transport
through strongly correlated quanturm dots",
Physical Review B, 2010

Pu bilication

n lup.lubu.se

Iniwrrat Source

<1

B et

{1%

. wiww.igstca

Iniwrret Source

<1

[nchers guatm Cachede murichen
Lazhuds tibliagrachy

49



	Quantum charge transport through Single Electron transistor(SET)
	SET with metallic island:
	Charge Transport
	Coulomb diamond

	SET with Quantum Dot
	Charge Transport
	Influence of gate voltage on charge transport in QD

	Coulomb diamond analysis
	Linear equations corresponding to Coulomb diamond

	Charging Energy and Diamond Extents

	 Higher-Order Tunneling
	Regimes in the Co-tunneling process
	Stability diagram

	Kondo effect
	Fundamental Description of the Kondo Effect in Metals
	The Kondo Effect in Quantum Dots

	Thermal transport in single Electron Device
	High Temperature Regime(kB T=EC /2)
	Intermediate Temperature Regime (kB = EC /10 )
	Low-Temperature Regime (kB T=EC/40)

	Temperature Dependence of the Lorentz Ratio
	Experiments on Thermal transport through SETs 
	Thermoelectric Conductance Characteristics of a SET


	Derivation of Energy cost for tunneling
	Total charging energy:

	Derivation of the chemical potential of Quantum Dot(QD) :
	Derivation of the expression of the slope of coulumb diamond:

