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Abstract

Owing to their unique properties, two-dimensional materials are a field of intense research activity since the
discovery of graphene in 2004 [1]. Among these, semiconductor transition metal dichalcogenides (TMDCs) are of
interest for applications that require a bandgap, such as field-effect transistors or quantum dots (QDs). Interest-
ingly, theoretical work suggests that TMDC QDs have potential as an active element in quantum technologies, e.
g. as valley filters or spin-valley qubits [2]. However, the experimental realization of controllable QDs in these
materials still remains as a challenge. This project ultimately aims to contribute in this direction by experimentally
realizing electrically tunable QDs in TMDCs. In this work, we take the first steps towards this goal. On the one
hand, we start developing the technology to fabricate the envisioned devices. Parallelly, we direct efforts towards
optimizing the device geometry by means of electrostatic simulations using the software COMSOL Multiphysics
[3]. In particular, we address the impacts of the gate geometry and of the thicknesses of the different 2D materials.
We conclude that these two parameters are crucial in order to confine quantum dots with small enough dimensions
to ensure a quantized energy spectrum. We also report on the experimental progress obtained with respect to the

fabrication of TMDC devices.
1 Introduction

Two-dimensional materials are considered potential can-
didates for next-generation nanodevices owing to their
interesting properties [4] [5]. In this family, graphene is
the most studied material, due to its rich physics and
high carrier mobility. However, for some applications
such as e.g., field-effect transistors (FETS) and spin tran-
sistors, the lack of a bandgap and spin-orbit coupling lim-
its the performance of graphene-based devices. Previous
work has shown that these can be artificially induced
in graphene, but it typically comprises carrier mobility,
and can modify other material properties [6]. Hence,
significant effort has been directed towards finding alter-
native two-dimensional materials. Semiconductor tran-
sition metal dichalcogenides (TMDCs) have emerged as
a promising family of 2D materials due to their bandgap
(ranging from 1 to 2 V) [7] 8], which is dependent
on the number of layers, and strong spin-orbit interac-
tion. These properties make them potential candidates
for electronic [9], spintronic [I0] [II], and valleytronic
[12] [13] applications.

In recent years, there has been a growing interest
in the transport properties of semiconductor TMDCs,

which, in spite of their fascinating properties, have not
been explored to the extent of graphene. Owing to their
bandgap, 2D semiconductor devices with improved per-
formance (e.g., field-effect transistors) have been demon-
strated [9] [14]. Among the semiconductor TMDCs,
MoSs is probably the most studied material because of
its high availability in nature. Studies on other TMDC
semiconductors are relatively scarce, even though it is
expected that they can bring different device function-
alities. For example, previous experimental work has
reported on the ambipolar behavior of WSey flakes [15].

Furthermore, the bandgap in semiconductor TMDCs
paves the way towards the lateral confinement of low-
dimensional structures by electrostatic gating, which has
been a major challenge in graphene-based devices. In
particular, the confinement of quantum dots in 2D mate-
rials is of interest due to potential applications in quan-
tum technologies where the spin and valley degrees of
freedom could be used for quantum computation [2]. Re-
cently, a few experiments have demonstrated Coulomb
blockade effects in TMDC-based devices [16] [17]. How-
ever, these studies have not shown evidence of the spin
or valley degrees of freedom in the electron states pre-
sumably due to the excessive size of the confined dots.



Therefore, as a whole, the experimental demonstration of
quantized states in few-layer TMDCs by electron trans-
port is still lacking. It is noteworthy that, as a longer
term objective, the demonstration of a spin-valley qubit
based on 2D TMDC flakes would require the realization
of a double quantum dot, which is a device geometry
that enables to readout the electron spin via a charge
measurement. To this end, it is also crucial to demon-
strate electrostatic control over the coupling of neighbor-
ing quantum dots.

This master thesis is motivated by the prospects of
realizing quantum dots on few-layer TMDCs (MoSs and
WSes) and of studying their rich underlying physics by
electron transport. The first part of the thesis was dedi-
cated to the experimental development of the technology
to fabricate devices based on 2D materials, including the
exfoliation of van der Waals heterostructures and the op-
timization of electrical contacts. In the second part, due
to the exceptional circumstances experienced this year,
our efforts were redirected towards optimizing the device
geometry in order to maximize the chances to success-
fully accomplish our experimental goals. To this end, we
have performed electrostatic simulations in order to un-
cover favorable device parameters for confining quantum
dots with truly quantized energy spectrum in few-layer
TMDCs. We have studied different gate geometries, dif-
ferences between top or bottom gate configurations and
the effect of the 2D material thickness. For this purpose,
we have used a scientific simulation software (COMSOL
Multiphysics [3]) to reproduce different gates designs and
structures. After briefly explaining the theory behind
QDs and introducing the corresponding modules of the
software, we present the results for the different device
geometries, as well as their advantages and drawbacks.
We also report on the experimental progress obtained
with respect to device fabrication.

2 Quantum dots (QDs)

A quantum dot is a zero-dimensional, artificially-
structured system that displays a discrete energy spec-
trum owing to spatial confinement. Semiconductor
quantum dots typically have a size of the order of 100
nm, and their discrete energy states can be occupied by
either electrons or holes, depending whether the material
is n-type or p-type.

Electron transport through QDs can be understood
by considering a geometry in which the dot is coupled to
source and drain contacts through tunnel junctions and
capacitively to one or more gate electrodes (Figure [1)).
When the resistance of the tunnel junctions is large com-
pared to the quantum resistance, the QD is in a regime
known as Coulomb blockade (as will be discussed in more
detail below).

In the Coulomb blockade regime, the number of charge

Figure 1: Schematic representation of a quantum dot sys-
tem with and island where the dot resides (represented as a
circle) coupled to source and drain contacts and a plunger
gate.

carriers in the dot is a fixed integer N. It can be con-
trolled by tuning the chemical potential of the dot via
a so-called plunger gateﬂ Each N-electron charge state
has a ground state and a series of excited states. A
particular quantum state (N, n) is thus characterized by
the energy EJ(\}I), where n = 0 refers to the ground state,
while n > 1 corresponds to the excited states.

The electronic levels in the source (drain) contact are
filled from the bottom of the conduction band up to the
electrochemical potential pug (p). To better understand
transport in Coulomb blockade, it is convenient to define
the electrochemical potential of the QD, which describes
the energy necessary to add an electron to the dot. For
example, in a QD with initially N — 1 electrons, the
electrochemical potential for adding the Nth electron is:

un(Ve) = EY (Ve) — ES (Vi) (1)

Importantly, p varies linearly with the plunger gate
voltage, V.

From the above relation, it can be inferred that a finite
amount of energy is needed to add an electron to the
quantum dot. This energy is called addition energy E,qq
and is composed of two different terms. The first term,
known as charging energy, E¢, is an electrostatic term
related to the Coulomb repulsion between electrons in
the dot. It depends on the total capacitance of the dot,
Cyot with respect to the electrodes. The second term is
chemical, referring to the separation between quantized
energy levels, Ae.

Coulomb blockade is lifted, i.e. electron transport can
take place, whenever py (V) is inside the bias window
defined by eVsp = pus — up, where e is the electron
charge and Vsp is the voltage applied between source
and drain. When this occurs, a single electron tunnels
sequentially from the source contact to the dot and then
from the dot to the drain contact. In this process, the
transfer of a second electron to the dot is suppressed at

1From now on, we will refer to electrons even though it could
be applied to electrons or holes



ANo
Us ® Us .f“\ﬂNﬂ
Up Up
ANt
Hn
Ux I¢N (VG)
Figure 2: Energy level structure of a QD system in

Coulomb blockade (left) and energy levels position where a
current can flow between source and drain if a small bias
voltage is applied (right).

low Vgp by the charging energy. As the plunger gate
voltage shifts py linearly, the QD conductance shows
sharp resonances as a function of Vg for Vgp = 0, cor-
responding to charge transitions in which puy is aligned
with pg and pp [18]. At each of these transitions, the
charge occupancy of the dot changes by one. The zero
conductance valleys between Coulomb peaks correspond
to the Coulomb blockade regime, in which transport is
blocked. Both cases are schematically represented in Fig-
ure 21

This remarkable effect allows to confine few electrons
in QDs in a controllable, electrostatic way, paving the
way for a number of applications. For example, recent
work has demonstrated that the spin degree of freedom
of single electrons or holes can be used as a quantum bit
(the so-called spin qubits) [19] [20] [21].

The previous discussion addressed single quantum
dots but coupled QDs (double and triple) can be un-
derstood in a similar way by considering the electrostat-
ics of devices with a geometry that allows for controlling
the electrochemical potential of each independent dot, as
well as the interdot tunnel coupling. Individual quantum
dots can be mutually coupled by making their separation
very small. As a consequence of this small separation,
interactions between neighboring gates have to be con-
sidered. Besides, the interdot coupling can also be tuned
electrostatically with additional gates. In Figure 3] an
example of two QDs in series is shown. This will be one
of the arrangements used in our simulations.

3 COMSOL Multiphysics

COMSOL Multiphysics is an interactive simulation en-
vironment for modeling and solving numerous scientific
and engineering problems. It includes a graphic Model
Builder that allows the user to reproduce the design and
geometry of the problem. One advantage of this soft-
ware is that the models can be built by defining the
relevant physical quantities, such as material properties
and boundary conditions rather than by defining the un-
derlying equations (usually partial differential equations,

Figure 3: a) Schematic arrangement of two quantum dots
connected in series and placed between a source and a drain
contact. Gate 1 (2) allows to control the number of electrons
in the Dot 1 (2). b) and ¢) Energy landscapes of the system
when varying the interdot coupling, going from two coupled
QDs to a single QD. The red dotted line represents the Fermi
energy of the system.

PDEs). The COMSOL Multiphysics software then inter-
nally compiles a set of equations representing the entire
model and solves it using the Finite Element Method.

It contains several modules, corresponding to differ-
ent physics interfaces, with nodes and settings that set
up the equations and variables. For the purpose of this
work, we used the AC/DC Module (Electromagnetics);
in particular, the Electrostatics Interface.

3.1 The AC/DC Module

The problem of electromagnetic analysis on a macro-
scopic level requires solving Maxwell’s equations under
certain boundary conditions. This can be done with the
AC/DC Module.

Maxwell’s equations are a set of equations stating the
relationships between the fundamental electromagnetic
quantities. For general time-varying fields, Maxwell’s
equations can be written as:

oD

0B
V-D=p (4)
V.-B=0 (5)

where J is the current density, D is the displacement
field, E is the electric field, B is the magnetic flux den-
sity, H is the magnetic field strength and p is the charge
density [22].



Eq. is also know as Ampére’s-Maxwell law while
Eq. [ is known as Faraday’s law. Besides, Eq. [4] and
[] correspond to two forms of Gauss’ law: the magnetic
and electric form, respectively.

Moreover, to obtain a closed system, it is necessary to
include constitutive relations that describe the macro-
scopic properties of the medium.

3.2 The electrostatics interface

Electrostatics is the subfield of the electromagnetism de-
scribing an electric field caused by statics charges.

The Electrostatics interface of COMSOL solves a
charge conservation equation for the electric potential
given the spatial distribution of the electric charge. The
software carries out the modeling of static electric fields
using the electric potential V. By combining the defini-
tion of potential with Gauss’ law (Eq. and the cor-
responding constitutive relation, it is possible to derive
the classic Poisson’s equation [22].

As the scope of this project is the study of station-
ary electric fields, the applicable constitutive relation is
the one relating the electric polarization vector P, the
displacement field D and the electric field E as follows:

D=¢pc,E+P (6)

where g and ¢, are the vacuum permittivity and the
relative permittivity of the material respectively. P de-
scribes how the material is polarized when an electric
field is present. It can be interpreted as the volume den-
sity of electric dipole moments.

Under static conditions, the electric potential, V, is de-
fined by the relationship E = —VV. Combining this ex-
pression with Eq. [] the aforementioned Poisson’s equa-
tion is obtained:

— V- (60&,VV —=P) =p (7)

If the material has no net polarization, P = 0. Hence,

V2V:* 14
E0Er

®)

This equation describes the electrostatic field in dielec-
tric materials. When there is no space charge (ps = 0),
Poisson’s equation becomes Laplace’s equation:
V2V =0 (9)
On the other hand, as mentioned before, to get a
full description of an electromagnetic problem, bound-
ary conditions must be specified at material interfaces
and physical boundaries. The relevant interface condi-
tion at interfaces between different media for our case
is:

nz - (D1 = D2) = ps (10)

where p,; denotes surface charge density and ns is the
outward normal from medium. In the absence of sur-
face charges, this condition is fulfilled by the boundary
condition [22]:

n-[(e0e,VV = P); — (g6, VV = P)3] = —n - (D; — D)
—0
(11)

4 Methods

Here, we address some of the challenges towards the main
goal of this project, which is to experimentally realize
lateral quantum dots on gated few-layer TMDCs. On
the one hand, we have started developing the technology
to fabricate devices based on thin TMDC flakes encap-
sulated by boron nitride and with local gate electrodes.
In parallel, we have studied the optimal gate geometry
for confining small quantum dots in TMDCs by means
of electrostatic simulations.

4.1 Sample fabrication

Our sample preparation method for the experiments
is based on the exfoliation of MoS; or WSes flakes
by micromechanical cleavage (also commonly known as
the scotch tape method). Exfoliated flakes are subse-
quently transferred by all-dry transfer mediated by poly-
dimethylsiloxane (PDMS) films onto highly n-doped Si
substrates (5x5 mm) covered by a 300 nm SiOs layer. In
our experiments, the degenerately doped Si is employed
as a global backgate. The substrates are prepatterned
with bottom gate structures, which consist of approxi-
mately 35-nm wide Cr/Au (2.5 nm/10 nm) lines. Hexag-
onal boron-nitride (hBN) is used as a dielectric between
the bottom gates and the TMDC flake. In a previous
study, we have shown that electrical switches resulting
from charge impurities on the Si/SiO5 substrate can be
greatly minimized by employing hBN dielectrics to iso-
late the TMDC flake. Ideally, the flake should be fully
encapsulated for a better isolation from charge pertur-
bations and thus, for an improved performance. The
device nanofabrication starts by designing the desired
geometry with the software KLayout [23]. The designed
pattern is transferred to the actual sample via e-beam
lithography, followed by the evaporation of Cr/Au (5
nm/100 nm) contacts and standard lift-off techniques.
As a way to minimize the contact resistance, we use few-
layer-graphite (FLG) flakes as the contacts to the TMDC
flake. We note here that the graphite-based contacts are
not explicitly taken into account in our electrostatic sim-
ulations as they are sufficiently far from the region where
the quantum dots are confined. An image of a finished
device is presented in Figure [



Figure 4: Optical microscope image of a MoS2 flake top-
encapsulated with hBN, top gates and FLG contacts.

We estimate (by the optical contrast in a microscope)
that the thickness of our exfoliated MoS,, WSes and
hBN flakes falls within a range of 5-30 nm. We have
found that flakes thinner than 5 nm (which is approxi-
mately equivalent to 7 layers for MoSs and WSe, [24] and
14 layers for hBN [25]) are relatively difficult to obtain
with the above exfoliation procedure. Further optimiza-
tion will be carried out for future studies directed at the
investigation of monolayer TMDC devices. On the other
hand, we considered flakes thicker than 30 nm as bulk.
We note that, while optical contrast is not the most ac-
curate method for quantifying the thickness of 2D mate-
rials, it is commonly used as a quick way to identify thin
flakes [26]. For a precise quantification of the flake thick-
ness, techniques such as atomic force microscopy (AFM)
or Raman spectroscopy are required.

To evaluate whether our thickness estimation by op-
tical contrast is reliable, we have performed AFM char-
acterization on two different flakes (one of hBN and an-
other of MoS5). We have used WSxM [27] and Gwyddion
[28] softwares for image acquisition and post processing,
including the extraction of the height profiles. Figure
[] displays an AFM topography image of an hBN flake
where two thin steps are visible, as underscored by the
line cut in panel b)); their heights are, approximately,
9.5 nm and 12.5 nm respectively, i.e. within the range we
estimate from the optical images. For the MoS,; sample,
we have selected a flake that could be considered mainly
as bulk by the optical contrast (i.e., thickness larger than
30 nm), but that also had a smaller region with reduced
thickness. The corresponding AFM image, shown in Fig-
ure [0 reveals that the thinner area has a height of = 5.5
nm, whereas the bulk region has a thickness of ~ 24
nm, again in good agreement with our previous assess-
ment. Note that these measurements have an offset of
~ 1 nm. In summary, we conclude that the thickness
values obtained by AFM are in relative good agreement
with our estimations by optical contrast. Therefore, we
have opted to employ the optical characterization as a
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Figure 5: a) AFM image of a hBN flake of different thick-
nesses (lighter regions) on a Si/SiO2 substrate (dark region).
The bright dots are dirt on the sample. The blue horizontal
line indicates where the height profile is taken. b) Height
profile of the sample where two different height steps can be
seen; blue (=~ 10.5 nm) and black (=~ 13.5 nm) dashed lines
are a guide to the eye of the average thickness of these steps
whereas the pink dashed line is the reference of the substrate
(~ 1 nm).

means to quickly identify thin flakes for our devices. For
future studies centered at monolayer and bilayer flakes,
however, it will be crucial to also characterize the sam-
ples by AFM or Raman spectroscopy.

Since it is difficult to precisely determine the number
of layers in a given flake during the exfoliation process,
in this work, we have fabricated devices using TMDC
and hBN flakes of different thicknesses (within the range
5-30 nm, as discussed above). For this reason, we have
decided to also investigate the effects of the thickness of
the flakes in our electrostatic simulations.

4.2 Simulations

In this work, we have performed electrostatic simulations
to study the optimal device geometry to confine lateral
quantum dots in few-layer TMDCs. The main objective
was to search favorable parameters for the confinement of
small quantum dots (i.e., with a radius smaller than ap-
proximately 100 nm, to ensure a quantized energy spec-
trum measurable at low temperatures [2]). To this end,
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Figure 6: a) AFM image of a MoS; flake of different thick-
nesses (lighter regions) on a Si/SiO2 substrate (dark region).
The bright dots are dirt on the sample and the mismatch of
the image in the middle region of the image is due to a jump
of the AFM tip during the measurements. The blue horizon-
tal line indicates where the height profile is taken. b) Height
profile of the sample where two different height steps can be
seen; blue (~ 5.5 nm) and black (= 24 nm) dashed lines are a
guide to the eye of the average thickness of these steps. The
reference here is set at =~ 0 nm.

we study two different arrangements of the gates, top
gates (Figure @ and bottom gates (Figure @, as well as
the effect of the spatial dimensions of the gates.

Three-terminal devices based on TMDC flakes behave
as Metal Oxide Semiconductor Field-Effect Transistors
(MOSFETSs): the conductivity in the channel between
source and drain contacts is controlled by a gate. In-
deed, these devices can switch between so-called off and
on states: in the on state, the channel has a low re-
sistance and a high on-current can flow through it. In
the off state, the resistance is high and just a small off-
current flows through it. The gate voltage for which
the transistor switches from off to on is called thresh-
old voltage, Vi,. The above behavior can be captured
in a simple electrostatic model based on a capacitor, in
which the charge in the channel is equal to C- (Vg — Vi),
where Vi is the voltage applied to the gate and C' is the
gate-flake capacitance. We consider that the flake is un-
charged for gate voltages below V.

In this work, we study devices with more complex ge-
ometries. Apart from a global gate used to charge the

a)
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Figure 7: a) Scheme of a MoS; device with top gates and

b) scheme of the electrical circuit for the transport measure-
ments. For simplicity here, only one top gate is connected.
Note that drawing is not to scale.
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Figure 8: a) Scheme of a MoSy device fully encapsulated

with hBN and bottom gates. Note that drawing is not to
scale.

TMDC flake, we employ local gates depletion to cre-
ate tunnel barriers and confine quantum dots. To sim-
ulate the formation of QDs, we study the electrostatic
potential induced on the TMDC flake. Similar to the
model above, we consider that charges accumulate in the
TMDC only when the induced potential is higher than
Vin (which we take to be equal to zero).

The simplified workflow in COMSOL is the following:
firstly, it is necessary to define the relevant parameters
for the materials (namely, the relative permittivity, the
thickness of a 2D monolayer and the number of layers).
Secondly, we import the gate design and, from this
element, we build the whole 3D geometry, similar to
the real devices used in our experiments. The different
regions (so-called domains) in the device are assigned
to each specific corresponding material. After that, we
define the electrostatic boundary conditions, including
the voltage range applied to the gates in the study.
Lastly, the built-in FEM solver in COMSOL is invoked
to solve the PDE problem. A more detailed technical
description of the process to setup the simulations can
be found in the Appendix C.



Through the simulations, we will try to clarify: (i)
the role of the thickness of the gate dielectrics (hBN)
and the semiconductor TMDC flakes (MoS; or WSez) on
the confinement of quantum dots, (ii) whether there are
advantages in employing top-gate or bottom-gate struc-
tures and (iii) the most suitable gate geometry (size and
arrangement) for our purposes. To this end, we have
studied seven different device structures.

The first three geometries are intended to study the
confinement of a single quantum dot by means of four
local gates. The main differences between these geome-
tries is the width of the electrodes and whether the gates
are located on top or in the bottom of the flake (top
gates/bottom gates).

I) MoS, device with top gates (Figure [9). In this
case, the flake was first top-encapsulated with hBN
(schematic representation in Figure@ and, for com-
parison, fully-encapsulated later (see Appendix B).

Figure 9: Zoom in (left) and top view (right) of the gates
design corresponding to the structure described in I). We
have used this design for some devices experimentally. G1-
G4 correspond to the gate number.

IT) MoS; device with bottom gates with the same geom-
etry as I). In this instance, we bottom-encapsulated
the flake firstly and fully encapsulated (see Ap-
pendix B) afterwards (Figure[g).

ITII) MoS, device with same configuration as I) but thin-
ner gates (Figure [10)).

The last four geometries are used to investigate the
confinement of double QDs. The main differences here
are the gate design (shape, width and arrangement) and
the number of gate electrodes:

IV) MoS; device with bottom gates whose design has
been used in our previous experiments (Figure [TT).

V) MoS, device with bottom gates, design based on
[29] (Figure [12)) for comparison with our actual de-
sign. We wanted to see whether we could make an
improvement modifying our design.

Figure 10: Zoom in (left) and top view (right) of the gates
design corresponding to the structure described in IIT). G1-
G4 correspond to the gate number.

Figure 11: Zoom in (left) and top view (right) of the gates
design corresponding to the structure described in IV). This
is the standard design for our transport experiments. G1-G8
correspond to the gate number.

Figure 12: Zoom in (left) and top view (right) of the gates
design corresponding to the structure described in V). G1-G6
correspond to the gate number.

VI) MoS; device with bottom gates, design based on
[29] with slight modifications in order to get better
results (i.e., smaller QDs) .

VII) Same as V) but using WSe; as the semiconductor

flake. For these results, see Appendix A.

Preliminary electrostatic simulations were performed
in order to evaluate the effect of the source and drain
electrodes, which were connected to ground, on the in-
duced electrostatic potential in the flake [30]. We verified
that, owing to the distance between the electrical leads
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Figure 13: Zoom in (left) and top view (right) of the gates
design corresponding to the structure described in VI). G1-
G6 correspond to the gate number.

and the area of interest (which is approximately 3 pm in
our real devices), their effect is negligible. As a result,
all simulations discussed below were carried out using
geometries without source and drain contacts and where
the TMDC flake is kept floating. Our methodology is
similar to those employed in previous works reporting
electrostatic simulations of QDs on TMDCs [16] [29].
In the discussion below, we compare our results with
those reported in these references and analyze possible
improvements that can be done.

5 Results

5.1 Experimental results

During the first part of this project, we have focused
on the fabrication of few-layer MoSs devices fully encap-
sulated by hBN flakes and contacted by FLG electrical
leads. The devices also incorporated local gates for con-
fining quantum dots at a later step. In most of the sam-
ples, we have employed the bottom gate geometry shown
in Figure [14] a), which was intended for the confinement
of double QDs. We note that, at that time, this gate
design had not been optimized by electrostatic simula-
tions, but rather was adopted to test the limits of our
nano-fabrication. As we will discuss later, the simula-
tions performed in the second part of this work indicate
that this gate geometry might not be ideal for confining
double dots. In addition, we have also experimented with
a top gate geometry in a few samples. Top gates, how-
ever, present a few practical disadvantages: (1) a specific
gate design is required for each sample to ensure that the
gates are aligned with the MoS, flake, (2) the fabrication
requires an additional step of e-beam lithography, evapo-
ration and lift-off, and (3) the electrical connection from
the gates to the bonding pads might be interrupted at
the edges of the van der Waals heterostructures (very
thin gates require a reduced metallization thickness).
Once the fabrication of the samples is finished, we first
test the devices in a probe station at room tempera-

ture. To this end, we employ the degenerately-doped
Si in the back side of the chip as a global gate and
measure the current flowing through the MoS. flake.
During this measurement, all other local gates are kept
floating. This initial characterization is useful to ver-
ify whether the fabrication was successful. A typical
field effect curve is shown in Figure [15| where the cur-
rent, I, at a constant source-drain bias Vpg = 30 mV
is plotted against the back gate voltage. The resistance
measured at Vg = 10 V is = 6 M. Although it is
possible to infer from the trend of the curve that the
resistance would still decrease with increasing gate volt-
age, the measured values are much higher (up to two or-
ders of magnitude) than those reported in similar exper-
iments in the literature [9]. In addition, from the curve
above, we extract a device transconductance (defined as
gm = dIps/dVpg) of approximately 0.02 uS, which is
two orders of magnitude smaller than the best values
found in the literature, and a field effect mobility (de-
fined as o= [dfps/dVBg} X [L/(’LUC’J/Ds)}7 where L =
13.7 pm is the channel length, w = 8.5 pym is the chan-
nel width and C; = 1.15 x 10~* Fm~2 is the capacitance
between the channel and the back gate per unit area)
of ~ 80 cm? V~! 57!, three times smaller than the one
reported by ref. [9]. Possible reasons for the above dis-
crepancies include the contact resistance or the relatively
low capacitance of our global back gate [31] To tackle this
issue, we are currently trying to optimize our FLG con-
tacts, while also experimenting with other methodologies
for low contact resistance reported in the literature [32],
and with the incorporation of graphite-based gates that
are part of the van der Waals heterostructure.

In order to perform measurements at low tempera-
ture, the samples are wire-bonded to a printed-circuit
board which is then connected to a 4.2 K insert. Pre-
liminary measurements indicate that, although not yet
fully optimized, the few-layer graphite contacts minimize
the contact resistance in our devices sufficiently to allow
transport to be measured down to 4.2 K (in previous de-
vices with Au-based contacts, transport would freeze out
at low temperatures). We have also verified that the bot-
tom gates work at low temperatures as shown in Figure
b). Here we see that the drain current drops sharply
with decreasing bottom gate voltage, Vi1, (starting at
around 1 V) before stabilizing at a constant value for
Va1 < -1 V. We do not observe the current going down to
zero because, in this device, not all local gates were work-
ing, presumably due to some problems in the electrical
connection. As such, in this measurement, the electron
gas is only depleted underneath one of the local gates
which is not enough to turn the device to the off-state.

The above results indicate that we need to further im-
prove our fabrication technology of TMDC devices (par-
ticularly, to reduce the contact resistance), but also that
we already have the basic elements for performing the
planned experiments, namely: (i) working electrical con-
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Figure 14: a) SEM image (top view) of a real device with
bottom gates for confining a double QD (design in Figure
. As this image was used for other purposes different to
this project, the parameters indicated are not relevant for
this work b) Experimental field effect curve of a bottom gate
at 8K

tacts at low temperature and (ii) working local gates. We
have also recently prepared new samples that we expect
to test at low temperature in the very near future. In the
next subsections, we will discuss electrostatic simulations
directed at optimizing the device geometry, which will be
of importance in the preparation of our new generation
of samples.

5.2 Simulations results
5.2.1 Single quantum dot

Similarly to our experiments, the devices in all of our
simulations incorporate a global back gate that is kept
at a fixed potential and whose function is to charge the
TMDC flake. The barriers to confine quantum dots are
created by the local gates that locally deplete this elec-
tron gas. As a starting point for this part of the work, we
employ a simpler single quantum dot geometry to test
our simulations, and to start studying the effect of some
of the parameters in our devices.

We start with the top gate geometry shown in Fig-
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Figure 15: Experimental field effect curve of the source
and drain contacts at ambient temperature.

ure [9] which was a gate design that we had previously
tested experimentally. This design has only four local
gates (gate width is 350 nm), three of them for control-
ling the coupling of the dot with the source and drain
contacts and the forth one, for changing the size of the
dot and its charge occupancy. In this instance, the semi-
conductor flake was bottom-encapsulated with hBN, as
it was explained in the previous section I). The simu-
lations were carried out for different thicknesses of the
hBN dielectric (5-30 nm) and of the MoS, flake (5nm
and 20 nm).

With this geometry, we observe that quantum dots
can be easily formed by tuning the voltages in the local
gates, i.e. we find a large gate voltage parameter space
for the confinement of dots. We also observe that the
thicknesses of the hBN and TMDC flakes do not play an
important role in this case. In addition, we observe that
the size of the dot can be tuned electrostatically. An
example of a QD confined in a 20 nm-thick MoS, flake
encapsulated by a 20 nm-thick hBN flake is presented
in Figure In this plot, the dot appears as an island
of positive induced potential connected to the electrical
leads on the top left and right sides, while the barriers
display a negative potential. We get dots that are not
perfectly circular but rather rectangular-shaped with a
size of approximately 100 nm x 600 nm (depending on
the voltages applied to the gates). These values are a
bit larger than those reported by Song et al. [I6], who
simulated the electrostatic confinement of dots in WSe,-
based devices obtaining QD radii ranging from 275 to
150 nm. The discrepancy in size can be attributed to
the narrower gates (200 nm) and to slight differences in
the gate geometry used in that work. Importantly, the
above QD dimensions are still too large to access the
quantization of energy levels in these materials [2]. To
address the possibility of confining truly quantized dots,
we will later consider the case of a similar geometry but
with narrower gate electrodes.

Before doing that, we first evaluate the differences be-
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Figure 16: COMSOL simulation of the potential profile in
20 nm MoS; layer for the electrode pattern shown in Figure
[ as top gates for 20 nm of hBN. Here, Vpa=6 V, Vi=-5V,
Vo = V4= -4V, and V3= -5 V. The closed contours indicate
where the quantum dot may be located.

tween having the local gates placed on top or underneath
the TMDC flake. One of the practical advantages of bot-
tom gate geometries is the possibility of pre-fabricating
multiple chips with local gates simultaneously. In addi-
tion, it is simpler to design devices with a standard gate
geometry (as opposed to doing a specific design for each
sample, for the case of top-gated devices) and it is not
difficult to transfer the van der Waals heterostructure
onto the pre-fabricated gates. Finally, it is easier to re-
duce the gate width without having problems related to
discontinuities of the electrical connection between the
bonding pads and the device, as discussed in IT).

A first important difference of the bottom gate case is
the fact that the local gates partially screen the global
back gate (Figure imparting a less homogeneous ini-
tial charging of the TMDC flake (e.g. when the local
gates are fixed to 0 V, and a finite voltage is applied to
the back gate). We observe that, nevertheless, it is also
possible to confine QDs with bottom gates with a rela-
tively large gate voltage parameter space. Again, the 2D
material thickness seems to play a minor role in the dot
confinement. In addition, these dots show very similar
shapes and sizes as in the preceding geometry (Figure
as an example). We therefore conclude that overall,
there is no clear advantage with respect to using a top
or bottom gate configuration in relation to shrinking the
size of the confined QDs. For this reason, we will adopt a
bottom gate configuration for the following simulations,
due to the benefits related to fabrication discussed above.

Moreover, in relation to the barrier height, both in-
stances are comparable. This height (= 3 €V) seems to
be enough to confine a QD.

We now evaluate whether it is possible to shrink the
size of confined QDs by employing a similar geometry
as the one discussed above, but where we reduce the
gate width to 35 nm (Figure , a value that is still
experimentally achievable with our nanofabrication.

For this geometry, we observe that even though the
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Figure 17: COMSOL simulation of the potential profile in
a 20 nm MoS; layer for the electrode design shown in Figure
|§| as bottom gates for 10 nm of hBN. Here, Vpg= 6 V, V1=
B3V, Vo =V=-2YV, V3= -5V and V4= -2 V. The closed
contours indicate where the quantum dot may be located.
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Figure 18: Simulation of the potential profile in a 5 nm
MoS; layer and 5 nm of hBN for a) top gates and b) bottom
gates with a scale bar of 200 nm. Here, Ve =4V, Vi=-3V,
Vo = V4= -3V, Va= -5 V. The effect of the screening of the
bottom gates over the backgate can be seen in the coupling
of the QD with the source and drain.

parameter space becomes constrained, the confinement
of much smaller dots becomes possible. As an example,
for the device shown in Figure [19|a) (thicknesses: 5nm
MoS; , 20 nm hBN), we were able to obtain a QD with
a radius of approximately 20 nm, which would be well
inside the energy quantization limit. To achieve these
small sizes, the thickness of the 2D materials (hBN and
MoSs) starts playing a more important role. Indeed,
while we could obtain well-defined quantum dots for cer-
tain gating conditions in devices with a 5 nm-thick MoS,
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Figure 19: Simulation of the potential profile for the elec-
trodes design shown in Figure |10 as bottom gates for different
MoS; and hBN thicknesses: (a) 5 nm MoSz and 5 nm hBN;
(b) 5 nm MoS; and 20 nm hBN; (¢) 20 nm MoS; and 5 nm
hBN with a scale bar of 200 nm. Here, Vg = 15 V for
all the cases; a) Vi=—0.7V, Vo= —-1.35V, V3= —0.3Vand V4
=-135V;b) V1 =-13V, Vo =-1.03V, V3=—-0.2V and V4
=-1.09V;c) Vi=-0.8V,Vo=—-15V, Vs=—-0.2Vand V4=
—1.53. A QD is confined for very specific set of voltage values
and thicknesses.

flake (Figure [19 a) and b) ), this turned out to be a lot
more difficult when the MoS, thickness was increased to
20 nm (Figure [19 ¢). Similarly, we have observed that
reducing the thickness of the hBN dielectric layer was
beneficial for confining dots in this geometry. Overall,
this latter effect is presumably linked to a stronger gate
coupling resulting from the increased gate capacitance
as the thickness of the dielectric layer decreases. We
thus conclude that, to obtain smaller quantum dots, it
is essential to reduce the hBN thickness.

5.2.2 Double quantum dot

We finally address gate geometries that would allow us
to confine double QDs with tunable interdot coupling,
which is the main goal of this project. We expect that
the simulations will help to optimize our device geom-
etry and fabrication. We start by studying the design
presented in Figure which is the same that we are
currently using experimentally (as shown in Figure .
It includes pairs of gates at the device extremities to
enable control over the coupling between the dots and
the source and drain contacts, two plunger gates to con-
trol the electrochemical potential of each dot and a pair
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Figure 20: Simulation of the potential profile in the 5 nm
MoS; layer for the electrode design of the device shown in
Figure as bottom gates for 5 nm of hBN with a scale bar
of 50 nm. Here, Veg =20V, V3 = —06 V, V4 = 2.1V,
Vs =—-155V, Vg =—-125V, V7 = —0.85. A single QD is
formed.

of gates in the middle to tune the tunnel coupling be-
tween dots. In our experimental nano-fabrication, the
gate width is limited by the resolution of the e-beam
lithography process. We are able to reproducibly fabri-
cate 35 nm-wide metal lines and thus, our simulations
are carried out using gates with this width.

We start by trying to confined single QDs by employ-
ing a subset of the bottom gates. Figure [20] reveals that
this can be accomplished, as evidenced by the QD con-
nected to both electrical leads, even though the param-
eter space is limited. In this example, the unused local
gates are kept at ground potential, which ends up heav-
ily screening the voltage applied to the global back gate.
This leads to a non-uniform charging of the TMDC elec-
tron gas and to the formation of local barriers (green
regions on the left side of the sample), which compli-
cates the confinement of the single dot. This problem
can be circumvented, both in the simulations and in an
experiment, by positively biasing the gates that are not
used in the confinement.

Finally, we turn to simulations of double quantum
dots. Overall, we find that, due to the large number
of gate electrodes in the device geometry as well as to
the close proximity of such gates, which leads to cross-
talk, it becomes very difficult to confine small double
dots coupled to the electrical leads and with interdot
tunnel coupling. In Figure we present two exam-
ples of confined double quantum dots that we were able
to obtain for very specific values of gate voltages (the
slight asymmetry between both dots is due to the small
differences on the simulation mesh). In addition to such
an extremely reduced parameter space, we observed that
the coupling to the electrical leads (on the bottom left
and right sides) is reduced and it was not possible to
significantly increase it without affecting the dots.

The results of the above simulations indicate that our
current gate geometry is not ideal for confining dou-
ble quantum dots, mainly due to the cross-talk between
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Figure 21: Simulation of the potential profile in the 5 nm
(a) and 20 nm (b) MoS; layer for the electrode design of the
device shown in Figure @,as bottom gates for 5 nm hBN
flake with a scale bar of 50 nm. Here, Vg = 20 V for both
cases; a) Vi= -1.5 V, Vo= -25 V, V3= -0.25 V, V4= -2.5 V,
Vs=-15V, Vo= -2V, Vo= -0.25V, Vg= -2 V; b) V1= -1.5
V, Vo= -15V, Va=-025V, V4= -15V, Vz=-1.5V, V5=
-1.5 'V, Vo= -0.25 V, Vg= -1.5 V No double dot with the
appropriate coupling to the source and drain is formed using
this geometry. Besides, it is not tunable into two single QDs
with the gates.

nearby gates. Improvements to this design would require
a rearrangement of the local gates.

5.2.3 Future design

Following our conclusions from the previous section, we
decided to take a step back and study the gate design
employed by Zhang et al. [29] (Figure . Our goal
was to first reproduce the results from the simulations
in that work, before studying possible modifications to
their design that could be beneficial for the confinement
of smaller quantum dots. The main differences with re-
spect to our gate geometry are: (i) the number of elec-
trodes (this new design uses 6 local gates as opposed to
the 8 gates in our design) and (ii) the shape of the gate
electrodes (the outer gates are wider and have an inner
semi-circular shape, to ensure a better and more regular
confinement of the double dot). The reduced number of
gates in this design already greatly simplifies the electri-
cal tuning of QDs in the electrostatic simulations owing
to the reduced number of parameters.

As a starting point, we observed that this new ge-
ometry greatly simplifies the confinement of single and
double QDs, presumably due to the reduced number of
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Figure 22: Simulation of the potential profile in the 5 nm
MoS, layer for the electrode design of the device shown in
Figure [I2] as bottom gates for 5 nm of hBN with a scale bar
of 50 nm. Here, Veg =15V, Vi=-09V, Vo = Vs=-15V,
Vz = V5= -2 V for both cases; Va= -3.2 V (a) and V4= -0.8
V (b). By tuning Vi, the transition between two single QD
to a double QD can be observed.

gates and of cross-talk effects. Remarkably, we were able
to electrostatically control the evolution of a single QD
to a double QD, as shown in Figure by tuning the
central gates that control the interdot coupling.

The single QD shown in panel b) has an approximate
dimension of 100 nm x 145 nm, whereas in the double
dot configuration (panel a), each dot has a radius of ap-
proximately 60 nm. These results demonstrate that we
are able to reproduce very well ref. [29], who reported
a radius of ~ 68 nm for the individual dots in a double
QD configuration. While these values of QD dimensions
seem encouraging, ref. [29] was unable to experimen-
tally demonstrate the spin/valley character of confined
charge carriers, which suggests that even smaller QDs
are required (or experiments at a lower temperature are
needed, in that work the measurements were taken at
approx. 230 mK).

To evaluate the possibility of confining even smaller
dots, we have slightly modified the above geometry (as
shown in Figure to reduce the overall dimension of
the gate structure. Figure [23] reveals that this modifi-
cation leads to a reduced radius of the individual dot in
a double QD configuration (radius of approximately 40
nm), and therefore, would be beneficial towards demon-
strating quantum dots with truly quantized energy spec-
tra.
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Figure 23: Simulation of the potential profile in the 5 nm
MoS: layer for the electrode design of the device shown in
Figure [[3] as bottom gates for 5 nm of hBN with a scale
bar of 50 nm. Here, Vg = 30 V, Vi=-28 V, Vb=-14V,
Vi = Vs= -4V, Vg= -1.5 V for both cases; Va= -10 V (a)
and V4= -5 V (b). By tuning Vj, the transition between two
single QD to a double QD can be observed.

6 Conclusions

In this work, we take first steps towards fabricating
devices based on few-layer TMDCs (MoSs and WSes)
aimed at the confinement of single and double QDs
and at the investigation of their fascinating underlying
physics. This project is motivated by the prospects of
studying the spin and valley textures of confined charge
carriers in TMDCs, which has not been investigated at
length by electron transport. Importantly, such a study
could lead to possible applications in quantum technolo-
gies.

On the one hand, we have invested time towards de-
veloping the technology to fabricate devices based on
2D semiconductor TMDCs, including the exfoliation and
stacking of van der Waals heterostructures, the optimiza-
tion of the electrical contacts, the fabrication and opti-
mization of local gates, etc. From this preliminary work,
we have been able to advance on certain aspects of our
devices, e.g., the isolation of the device channel from
charged impurities in the substrate using hBN flakes, and
the demonstration of working electrical contacts and lo-
cal gates down to 4.2 K. While these developments are
encouraging, some improvements are needed for obtain-
ing devices with characteristics matching the state-of-
the-art. To this end, we are currently exploring differ-
ent methodologies to minimize the contact resistance, as
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well as working on the implementation of graphite-based
global gates.

Parallelly, we have performed electrostatic simulations
using the software COMSOL Multiphysics to evaluate
the optimal device geometry for confining single and dou-
ble quantum dots in few-layer TMDCs with reduced spa-
tial dimensions. The main goal of this part of the thesis
was to obtain guidelines for improving our device fabri-
cation and thus, to maximize our chances to successfully
realize the planned experiment. We observe that, while
quantum dots with relatively large radius can be readily
obtained, special attention is needed to reach the sub-
100 nm regime needed for ensuring that the TMDC QDs
display a quantized energy spectrum at reasonable tem-
peratures. First, we have observed that the thickness
of the hBN dielectric plays an important role. Indeed,
by increasing the gate coupling with thinner hBN flakes,
we were able to have a better control over the formation
of local barriers and therefore over the confinement of
QDs. In addition, we have observed that the arrange-
ment of gate electrodes is crucial: too many gates in
close proximity lead to cross-talk effects and thus to an
overall reduced parameter space for the confinement of
QDs. For the case of single QDs, we conclude that a
simple geometry based on 4 local gates with a width of
35 nm is able to confine dots as small as 20 nm. On the
other hand, for double quantum dots, our best results
were obtained using a gate geometry slightly modified
from that employed in ref. [29]. In this case, we were
able to obtain dots with a radius of approximately 40
nm.

For the near future, we aim to implement the optimal
gate geometries obtained in our electrostatic simulations
already in the next generation of devices.
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Appendices

A  WSe, simulations

As it was explained in the Simulations section, in our
experiments, we also used WSey as semiconductor due
to its properties. For this reason, once we found a gates
geometry that satisfies our requirements in terms of size,
coupling and tunability of the QD, we tested it in a
WSes-based device (same configuration as Figure

We simulated a structure with a 10 nm WSes flake
hBN bottom-encapsulated (5nm). In this device we
could observe a large QD, tunable with the gates volt-
ages (Figures . Indeed, this dot has similar size and
shape as the one formed in the analogous MoSs struc-
ture and the values of the applied voltage for its control
are also comparable. This result makes WSe, a suitable
platform for studying these systems too. Indeed, there
are no other double QDs simulations performed on this
material in the literature.

Potential (V)

B Encapsulated devices

As it was explained in the Sample fabrication section,
charge impurities on the surface of the substrate can
cause electrical switches in the behavior of the device. A
way to avoid this effect is exfoliating a flake of hBN (di-
electric) between the TMDC and the substrate. Hence,
we also reproduced this configuration in our simulations
as presented in Figure the extra dielectric flake
just causes slight differences with respect to the original
structure (no changes in the coupling and small varia-
tions in the QD size) so, as an approximation, the sim-
plified model without the second hBN flake, can be used
for this computational study.

Moreover, in previous work, we shown that when hav-
ing a bottom-gate configuration, if an hBN flake was
exfoliated and transferred on the top of the semiconduc-
tor, the performance (contact resistance and field effect
mobility) of the device considerably improved. Thus,
we also simulated a fully-encapsulated configuration with
bottom gates and compared it with the original configu-
ration. The results can be seen in Figure 26} the extra
dielectric flake slightly screens the effect of the back gate,
leading to a potential profile equivalent to the original
configuration with an extra 10 nm of hBN.
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Figure 24: Simulation of the potential profile in the 10
nm WSe; layer for the electrode design of the device shown
in Figure [I2] as bottom gates for 5 nm of hBN with a scale
bar of 50 nm. Here, Vgg = 15 V, Vi= -3V, Vo= -0.5V,
Vzs = Vs= -2V, Vo= -0.7 V for both cases; Vi= -0.25 V (a)
and Vi= -2.6 V (b) . By tuning Vi, the transition between
two single QD to a double QD can be observed.
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Figure 25: Comparison of the simulation of the potential
profile in the 20 nm MoS3 layer for same gate design as Figure
Device top-encapsulated (a) and fully-encapsulated (b)
with a scale bar of 200 nm. Here, V=6 V, V; = -3V,
Vo =V, = -2V and V= -5 V . Minor differences can be
seen due to the effect of the bottom hBN flake on the voltage
applied to the backgate.
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Figure 26: Comparison of the simulation of the poten-
tial profile in the 20 nm MoSs layer for for same gate de-
sign as Figure Device bottom-encapsulated (a) and fully-
encapsulated (b) with a scale bar of 200 nm. Here, Vag= 6
V, Vi =-3V, Vo =V, =-2V and V3= -5 V. Minor differ-
ences between both are equivalent to an increase of 10 nm in
the thickness of the hBN in the bottom-encapsulated device.

C Simulations details

Setting up the simulation

When using the physics interface Electrostatics in
COMSOL, various default nodes are added to the Model
Builder: Charge Conservation, Zero Charge and Initial
Values. Then, other nodes can be implemented, such as
boundary conditions and space charges.

Charge Conservation is the main node of this interface
and adds the equation for charge conservation according
to Gauss’ law for the electric displacement field (Eq. [8).
It provides an interface for defining the constitutive re-
lation and its associated properties such as the relative
permittivity e, [22].

Initial Values adds an initial value for the electric po-
tential V that can serve as an initial condition for a tran-
sient simulation or as an initial guess for a nonlinear
solver [22].

The Zero Charge node adds the condition that there is
no charge on the boundary so it satisfies Eq. [[I} This is
the default boundary condition at exterior boundaries.
At interior boundaries, it means that no displacement
field can penetrate the boundary and that the electric
potential is discontinuous across the boundary [22].

Furthermore, additional conditions can be added. For
this work, the Electric Potential node was also used,
which provides an electric potential Vj as the boundary
condition V =V}

17

Parameters and other relevant information

Regarding the Mesh, we used a different user-
controlled mesh for each geometry, according to the
needs of the simulations. These typically consist on
50,000 — 200, 000 elements in total, depending especially
on the thickness of the hBN and the MoS, and the size
of the top gates.

The detailed workflow in COMSOL is the following:
firstly, under the Global Definitions tab, all the necessary
Parameters were set, namely the thickness of the SiOg,
of a monolayer of hBN, MoSs; and WSes and the number
of layers to be used of each material in the simulation.
Secondly, we imported the GDS file corresponding to the
gate design in the subnode Geometry. From this first el-
ement, we built the whole 3D geometry, similar to the
real devices used in our experiments. Next, we define the
relative permittivities of the materials: £g,0, = 4.2 [3],
enpN = 3 [33], err0s, = 8.3 for thicknesses less than 8nm
[34] (i.e, for 7 layers of MoSs ~ 5 nm [35], epr0s, = 10.5
for larger thickness [34] (i.e, from 14 layers of MoSy ~ 10
nm) and ewse, = 7 [36]. Then, we assign a material for
each domain of the geometry. After that, on the Elec-
trostatics subnode, we define the boundary conditions:
several voltage Terminals (top and bottom gates) and a
backgate. Finally, we set a range of voltages for each
terminal and the built-in FEM solver in COMSOL is in-
voked to solve the PDE problem.

D Finite Element Method (FEM)

COMSOL uses the FEM to numerically solve a PDE
problem. The following explanation was extracted from
ref. [I9]. The FEM is associated with variational (Ritz),
a functional has to be minimized, and residual (Galerkin)
methods while both lead nearly to the same equations.
Poisson’s equation with given boundary values is known
as the strong form of an elliptical boundary value prob-
lem. To derive a functional it is necessary to introduce
the weak form. Every problem in COMSOL is converted
to the weak form in order to be solved using the FEM.
Consider a stationary PDE problem

—Au=f inQ (12)

where (2 is the domain in which the Poisson equation
has to be solved. Let v be an arbitrary test function.
Multiplying the PDE by v and integration and applica-
tion of Green’s law results in:

/fvdx:/ —Auvdm:/Vu~Vvdx
Q Q Q

for all test functions v. Using the following notation
shows the association to the linear € functional F"

Fv) = /Q fodz,  alu,v): /Q Vu- Vodr (14)

(13)



The weak form requires less regularity of u and the
variation principle is more fundamental. Now we have
to find the solution « € H that fulfills a(u,v) = F(v) for
every v € H (H is a Hilbert space). The idea behind the
FEM is to solve the variation problem in a finite dimen-
sional sub-domain Hy C H because it is very difficult to
find test functions that approximately represent the true
solution over the entire domain.

This discretisation relies directly on the fundamental
variational principle and not on the PDE problem. The
small regions (for example a triangle in 2D or a tetrahe-
dral in 3D) are the finite elements and the points defining
them are called nodes (degrees of freedom) while the as-
sembly of the elements is called mesh. As the solution
often does not vary much in a small sub domain, polyno-
mials are commonly used as test functions. The solutions
in the sub domains have to fulfill continuity conditions
with the next element at the nodes or edges. Because the
sub-domains have a finite dimension, a (nodal) basis can
be chosen, which leads to a system of m = dimH}, equa-
tions and unknown variables. These can be solved for
each element with respect to the given boundary condi-
tions (e.g. Gauss algorithm). Solving each element gives
the solution of the entire domain. With a finer mesh,
the solution becomes more accurate but it increases the
degrees of freedom and hence, the calculation time. The
FEM allows the mesh to be adjusted to the model ge-
ometry which is necessary to acquire a good solution.
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