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Abstract

Electrostatically-defined nanostructures in bilayer graphene (BLG), known for its tunable
bandgap, have promising applications in spintronics and valleytronics, however, its thermo-
transport phenomena have not yet been investigated. This thesis aims to fabricate a BLG
field-effect transistor (FET) device and characterize the thermotransport phenomena (See-
beck coeflicient) in electrostatically defined quantum point contacts (QPCs) and quantum
dots (QDs). For this purpose, a bilayer graphene flake is encapsulated in hexagonal boron
nitride (hBN) with Ti/Au heaters, top gates and 100-nm-separated split gates placed on top of
the upper hBN flake. To define a QD, the 100 nm wide finger gates were separated from the
top gates by a 30 nm Al,O3 dielectric. However, the electric field induced by the back gate
was being screened by a layer of charges somewhere between the back gate and the bilayer
graphene. The origin of this layer of charges remains unknown. As a result, the channel could
not be fully depleted (unless when B = 5 T) and showed features indicating an unintended
charging and discharging effect somewhere in the sample. As a consequence, the formation
of a QD or a QPC at B = 0 T was not possible. Despite that, thermal voltages were measured
in the two-dimensional BLG, applying currents up to 50 pA to the aforementioned heaters.
The estimated Seebeck coefficient (based on resistance characterizations) was in the range
of V/K (corresponding with theoretical predictions) and enabled an estimate of an induced
temperature gradient of 0.5 + 0.2 K.
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1. Introduction

One of the great challenges of contemporary electronics is the exponentially increasing dissi-
pated power density in integrated electronics circuits [1] [2]. Due to the high power density,
excess heat produced by electric currents in circuit elements cannot be entirely dissipated,
which results in higher operating temperatures for devices, decreased performance, and even-
tually hardware failures. The power efficiency of the device and its longevity can be increased
by harvesting this dissipation energy [3]. Furthermore, nanopatterned graphene devices in
particular such as quantum dots and field-effect transistors are the topic of intense research
due to their recently found electrical characteristics [4] [5]. Graphene is widely regarded as a
promising material, partly because it has both valley and spin degrees of freedom available to
encode information [6] [7]. This makes graphene a candidate for potential valleytronic and
spintronic applications [8], which could help sustain the constant miniaturization improve-
ments described by Moore’s law [9].

Previous experiments have shown that nanostructures defined in graphene through dry etch-
ing suffer from randomly positioned localized states along the etches [10] [11]. As a result,
electrostatic gates are unable to monotonically tune the barrier transmission [10] [11]. In
bilayer graphene, however, a bandgap can be opened through the application of a vertical
electric field [12] [13]. This suppresses the conduction under the top gates, and has been used
by several research groups to define one-dimensional channels or zero-dimensional quantum
dots (QDs) [14] [15] [16], which can be applied in quantum-dot based qubit systems. Charac-
terizing the thermotransport phenomena in these quantum point contacts (QPCs) and QDs in
bilayer graphene has not yet been explored, but would yield additional insight into the trans-
port properties of these geometries and, when being harvested, can increase their longevity.

For this purpose, a bilayer graphene sample is encapsulated in the insulator hexagonal boron
nitride (hBN) with a Ti/Au heater placed on top of the upper hBN flake. The top gate and bot-
tom gate voltages were measured for AC currents with different amplitudes (at frequency w)
to heat up the sample. Meanwhile, thermal voltages were monitored in the two-dimensional
BLG at the frequencies w and 2w, corresponding to the characterization of the first and second
harmonic (Peltier and Joule heating, respectively). Through the application of a vertical elec-
tric field, a bandgap is opened in bilayer graphene [12] [13]. This suppresses the conduction
under the top gates, and has been used by several research groups to define one-dimensional
channels (QPCs) or QDs [14] [15] [16] using split-gates structures to guide the carriers. The
existing resistance measurements reveal that the lowest possible conductance in such struc-
tures is constrained by leakage currents underneath the split-gates, which may be attributed
to either hopping transport or a narrow energy gap. If tunnel barriers are to be effective in
generating high-quality quantum devices, then the tunnelling resistance needs to significantly
surpass the resistance quantum h/e? [17].

This thesis is part of the M.Sc. Applied Physics curriculum at the TU Delft. Chapter 2 contains
an overview of the relevant background required to understand the following chapters. Chap-
ter 3 contains the experimental method, including an outline of the fabrication processes and
the measurement setup. Chapter 4 reports and discusses the results and chapter 5 concludes
the thesis.



2. Theoretical Background

2.1. Two-dimensional materials

2.1.1. Graphene

Graphene is a single layer of carbon atoms packed into a benzene-ring structure and is one of
the allotropes of carbon. The existence of a real two-dimensional material with a thickness of
one atom was claimed to be impossible by the Mermin-Wagner theorem [18]. Nevertheless,
graphene was first isolated by Novoselov and Geim [19] in 2004 through cleaving a graphite
crystal using scotch tape. Since then, graphene’s remarkable qualities — including the fact
that it is 100 times stronger than steel [20], very flexible [21], and a superior conductor of
electricity [5] — have captivated the attention of scientists.

In the reciprocal space, the structure of graphene is characterized by a uniquely defined hexag-
onal primitive cell [22], an example of a Brillouin zone. Only two of the six valleys, K, are
in the first Brillouin zone and inequivalent (not linked by a reciprocal lattice vector): K and
K'. Every unit cell consists of two identical carbon sublattices A and B in the real space, see
Fig. 1a, which characterizes the honeycomb lattice. The honeycomb structure gives birth to
the valley degree of freedom [6] [7] in reciprocal space since electrons can be in both spots.
The vicinity of these two spots is also known as the two valleys of graphene’s electronic spec-
trum, see Fig. 1. The electronic spectrum can be derived using the tight-binding Hamiltonian
[22], which accounts for quantum hopping between the atoms. This is done through writing
down the eigenstates (¢| of the Hamiltonian through Bloch’s theorem [23] and then evaluat-
ing the eigenvalues through (¢| H|¢) [24], which gives the energy spectrum shown in Fig. 1b.
Because of graphene’s crystal structure, charge carriers have a low energy Dirac-like linear
spectrum [22], F(k) = tvpoh|k|; with vpg ~ 10° m/s [25] [26] the carrier (or Fermi) velocity,
resembling the spectrum of massless relativistic particles (for instance, photons) [27] rather
than the standard parabolic relation for massive quasi-particles. The conical energy spectra
of these quasi-particles intersect close to the boundaries of the Brillouin zone. Even though
there is no bandgap, there is zero density of states where the two bands intersect (the K point
in the Brillouin zone). This point is the charge neutrality point (CNP) or Dirac point (see
Fig. 1b), with the lower and upper cone the valence and conduction bands, respectively.




Figure 1: a) The atomic structure of graphene, with atoms from sublattices A and B marked
with different colors, from [27]. b) The band structure of graphene, with a magnified Dirac
cone around the K point. Taken from [21]. c) Microscope image of graphene, including
monolayer graphene (marked MLG) and bilayer graphene (BLG) [28] with different optical
contrasts.

Close to the K-points, the low-energy Hamiltonian can be written as H = vpq - 0 - p, with
o the pseudo-spin [5] (describing the electronic amplitudes on the sublattices A and B). Chi-
rality, which takes on positive values for electrons and negative values for holes, projects
pseudospin onto the direction of motion. It is a conserved quantity as backscattering is sup-
pressed in graphene [21].

The density of states associated with the conical dispersion of electrons in graphene is com-
puted by use of the dispersion relation [22]:
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One of the characteristics of massless Dirac electrons is the linear dependence of the density

of states on energy. Moreover, it vanishes at the Fermi energy, giving rise to the so-called

pseudo-diffusion effect [29]. The density of states also influences the quantum capacitance,

which depends on the carrier density [30] (see Eq. 4).

2.1.2. Bilayer graphene

Fig. 2a depicts the structure of bilayer graphene (BLG), which is constructed by stacking two
graphene monolayers on top of each other. BLG may be found naturally in two different con-
figurations: the AB, or Bernal-stacked [31], where half of the atoms are immediately over a
hexagon’s center in the bottom graphene sheet and the other half are over an atom; and the
less frequent AA, where the layers are perfectly aligned [32]. Here, we study naturally occur-
ing BLG, which we assume to be AB-aligned, as AB stacking results in a parabolic low energy
spectrum rather than the linear energy spectrum found in graphene. The bandgap in BLG may
be controlled using a vertical electric field, which breaks the two layers’ inversion symmetry
[12] [13], see Fig. 2b. In the figure, the band structure (the blue and yellow parabolas signi-
fying the conduction and valence band, respectively) of BLG for when the bandgap is zero
(left panel) and nonzero (right panel) are visualised. This ability to open the bandgap in BLG
offers up new application domains, as bandgap has a significant impact on the transport and
optical characteristics [13] of a given material. As a result, it allows semiconductor devices
such as p-n junctions, transistors, photodiodes, and lasers operate with unprecedented tune-
ability [33]. To make use of the bandgap in an electronic transport measurement, as shown in
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Fig. 2b, one needs to tune Ey into the bandgap. For this purpose, one needs a device with two
gates, one on top and another one underneath. The difference between the top and bottom
electrical displacement fields (the displacement of charge per unit area due to an electric field)
also causes net carrier doping, or a change in the Fermi energy (Er). By adding more carriers
in the BLG, the Fermi energy is shifted into the electron regime (away from the CNP) and the
resistivity decreases again (with respect to the resistance at the CNP). By depleting the system
from carriers, the Fermi energy is instead shifted into the hole regime; again with the same
effect on resistivity.

b Pristine Gated
N

A

Figure 2: a) Bernal-stacked BLG. In this schematic, a = 2.46 A the lattice constant (distance
between adjacent unit cells), v = a/ V3 = 1.42 A the distance between two carbon atoms
and y; = 3.35 A the distance between the two sheets of graphene. Adapted from [34]. b) Low
energy band structures for BLG. For A = 0 (left panel), the electric field is zero and thus no
energy bandgap. For A # 0 (see right panel), the bandgap was opened by an electric field.
The blue band represents the conduction band and the yellow parabolas represent the valence
band. Obtained from [13].

When there is no perpendicular electric field, the energy spectrum of BLG is described by:

SRR R
M 2m*

E(k) = ()
In this equation, 7, ~ 0.4 eV is the coupling parameter between Al and B2 atoms, as defined
in Fig. 2, m* = v, /203, is the effective mass.

The energy-dependent density of states for BLG is:

9sGv
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which is similar to the density of states of monolayer graphene if |E| > 7, see Equation 1.
Here, g; = 2 and g, = 2 are the spin and valley degeneracies, respectively.

According to the Drude model [35], the square resistance Ry, (units: {2m in 3D and € in
2D) as a function of two-dimensional carrier density is given by Ry, = (neu)™!, with n =
Cy(Vy — V) /e (also see Section 2.2). In this equation, Cy and V; are the capacitance and
voltage of the gate, respectively, and V,° the CNP of graphene. This means that the resis-
tance has a sharp peak (strictly: a divergence) when V;= V,’, and should theoretically occur
at Vgo = 0V (see Fig. 1). This divergence, however, does not occur in real devices because of
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inhomogeneous doping (electron-hole puddling [36]), molecular doping and thermal broaden-
ing. Inhomogeneous doping is caused by charged impurities above and below the graphene,
which lead to a local shift in the Fermi energy. This results in a non-homogeneous gating
in the graphene, splitting into hole-rich and electron-rich puddles modifying the electrostatic
potential. In addition, thermal broadening gives rise to thermally excited carriers, limiting the
minimal carrier density at the CNP. According to the Drude model, the electron mobility is
given by u = |e|T/m*, where 7 is the momentum scattering time and m* the effective mass
(see Equation 2). Besides inducing variations in potential, charged impurities can also act as
dopants and form a source of long range scattering (as they produce a Coulomb potential).
Neutral impurities, caused by defects or dislocations in the carbon lattice), could induce short
range scattering (and may play a role at high carrier densities and in high mobility samples
where localized charges are screened by the large amount of free charges). These scattering
effects limit 7 and determine the conductivity in BLG.

2.1.3. Hexagonal Boron Nitride

Hexagonal boron nitride (hBN), an isostructural to graphite, possesses characteristics that are
quite different from those of graphite. hBN is an insulator with a bandgap of around 5.9 eV [37]
and an atomic structure that alternates boron and nitrogen atoms. The lattice constant of hBN
is 1.8% greater than graphene’s lattice constant [38]. When compared to SiO, substrates, hBN
is the cleanest dielectric gate available for graphene devices, significantly and is utilized as an
alternative substrate for high-quality graphene devices [39] [40]. Encapsulating graphene
with hBN leads to the highest-mobility graphene transistors [15] [41]. Stacking 2D van der
Waals materials vertically, like stacking hBN and graphene as done in this thesis, offers new
fundamental physics and quantum device applications [42]. The stack is held together by weak
van der Waals forces. When the lattices of the materials in a van der Waals heterostructure
are rotationally aligned, it gives rise to a Moiré superlattice, and thereby exhibiting a distinct
Moiré pattern.

2.2. Electronics

The design of the device is similar to that of a field-effect transistor. This is a device which
uses an electric field to control the flow of electrons, by creating a field between the source
(where the carriers enters the transistor) and the drain (leaving the transistor). The gate is
used to modulate channel conductivity, influencing the source-drain current.

The dual-gate field-effect transistor prepared in this thesis is made through encapsulating a
BLG flake in hBN and placing it on a graphite back gate. The stack is placed on an insulating
silicon dioxide layer with a conductive, heavily doped silicon substrate. The BLG is contacted
with Ti/Au contacts. Moreover, split gates and heaters are placed on top, complemented with
a layer of Al,Oj3 that serves as a gate dielectric for the finger gates. The top layer consists
of the finger gates, that are used to control carrier density in the areas underneath the split
gates. The combination of split gates and finger gates can then be used to define QPCs and
QDs. For a schematic overview of the stack, see Fig. 3.
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Figure 3: A schematic of the device prepared, taken from [43]. It features the finger gates
(purple), split gates (green), dielectric Al;O3 (gray), hBN (blue), a contact (yellow), BLG (black)
and a graphite backgate (red). The combination of split gates and finger gates can be used to
define QPCs and QDs.

When tuning the BLG with the combined action of both top and backgate, the carrier density
induced can be written as:

1
n= E(Cbga/iJg - Vif?) + Ctg(%g o V(O)))a (4)

tg

with Chy = €pépg/dhg. In this equation, Cl,, is the capacitance of the back gate per unit area,
e the elementary charge, ¢ = 8.854 x 107'? F/m the vacuum permittivity, e,, = 3.9 the
relative dielectric permittivity of SiO, and dy,, the thickness of the bottom hBN flake. Fur-
thermore, Vb(g) is the Similarly, Ci, can be defined, using the thickness of the top hBN flake
and €, = 3.75 the relative dielectric permittivity of hBN. Typically, the carrier density can
range between being depleted and 106 m~2,

The resulting electric field is:

tg

g 2y,

0
o ebg(Vog — Vb(g)) _ etg(Vig — V(O))_ (5)

Typical values for the displacement electric field in BLG in this configuration range up to
around 3 V/nm [44]. For this value of the electric field, the bandgap has been shown to open
up to 250 meV [13].

The combination of top and back gate voltages creates an electric displacement field, which
changes the density of the underlying electron gas (like in the case of a capacitor) and also
change its Fermi energy. At specific voltage configurations (the CNP), the density of states is
tuned to very small values (theoretically: zero), thus yielding a resistance various orders of
magnitude larger. At zero carrier density (n = 0 in Eq. 4), the linear relation between V},, and
Vie can be written as follows:

Vtg(vbg) = —aVipg + b, (6)



with a = Cy,y/Cig and b = Vtg — VbOgC’bg /Cig. This has also been confirmed experimentally
in [12], see Fig 4a for the measurement circuit and b for the resulting 3D plot. By shifting the
Fermi energy away from the CNP into the hole or electron regime, we decrease the resistivity
inside the BLG. Besides changing the carrier density, applying an electric field also opens a
bandgap due to the layer symmetry breaking (see Section 2.1.1). Using specific voltage com-
binations of the top gates, finger gates and backgate as described in Fig. 3, we can tune the
structure to create QPCs (Section 2.3) and QDs (Section 2.4).

Ve (V)

BLG

hBN

Graphene

Sio,

Figure 4: a) Side view of the stack, top gate (light green) and two contacts (source and drain)
etched into the BLG (blue). The combined action of Vi, and V;,, create an electric field, deplet-
ing the sample from carriers at certain configurations of V4, and V},,. Furthermore, the BLG is
grounded, a voltage is applied between source and drain and the current is monitored (from
which the resistance can be determined). b) A typical 3D plot of opening the bandgap in BLG.
The main features are the diagonal line across the graph, which follows from setting n = 0 in
Eq. 4, and the horizontal line at Vi, = 0 V. They correspond with the CNP underneath V;, and
the CNP of the BLG sample not affected by V},. The displacement field D and carrier density
are varied along and perpendicular to the diagonal line, respectively. Adapted from [12].

2.3. Quantum Point Contacts

Quantum point contacts were first fabricated independently by a team from Cavendish Labo-
ratory [45] and TU Delft & Philips [46] in 1988. Through reducing the width of the underlying
two-dimensional electron gas (2DEG) by applying a voltage through a split gate configura-
tion (with a minimal separation in the order of the Fermi wavelength, which is the De Broglie
wavelength of electrons at the Fermi energy), the conductance of the structure becomes quan-
tized in steps of % see Fig. 5. Also, the mean free path of the electrons should exceed the
size of the structure (ensuring ballistic transport) and temperatures should be sufficiently low
such that electron-electron and electron-phonon interactions are weak. Even if there are no
impurities, reflections occur when a small number of propagating modes in the point contact
are matched to a greater number of modes in the reservoir, resulting in a non-zero resis-
tance. Quantum mechanically, the net current flowing through the QPC is equally distributed
among the 1D subbands, or transverse modes [47] (signified by n in Eq. 7). In Fig. 5c, the



shaded area is the net current at the Fermi surface in the QPC. The permitted states are lo-
cated on the horizontal lines, which correspond to continuous values for k, and quantized
values for k, = +nm/W, respectively (withn=1,2,. .. ,Nand N = Int(kpW/7). A
quantized conductance is produced as a result of the development of these 1D subbands. The
equipartitioning of current, which is the fundamental process for conductance quantization,
is shown for a square-well lateral confining potential with width W. As n increases, the group
velocity v,, = hk,/m drops since it is proportional to cos¢. The rise in the 1D density of states
(prn), however, offsets the decline in v,,. The product v,,p,, does not depend on the subband
index since p,, is proportional to 1/cos¢ and n is proportional to the length of the horizontal
lines inside the dashed region in Fig. 5.
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Figure 5: a) A schematic cross-sectional view of a QPC, defined in a high-mobility 2D electron
gas [48]. The area between the split gates defines a QPC when a negative voltage is applied.
The contacts are used to measure the conductance. b) Conductance of the QPC versus the
finger gate voltage. The expected quantized behavior (AG = 2¢2 /1) can be seen [46]. c) Fermi
surface, obtained from [47]. The shaded area is the net current in the QPC, with the permitted
states located on the horizontal lines corresponding to a square-well lateral confining potential
with width W.

The Landauer formula may be used to describe the quantized conductance of a point contact
(see Fig. 5b):

2¢?

with G the conductance, and 0 < ¢,, < 1 the eigenvalues of the transmission matrix t, which
are all 1 in an ideal QPC. Deviations in conductance are ~1% due to the difficulty to determine
the series resistance from the wide regions accurately, and due to backscattering as a result
of abrupt widening of the geometry.

Recently, QPCs have been defined in BLG encapsulated in hBN through the combined action
of multiple gates [12]. The combination of back gate and top gate allows for the independent
control of the Fermi level beneath the split gates and the bandgap [49]. With the appropri-
ate gate voltages, the carrier density underneath the split gates can become zero, making it
insulating. The channel between the split gates, however, still has a finite carrier density and
defines a point contact. If there is ballistic transport, the conductance of the point contact is
quantized as in equation 7 and becomes a QPC.



Experimentally, the minimal conductance is limited by leakage currents below the split gates.
This leakage current could be the result of hopping transport or a small energy gap. The Fermi
energy can be calculated by integrating formula 3:

5 9590
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By then using the dispersion relation described in equation 2, we can substitute Er and cal-
culate k. Using m* = 0.033 x m, [50],n = 1 x 10'® and vpy = 1 x 10%, we get Ep = 16.67
meV. By using the relation A\ = 27 /k, a Fermi wavelength of 50 nm is obtained, indicating
that the separation between the split gates must be in the 100 nm range. Since the mean free
path of the electrons should exceed the size of the structure, the maximum length of the split
gates is in the micrometer range [51]. For the correct combination of voltages in split gates
and back gate, the carrier density can be depleted underneath the split gates to define a QPC.
Using the finger gates, the carrier density in the QPC can then be modulated.

Quantized conductance in 2D materials can also be induced through the application of an
increasing magnetic field (in the Tesla range) perpendicular to the BLG plane and current;
known as the quantum Hall effect. The quantum Hall effect was discovered by Klaus von
Klitzing [52] and has been first shown in graphene by [26] [25].

2.4. Quantum dots

Quantum dots (QDs), which can be created through colloidal synthesis [53], self-assembly
[54], or electrical gating [55], isolate a single charge carrier (electron or hole). Following the
QPC procedure, one may define smaller finger gates or use multiple of them to define not only
narrow, but also short islands with sizes of the order of the Fermi wavelength [43] [56]. A pos-
itive back-gate voltage causes a finite electron density inside the channel, which can further
be reduced under each finger gate by applying a negative voltage to that gate. At some point,
transport via the channel is suppressed because the electron gas beneath the finger gate has
been depleted. Further lowering the finger gate voltage results in the induction of a limited
hole density, which creates a tiny p-type island (containing a single hole) inside the n-type
channel. The negative charge on the p-type channel is connected to the positive charge on
the n-type channel via a pn-junction. The edge has been stripped of charge carriers, creating
a natural tunnel barrier that enables the formation of a p-type QD beneath each of the finger
gates.

As zero-dimensional structures, QDs have a sharper density of states than structures with
greater dimensions, such as quantum point contacts [43]. They thus possess better optical
and transport qualities. Lorentzian peaks in the conductivity of QDs indicate that electrons
are regionally constrained. In Fig. 6a, the conductance spectrum of a QD is featured, recog-
nizable due to the Lorentzian peaks. Fig. 6b contains the band structure in the channel.
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Figure 6: a) The conductance spectrum of a quantum dot [43]. It features several conductance
peaks clearly distinguishable in the zoomed box. b) Diagram illustrating the band structure
in the channel at various points along the current direction. The band alignment between the
dot area and the leads is depicted graphically by black dashed lines.

In [56], the researchers defined split gates with 160 nm separation. On top, they defined three
40 nm narrow finger gates, separated by 120 nm. With these narrow finger gates, they were
able to define a single n-type QD. This is done by setting a bias voltage (source-drain voltage)
across the n-type channel and then tuning the two outmost finger gates close to their CNP,
such that the regions underneath these gates are depleted. This forms tunnel barriers to the
n-type QD in the middle. As the voltages of the outmost finger gates are decreasing, p-type
QDs can form (to obtain double QD or triple QD). In [43], the researchers defined split gates
with 100 nm separation and 100 nm wide finger gates, with which they were also able to
define QDs.

2.5. Thermoelectric phenomena

A thermocouple is an electrical device made of two electrical conductors creating an electrical
junction [57], and is used by the thermoelectric effect to convert a temperature difference into
an electric voltage and vice versa. It creates a voltage when the temperature (7') is different on
each side, by diffusing charge carriers in the material from the hot side (7},01) to the cold (7¢o14)
side (Seebeck effect, see Section 2.5.1). In contrast, when a voltage is applied, heat is trans-
ferred from one side to the other, resulting in a difference in temperature (Peltier effect, see
Section 2.5.2). Both the Peltier and Seebeck effect are thermodynamically reversible, meaning
that their direction may be changed by infinitesimal variations in the environment’s pressure
or temperature without causing the system or its surroundings to change [57]. Also, Joule
heating will be covered.

2.5.1. Seebeck effect

The Seebeck effect is the development of an electromotive field between a thermocouple when
the ends are subjected to a temperature difference AT between them [58]. At the absolute
zero, Ty = 0 K, the probability that an electron has an energy below the Fermi level is 1,
while the probability that an electron has an energy higher than the Fermi level is 0. At
temperatures 7" > 0 K, electrons below Ey are excited to higher energies according to the
Fermi-Dirac distribution function, see Fig. 7. So this means that for AT = T,,; — Tt01d, SOMe
electrons locally in the 7}, area have a higher energy than all the electrons in the area 7¢.q.
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Therefore, these aforementioned electrons in 73, will move to T.,q and increase electron
density there. At the same time, electrons below Fyr will diffuse from the cold towards the
hot area to fill up the lower energy states available there. As a consequence, if the density of
states does not change with Er, no net thermal current is expected. However, as the density of
states is dependent on energy (Equation 1 for graphene and Equation 3 for BLG), the number
of electrons above the Fermi energy becomes larger than below or vice versa, depending on
the location of the Fermi energy. This leads to a net thermocurrent.

T2 Tl
1 T,
T3
S
2
0

E; E

Figure 7: The Fermi-Dirac distribution functions for electrons at 7}, with 75 > 7, > T} and
(Th = OK), with the electron energy on the x-axis values and on the y-axis their corresponding
probabilities. At 7 = 0K, all the states below Ey are occupied and above are empty, a picture
that changes upon heating. Obtained from [59].

The local current density can be described using:
J=0(=VV + E.ny) 9)

in which V' is the developed voltage (which has units of V), E,,,  the electromotive field (units
V/m) and o the conductance. The Seebeck coefficient S (with units of V/K) is described by
the following relation:

, V
S Jm a7 @

V' the thermoelectric voltage and AT the temperature gradient. Physically, the Seebeck coef-
ficient (or thermopower) is a measure for the magnitude of an induced thermoelectric voltage
in response to a temperature difference across that material. It can be thought of as heat per
carrier over temperature (entropy per carrier).

For graphene, the Seebeck coefficient can be estimated using the Mott formula [60] [61].
22T dIn(R

TRy, H( ) (11)
3e dEF

with k;, the Boltzmann constant (JK ~!) and R the resistance (£2). The Seebeck coefficient
depends on the density of states and resistance of the material, which are different for 2D,

SMott =
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1D and 0D structures (see Equation 3 for 2D, a step function with stepsize 2¢?/h for 1D and
Lorentzian peaks for 0D). The Mott’s formula is valid at low temperatures (kg1 < p) to
approximate the Seebeck coefficient in quantum point contacts [62]. For quantum dots, the
Mott’s formula can still be used as a rule of thumb for approximating the Seebeck coefficient,
but is a factor of ¢2/CkT smaller than the correct result [63]. It predicts sawtooth-like os-
cillations in the thermopower for low lattice temperatures and small heating currents [64]
[63]. Therefore, we can model the Seebeck coefficients for these cases for BLG, see Fig. 8. The
code used to create these figures is shown in the Appendix, the 1D graph was obtained from
processing previous measurements on a gate-defined QPC in BLG. The 2D case is very similar
o0 [65]. The large value obtained in the quantum point contact originates from the density
of states becoming too small to conduct the current, resulting in an infinite resistance value -
and thus, a diverging Seebeck coefficient. The width of the peaks in the thermopower in the
quantum dot depends on the coupling of the leads’ coupling strengths [66].

Thermopower estimation for BLG Thermopower estimation for QPC Thermopower estimation for QD

S (UV/K)
°

S (V/K)

S (WV/K)
°

1 2 3 4 B 7 6 5 3 3 2 4 0 5 a4 3 2 A

5 -4 -3 -2 -1 -
Vig (V)

0
Voo (V)

Figure 8: The expected behavior of the Seebeck coefficients for a) BLG (2D), b) a QPC (1D)
and c) a QD (0D). In the 1D case, there are peaks at the conduction plateaus. The width of the
peaks in the thermopower in the quantum dot depends on the coupling to the leads [66].

The Seebeck effect is reversible, meaning that when switching the T} and T,.q areas, it
changes sign. The calculations in Fig. 8 agree with experiments in the past for the Seebeck
coefficient for BLG [67], QPCs [68] and QDs in GaAs/AlGaAs [69].

2.5.2. Peltier effect

The Peltier effect is a measure for the amount of thermal energy emitted or absorbed by an
electrical current [70]. The heat generated by Peltier heating is:

Q=11 (12)
with II = T'S (Kelvin Onsager relation) the Peltier coefficient and I the (AC) current.

The Peltier effect arises due to the difference in average electron energy (or chemical poten-
tial) in dissimilar conductors. Depending on the directionality of the current, electrons either
transfer their excess energy (leading to heating) or absorb the energy of surrounding atoms
(cooling). In QPCs, Peltier heating is quantized as the conductance is also quantized in steps
of 2¢2/h. In QDs, the Peltier coefficient exhibits a sawtooth behavior as in agreement with
[63].
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2.5.3. Joule heating

Joule heating, or Ohmic heating, is the heating of a conductor through the passage of an
electrical current. The power released is proportional to the product of the current and the
voltage drop; or, by substituting V with Ohm’s law, current squared divided by the resistance.

P=1V =1*/R (13)

since Joule heating is proportional to I? (Q o< AT o I?, see Equation 13), it can be dis-
tinguished from Peltier heating that is linear with I through lock-in measurements (see Sec-
tion 2.5.2). In QPCs, Joule heating causes broadening in the quantized conductance. Although
inside the quantum point contact the transport is ballistic, the exits are not sharply defined.
Asymmetries in the banks of QPCs have been predicted to deliver different amounts of Joule
heating on both sides of the contact, leading to thermoelectric effects without applying an
external temperature gradient [71] but by a voltage drop. In QDs, nonlinear contributions to
the power in response to voltage or temperature shifts have been predicted with increasing
voltages [72].
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3. Experimental method

This section discusses the fabrication process (section 3.1), the characterization method (sec-
tion 3.2) and the preparation steps to measure.

3.1. Fabrication Process

The chip has the same features as shown in Fig. 3 in section 2.2. The manufacturing of the
nanostructures is done in the state-of-the-art cleanroom of the Kavli Nanolaboratory and in
the laboraties of the Quantum Nanoscience department at the TU Delft.

3.1.1. Creating the stack

The fabrication of the stack consists of three parts: preparing the crystals (BLG and hBN, re-
spectively), stacking the crystals and graphite back gate through the dry-transfer technique
[73] and transferring the stack on a Si/SiO, wafer. First, a Si/SiO, wafer is cleaned using an
O, plasma. Then, highly ordered pyrolytic graphite is exfoliated using scotch tape as done
originally by [19] by gluing flat graphite crystals in blue tape and then carefully pulling off.
When the graphite is thin enough, it is pressed on the SiO, substrate. Under the optical micro-
scope, bilayer graphene flakes are selected based on their size (~10 pm) and optical contrast
relative to the optical contrast of the SiO, background. The contrast values are compared
with other graphene flakes, such as monolayer graphene. The same exfoliation procedure is
repeated for hBN, however, this time we use Blue tape (although less sticky than scotch tape,
it suffices for exfoliating hBN and results in less glue residues on the SiO,). The hBN flakes
are then selected based on homogeneity of the flakes. This is important because some parts
of the device need to be etched through the hBN to make contact with the BLG, and folds in
the flakes could even cause cracks. In Fig. 9, the hBN flakes (a and b) and BLG flakes (c and d)
which are used in the stack are shown. More specifically, Fig. 9a was used as the bottom hBN
(with a thickness of 22 nm, determined using AFM), Fig. 9b the top hBN (18 nm thick), Fig. 9¢c
the BLG of the stack and Fig. 9d the backgate (the flake with the lowest optical contrast). The
bottom hBN flake is thicker than the top hBN flake for additional margin when etching into
the BLG through the top hBN, preventing a potential higher etching rate from contacting the
BLG with the backgate.

Figure 9: Optical images of the four flakes used to make the stack. a) The bottom hBN flake
(thickness of 22 nm). b) The top hBN flake (18 nm). ¢) The BLG. d) The monolayer graphene
flake, used as a backgate.

Subsequently, a glass slide is covered with a thin layer of polycarbonate (PC, 6% dissolved in
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chloroform) using a pipette. After that, a thin layer is formed by placing another glass plate
on top of the PC-covered slide to spread the PC. The resulting uniform PC film is allowed to
dry for 15 minutes in air. Then, a small window in regular tape is cut, placed over the PC and
carefully pulled off. Then, a fresh glass slide is taken and a 4-by-4-by-1-millimeter piece of
polydimethylsiloxane (PDMS) is placed on it. By aligning the PC covered window with the
PDMS, a stamp is created (see Fig. 10).

Then, the stack is made with the dry-transfer technique, see Fig. 10. For this purpose, the
SiO4 with the top hBN flake is fixed by a vacuum underneath a modified microscope with long
working distance objectives and z, y and z micromanipulators. Then, the stamp is mounted
upside down under the long lens setup and slowly lowered to establish contact with the SiO,.
The chuck is now heated to a temperature of 60 °C to 80 °C. This causes the PC to become more
sticky, helps remove water from the interface and facilitates the transfer process. The contact
area between the PC and SiOs steadily grows as the PC warms up and expands thermally. We
turn off the heating after the hBN and PC make contact which results in a slow retraction of
the PC film from the substrate as it cools down. The flake is picked up as the PC film remained
intact on the PDMS while retracting. This process is repeated for the BLG, the bottom hBN
flake and graphite, forming a multilayer heterostructure. The flakes can be precisely aligned
with respect to each other by fixing the SiO, containing the flake to the chuck of the mask
aligner.

_PDMS

PC

si”
I o
S0/ 70 °C
hBN

Figure 10: Dry-transfer technique to pick-up hBN (blue) on a Si/SiO, wafer with a stamp
consisting of PMDS and PC. After this step, the stamp with hBN is lowered to reach BLG,
hBN (lower flake) and graphite (back gate). From [74].

Finally, the stack is transferred to a Si/SiOy wafer containing different markers for align-
ment. This is done by melting the PC at 150 °C with the stack placed between the markers.
This causes blisters to move in the direction of the PC and aggregate at the edges of the het-
erostructure, reducing the number of blisters in the stack [74]. As a result, the stack is now
on SiO, and covered by a PC film that has been molten on top. By soaking for 10 minutes in
chloroform, the PC is eliminated. Afterwards, the sample was annealed for 4 hours to clean
the stack further. The resulting stack is shown in Fig. 11.
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Figure 11: a) Optical image (100x) of the stack after annealing. b) Schematic drawing of the
stack, starting with the top hBN, BLG, bottom hBN and the graphene backgate.

3.1.2. Design and considerations

The geometry of the device should allow for heating experiments in quantum point contacts
and quantum dots in bilayer graphene. For this purpose, a dual-gate graphene field-effect
transistor is made (see section 2.2). A cross-section of the device is shown in Fig. 12a. On top
of the SiOo, the gray area represents the graphene backgate. For this sample, the backgate was
a bilayer graphene flake. On the backgate, a 20 nm thick hBN flake acts as a dielectric to gate
the BLG, that is right on top. The BLG is protected by another hBN flake on top. The green
areas represent the top gates and the blue box is contacting the BLG. Using the combined
action of the top gate and back gate, an electric field can be created, which opens a bandgap
in BLG. When using the split gates, at an appropriate voltage, the carrier density can locally be
made zero, making it insulating. The point contact can be defined as the channel between the
split gates still has a finite carrier density and if there is ballistic transport, the conductance is
quantized. In this QPC, heating experiments will be done by applying a current through the
heaters and measuring the Seebeck effect as described in section 2.5.1. In Fig. 12, the gray area
is an Al,Oj3 layer to separate the finger gates from the top gates. This material was chosen
because it is an insulator and high quality films can be grown by atomic layer deposition. On
top, the finger gates are deposited. In Fig. 12b, the design of the device contacts is shown on
top of an optical microscope image. In this map, the blue lines contact the BLG (except the
blue figure in the top left, which is the backgate). The green lines are top gates, the continuous
ones can also be used as heaters. There are also two split gates, separated by 100 nm. The
separation needs to be small enough to define the QPC (meaning, the separation should be
in the range of the Fermi wavelength, see section 2.3), but should still be feasible to produce
with the EBPG5000. This separation is in line with for instance [12], where they were able
to successfully define QPCs with a similar separation in split gates. The length of the split
gates should be smaller than the mean free path of the electrons in the BLG. Although the
mean free path of homogeneous ballistic BLG channels can reach up to several micrometers,
inhomogeneous gating near the split gates may reduce this. Therefore, we decided to make
the split gates length in the micrometer range as inhomogeneous gating near the split gates
may reduce it. The yellow lines are finger gates (100 nm wide and separated with 100 nm).
The separation of the finger gates is comparable with [12] [56] [75], where they successfully
defined QDs and QPCs, respectively. The width is chosen as results of [12] suggest a 200 nm
width to define QPCs and [56] have used 40 nm to define QDs. In [76], multiple QDs were
defined between 200 nm wide finger gates. Furthermore, in [75], 100 nm wide finger gates
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were used to define QDs. Thus, we decided to define our finger gates with a 100 nm width.

Graphene

Sio,

Figure 12: a) Side view of the stack. The middle black area represents the bilayer graphene
(BLG) and the bottom layer the back gate. The green areas are the hexagonal boron nitride
(hBN). The green areas on top are the top gates and the blue box is a contact. The gray area is
the Al,O3, with finger gates (yellow) on top. b) Top view of the first finished device, captured
by an optical microscope. The green lines in the middle are the split gates and heater elements.
The blue lines are the contacts (etched into the BLG). The smaller area surrounded by a black
continuous line is the graphene flake, the light green is the top layer of hBN and the dark green
is the bottom layer of hBN. The larger area outlined by a black line represents the graphite
backgate.

3.1.3. Contacting the device

First, the stack from Fig. 11 is spin-coated at 4500 rotations per minute (RPM) with 495A6
poly-methyl-methacrylate (PMMA) and then baked at 180 °C for 2 minutes. The process is
repeated for another layer of 950A3 PMMA on top. As can be seen in Fig. 11, there is a large
graphene flake around the stack, which needs to be removed to make space for the contacts.
Electron-beam (e-beam) lithography is used to define a mask in concordance with the design
of the etch mask (see Fig. 13a). The system used is the EBPG5k+ in the Kavli Nanolab. From
here on, it will be referred to as EBL. Subsequently, the mask is developed by placing the
sample in the cold developer Hy0 IPA (1:3) for 90 seconds and then for 30 seconds in IPA.
The etching is done with plasma reactive ion etching through a mixture of CHF3 and O,. The
etching rate of this recipe was confirmed to be 30 nm/min in hBN by etching on a reference
flake. Afterwards, the sample is placed in aceton to remove the PMMA. For the final result of
this step, refer to Fig. 13b.
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Figure 13: a) Optical image with 100x zoom of the EBL defined pattern around the large
graphite flake. This serves as an etching mask to remove the flake and make space for the
contacts. b) The result after CHF;3 etching and PMMA removal, showing that the flake is
etched away, als an optical image with 100x zoom.

The next step is to define the large and small contacts, which contact the BLG (brown box in
Fig. 3) and the backgate. Firstly, the sample is spincoated using the PMMA double layer de-
fined above and then EBL used to define the patterns. Since the top hBN is 18 nm, around 45
seconds of etching was performed. Note that, since we do not want to connect the BLG with
the back gate, we must over etch significantly less than 22 nm, the thickness of the lower
hBN. To define the Ti/Au contacts, we used e-beam evaporation at high vacuum (10~7 Pa
< p < 107 Pa) to deposit 5 nm of titanium and 30 nm of gold. See Fig. 14 for the 5x (a) and
100x (b) optical images of the contacts.

Figure 14: a) 5x optical image of the device, featuring the large Ti/Au contacs. b) 100x optical
image of the contacts, showing the backgate and five contacts etched through the hBN to
contact the BLG.

Then, the contact resistances were tested in a probe station. As a result, it showed that two
contacts were not connected to the BLG. This indicates that the hBN was slightly thicker at
specific areas. To fix this, an extra fabrication step was needed in which pads were designed
around the contacts. Instead of etching for 45 s, we etched for 50 s to make sure we will con-
tact the pads while preventing the full etching of the lower hBN flake. After this fabrication
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step, electronic measurements confirmed contact with the BLG.

Due to the narrow spacings between split gates and small widths of the finger gates, dose
tests of the split gates and finger gates were made to verify the feasibility of the design and
determine the correct dose to accurately define the structures. The same procedure is used
here as in fabricating the large contacts, however, reactive ion etching is instead executed
with a mild O, plasma (for 10 s at 15 W) to remove the PMMA residues and improve adhesion
to the hBN surface. Also, 25 nm of gold was deposited on 5 nm of titanium. From the AFM
scans, the dose of 1450 uC/cm? was selected for both the split gates and finger gates. The
next step in fabrication is producing the top gates (including split gates), as can be seen in
Fig. 15. To produce the top gates, the stack was spin-coated with 496A6 and 950A3 PMMA,
exposed using EBL at 1450uC/cm?, followed by a mild O, DESCUM and then deposition of
Ti/Au for 5 nm and 25 nm, respectively at the AJA-QT. The device with top gates is shown
in Fig. 15. Tests at the probe station showed that the heaters were connected, the split gates
well separated and all top gates not connected to the backgate and the BLG contacts.

Figure 15: a) The 5x optical image of the device, featuring the large Ti/Au contacts and top
gates. b) The 100x optical image of the contacts, showing the split gates and top gates, which
will also be used as heaters in the experiments.

As shown in Fig. 3, the next layer consists of a 30 nm Al,O3 dielectric. However, as the di-
electric, which is grown using atomic layer deposition, does not bond to hBN, the device is
first functionalized with an O, plasma for 30 seconds. Before depositing on the device, first, a
height calibration measurement was done on an empty Si wafer using an ellipsometer. Then,
atomic layer deposition is executed at 150 °C on both the device and the test sample to deposit
approximately 30 nm of Al,Os3. After deposition, the total thickness of AlO3 can be deter-
mined using the test sample. To contact the bond pads and the finger gates, the Al,O3 needs to
be etched in the areas shown in Fig. 16. For this purpose, we do e-beam lithography to define
an etch mask, followed by wet etching of the Al,O3 using an inorganic developer containing
tetra-methyl ammonium hydroxide (MF21A). Before working on the device, the etch rate of
MF21A is determined by etching the Al,O3 of the test sample. Since we have measured how
much Al;O3 has been deposited, we can measure the height of this sample again after etching
and thus determine how much has been etched in the given period of time. Since over-etching
is not a problem (as the etch rate on hBN and Au is much smaller than the etch rate in Al;Os3),
we etched for 15 minutes on the device after defining the windows using EBL. See Fig. 16 for

19



a bx optical image featuring the EBL etch mask (blue/purple color). The windows on the bond
pads are not visible.

Figure 16: The 5x optical image of the device after ALD, showing the windows on the contacts
where the finger gates will be contacted (blue/purple color). The windows on the bond pads
are not visible. The greenish color of the device is the result of the Al,Os.

The finger gates are defined on top of the dielectric layer with the same recipe as for the top
gates. In Fig. 17, a top overview of the final device is shown.

Figure 17: a) The 5x optical image of the final device. b) The 100x optical image of the final
device, including the four finger gates.

In Fig. 18, an AFM scan of the final device is shown. It was taken after the measurements
have been done, in order not to potentially damage the device.
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Figure 18: a) An AFM scan of the device, after measurements.

3.2. Measurements

To perform electronic measurements, the sample needs to be connected to a socket. For this
purpose, we glue it on a chip carrier and use Au wires to bond the device pads with the chip
carrier connections. Then, this chip carrier with the device is placed inside a vacuum cham-
ber. The sample is connected thermally to a small chamber (called 1 K pot) which has a small
aperture controlled by a needle valve. This chamber is also connected to a pump that can
reduce the Helium pressure in the chamber, allowing the temperature around the device to
drop to as low as 1 K (hence the name). The device is connected to a dewar with liquid He,
which enters the 1 K pot through the needle valve aperture and contains a superconducting
magnet capable of applying magnetic fields up to 8 Tesla. Furthermore, the large helium cryo-
stat contains helium level probe and the temperature readout is connected to the cold finger.
The sample holder has 32 connections which allows us to apply and measure voltages across
gates of the device. The connections to the socket are connected to two Fisher connectors,
that are connected to a matrix rack which allows us to safely connect and disconnect the sam-
ple. Furthermore, the IVVY-DAC-rack allows us to source and measure currents and voltages.
It allows one to use external outputs and inputs, which we exploit by connecting a Lock-in
system (SRS 830). The Lockin system can be used to tune the current’s frequency, harmonic,
amplitude and phase. Peltier heating can be detected by tuning the Lock-in to the first har-
monic of the AC current (since ) o I, see Eq. 12). Similarly, Joule heating can be monitored
by tuning the Lock-in to the second harmonic of the AC current (see Eq. 13) to calculate the
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Figure 19: A simplified schematic of the working principle of a Lock-in amplifier. The input
signal V; is duplicated and both are multiplied with a reference signal V;, generated from
the internal oscillator of the Lock-in. One copy is multiplied with V; containing the same
phase as V; whereby the in-phase component (X-component) is generated, and the other copy
is multiplied with V; having a 90 degrees phase shift to create the quadrature signal (Y-
component). After multiplying with the reference signal, both functions are passed through a
low pass filter to remove any other frequencies and converted into polar coordinates to obtain
amplitude R and phase 6 of the signals. Obtained from [77].

Seebeck effect. The system is controlled through Python scripts. Likewise, the processing and
analysis of the acquired data is done in Python.

A schematic of the Lock-in amplifier is shown in Fig. 19. The Lock-in is able to extract very
small signals in noisy environments. The operation relies on the orthogonality of sinusoidal
functions. When multiplying two sinusoidal functions with frequencies f; and fs, with f; #
fo, and integrated over time T (1" > T1 AT > Ty, with T; = 1/ f; the period of function 1),
this results in zero. If f; = f5 and 1)1 = 12 (equal phases), the average value equals half of
the product of the amplitudes if integrated over a large enough 7'. If f; = f5 but ¢/ # 1, the
product is also attenuated (since the sine is orthogonal to the cosine). The input signal V; can
generally be described by:

V, = Asin(wst + 1), (14)

in which A the amplitude of the input voltage V;, ws = 27 f; the angular frequency (units:
radians per second), t the time (seconds), and 1) the phase (radians). The input voltage is first
filtered with a band pass filter and then amplified with a low noise amplifier (not shown) and
split into two copies. Each copy is multiplied with a reference signal V; (provided from the
internal oscillator). One copy is multiplied with V, containing the same phase as V;, gen-
erating the so-called in-phase component (commonly denoted as X); and the other copy is
multiplied with V, shifted 90 degrees such that the so-called quadrature signal is generated
(the Y component). In Fig. 19, the in-phase component is the upper branch and the quadra-
ture component the lower branch. After multiplying with the reference signal, both functions
are passed through a low pass filter to remove noise and finally through an output amplifier
(not shown). The amplitude R and phase 6§ = arctan(Y/X) of the signal are determined by
transforming X and Y from Cartesian coordinates to polar coordinates. Since multiplying two
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sinusoidal functions with the same w and 1) is nonzero, we expect the X component to yield
nonzero values. However, since multiplying two sinusoidal functions with the same w but
different 1) is attenuated, the amplitude of the Y component should be much smaller (near
zero) than the amplitude of the X component. In this thesis, the sample is excited with a sig-
nal that is proportional to the reference signal, which is why V is having a component at the
reference frequency and phase.

In some cases, the measured signal is proportional to higher powers of the current /. In
particular, if Vy~ I?:

(L)? = sinfwt)? = 2(1 - cos(2w). (15)
Iy 2

Therefore, when multiplying with a sinusoidal V/, the integral over 7" will be zero (as the sine
and cosine are orthogonal). However, when multiplying with the 90 degrees shifted V; (which

will also be a cosine), the integral over 7" will be nonzero. We expect the second harmonic

X-component to be attenuated and the Y-component to be dominating. In the third harmonic,

the AC source can be simplified into:

([io)‘3 = sin(wt)® = 3(3 sin(wt) — sin(3wt)). (16)

Since the third harmonic only contains terms with sin(wt), we expect the X-component to be
much larger than the Y-component of the output voltages processed by the Lock-in system.
In the fourth harmonic, the AC source can be written as:

I 1 1
(—)* = =(1 — 2cos(2wt) + = (1 + cos(4wt))). (17)
Iy 4 2
The expression of the fourth harmonic only contain terms with cos(wt), and therefore, we
expect the Y-component to be much larger than the X-component.

In this thesis, we will also perform a combination of two-terminal, three-terminal and four-
terminal measurements to characterize the device. The two-terminal measurement, some-
times called two-probe measurement, contacts the device, as the name suggests, on two leads.
The sample is represented by resistors in Fig. 20a and b with the a) two and three-terminal
and b) a four-terminal measurement circuit. The red lines are the two-terminal measurement,
the combination of V; and V5 form a three-terminal measurement. In Fig 20b, a four-terminal
measurement is drawn.
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Figure 20: A schematic overview of the two-terminal, three-terminal and four-terminal mea-
surement circuits. The R, symbolizes the resistance of the BLG between the contacts. R.; is
the resistance of contact . a) The red lines indicates a two-terminal measurement circuit be-
tween contacts c1 and c2 (with voltage meter V;). A three-terminal circuit is drawn using V}
and V3. b) Four terminal measurement circuit.

Using Fig. 20 and Ohm’s law, we can conclude why a four-terminal measurement is more
accurate than a two-terminal measurement to determine the BLG channel resistance. Suppose
that the current source generates a current /. Then the voltage measured in V;, V; and V3 can
be written as:

‘/1 = I<Rc1 + Rgl + Rc2>' (18)
Vo= IR, (19)
‘/3 = I(Rcl + Rgl)' (20)

From Eq. 18, it becomes clear that in a two-terminal measurement, we also measure the re-
sistance of the contacts - besides measuring the resistance of the BLG. Since the resistance
of the contacts is an unknown but significant value, R,; cannot be measured reliably. The
current does not go through other parts of the BLG. Hence, with voltage meter V5 (see Eq. 19),
only R, is can be determined. For the same reason, both R.; and R, can be determined
with V3 described in Eq. 20. When doing a three-terminal measurement, we have can subtract
Eq. 18 from Eq. 20 to determine .. This means the three-terminal measurement better ap-
proximates the resistance of the BLG RR,, but still contains the unknown R, which causes
systematic measurement errors when characterizing R, (especially when R, < R.). A so-
lution is the four-terminal measurement, shown in Fig. 20b. Four-terminal sensing separates
current carrying and voltage sensing electrodes. Assuming that the voltage source generates
a voltage V5, and that the Ampere meter reads current / the voltage drops according to the
following.

V:g - Rclj + Rg1] + Rgzj + Rggl. (21)

As no current will flow into the voltage meter (assuming a perfect voltage meter with infinite
resistance), the voltage meter V' will read:
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V = Ryl (22)

Since both V' (from the voltage meter) and I (from the Ampere meter) are known, the resis-
tance of the BLG between the two contacts can be determined (R,2).
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4. Results

All measurements described in this chapter are done at 7" = 1.8 K, unless specified otherwise.
In Fig. 21, a schematic of the contacts of the device is shown. This helps in discussing which
gates and contacts are connected. As can be seen, the split gates are purple with yellow corre-
sponding finger gates. The other top gates are represented by the green shapes. Furthermore,
the contacts etched into the BLG are dark blue. The back gate is not shown here, but can be
seen in Fig. 17. When showing which contacts are connected, the connected contacts will be

colored.

Figure 21: Schematic of the contacts of the device. The blue contacts are connected to the
BLG. The purple contacts represent the large (left) and small (right) set of split gates. The
green contacts are the other top gates on top of the hBN. The finger gates are represented by
the yellow rectangles.

First, a 4-terminal measurement with back gate sweep is done to determine the resistance R
of the BLG for —3 V < V3, < 3V, see Fig. 22a for the circuit. A 4-terminal measurement
is done such that the contact resistances are not measured, and only the resistance of BLG
is returned (see section 3.2). Besides sweeping the back gate, an AC bias of 1 p/A is applied
between the outer dark blue contacts in Fig. 22a, which contact the BLG, to measure the re-
sistance. Meanwhile, the voltage difference between is monitored between the two other blue
contacts through the Lock-in. The 4-terminal-resistance (R24;,) of the BLG can then be deter-
mined through Ohm’s law, using the measured voltage V,, and the bias current. It is expected
for R4, to peak at the charge neutrality point (see section 2.1.2) as the number of carriers
available for transport is minimal (see the Drude model and formula for carrier density as
explained in section 2.1.2). The measurement circuit is drawn in Fig. 22a. In Fig. 22b, the data
is visualized in a simple plot, with Ry, the four-terminal resistance on the y-axis, which is the
BLG resistance as shown in Section 3.2. On the x-axis, the various values of the back gate are
plotted. At around V4, = —2V, a significant peak in resistivity can be seen. This corresponds
with the charge neutrality point of this device.
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Figure 22: a) The circuit of the four-terminal measurement. The voltage meter is connected
between the dark blue colored contacts in the BLG. The current sources 1 uA between two
different contacts, making it a four-point measurement. b) The measurement result, featuring
Ry, (BLG resistance) on the y-axis and values of the back gate sweep on the x-axis. The
significant peak in resistivity around V3, = —2 V corresponds with the charge neutrality
point of this device.

4.1. Opening a bandgap

To experimentally show that a bandgap can be opened under an electric field, voltages on the
back gate and various top gates are applied. For each value of the back gate voltage, the top
gate voltages are swept. A bias current is set and the voltage difference between contacts in
the BLG is monitored (creating a 3D plot). The resistance of the BLG can then be calculated
using Ohm’s law. In homogeneous BLG, we expect to see the resistance go as 1/n far from the
CNP and saturate at a value of several k{2s which increases as the displacement field increases
(see section 2.2). These indicate the charge neutrality point of the outer regions of the BLG
not affected by the top gate voltage and the charge neutrality point underneath the top gate,
respectively (see section 2.2, and Fig. 4).

For the four-terminal measurement in Fig. 23a, an AC bias current of 1 /A is applied between
the outer contacts in the BLG, while monitoring the voltage difference between two other con-
tacts in the BLG. Moreover, for each value of the back gate voltage V},, (—4V < Vi, < 4V),
the voltage Vi, on the small split gates is swept from —5V to 5V. The voltage difference
is then converted into resistance through Ohm’s law and is signified by the color scale. In
Fig. 23b, the resulting 3D plot is shown. As expected, there is a significant increase in resistiv-
ity around V4, = —2 'V, as demonstrated in Fig. 22, corresponding with the charge neutrality
point (for the parts of the BLG not affected by V;,). However, instead of a diagonal line having
a resistivity which increases with |Vj,,| (as predicted in section 2.2), the resistivity increases
in a step-wise fashion. This indicates that the back gate voltage is not changing the carrier
density constantly. Another observation is that 174, takes on values between 460 €2 and 560
(2 - which are approximately 10x smaller than the ones measured in Fig. 22 (setting Vi, = 0V
in Fig. 23).
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Figure 23: a) Four-terminal measurement circuit. The voltage meter is connected between
two contacts in the BLG. The current sources 1 ;1A between two contacts in the BLG. b) The
resulting 3D plot, with the back gate voltages and the split gate voltages. The color signifies
the resistance measured using the Lock-in system. As expected, there is a significant increase
in resistance around V},; = —2 V. However, instead of a diagonal line having large resistivity,
the resistivity seems to have a step-like behavior in this sample.

The smaller values for R at Vi, = 0 V can, at least partly, be explained when converting the
values of I to R:

W
fa
in which Ry, is the square resistance (units: 2), W the width of the measured sample (in this
case: 4 ym) and L the separation between the voltage probes (around 7 ym) - which results
in a factor of 0.57. In Fig. 24, the Ry, for the back gate sweep and for measurement in Fig. 23
are shown, respectively. As can be seen, the peak in Fig. 24b is cut-off, hinting that too little
points are available to fully characterize the trace. Furthermore, this difference in resistivity
might hint at a secondary channel being formed in Fig. 22 (as an extra resistance in parallel
decreases overall resistance). According to Ohm’s law for parallel resistances, this resistance
should equal:

Ry =R (23)

RbgsweepRg
_Rg + Rbgsweep
In this equation, R, is Ry of the hypothetical extra channel, R, the Ry, of the measured

graphene from Fig. 23 and Rj,geweep the sq of Fig. 22. From this, the channel resistance should
be in the order of 1.1R, ~ 315 {2 + 28 ().

Rch -

(24)

To further investigate the step-like voltage response, various top gate geometries in combina-
tion with the back gate have been used. Since at this time, the phase of the Lock-in started to
deviate largely from zero, a two-terminal measurement was performed on the same small split
gates. In Fig. 25a, the measurement circuit is drawn and the used contacts are colored. Both
the voltage meter as the AC source are connected between the same contacts in the BLG, to
apply Irias = 100 nA. The results are shown in Fig. 25b. The values for Ry, are significantly
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Figure 24: a) Ry, for back gate dependence as shown in Fig. 22. This is done by converting
the values of R into I, by using Eq. 23, with W = 4 ym and L = 7 ym, corresponding with
the width and length of the gated region. b) I, for measurement as shown in Fig. 23. In this
case, the same values for 1V and L are used.

larger than for R4,, which makes sense because Ry, also measured the contact resistances
(see section 3.2). Since we have also measured the resistance using a four-terminal measure-
ment, the sum of these contact resistances can be determined and are approximately equal to
the values shown in the Ry, results of Fig. 25. The contact resistances are well above 15 k(2,
significantly larger than the previous results reported in such etch-defined contacts.
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Figure 25: a) The circuit of the two-terminal measurement. The voltage meter is connected
between two blue colored contacts in the BLG. The current sources 1 1A between the same
contact (a two-terminal measurement). We swept the small split gates (purple, colored) volt-
ages Vi, between —5 V and 5V, for each value of V},, between —4 V and 4 V. b) The resulting
3D plot, with the back gate voltages and the split gate voltages. The color signifies the resis-
tivity measured using the Lock-in system.

R,, as a function of Vg and Vg
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In Fig. 26a, a heater is connected and used as a top gate. Also here, an AC bias of /j;,s = 100 nA
was set in two contacts in the BLG, while the voltage difference was monitored. The top gate
is swept between —5 V and 5 V for back gate voltages between —4 V and 4 V. The results are
shown in Fig. 26b, consistent with Fig. 25.
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Figure 26: a) Two-terminal resistance measurement circuit. Here, we swept a top gate (green,
colored) and applied [1,;.s = 100 nA between the dark blue filled contacts (contacting the
BLG). The measured voltage response is then converted into resistance using Ohm’s law. b)
The result of the two-terminal resistance measurement according to a). The measurement
agrees with previous measurements in their resistance peaks around V;,, = —2 V and step-
like behavior in resistance.
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In Fig. 27a, the larger split gates were connected in a two-terminal resistance measurement.
An AC bias of 100 nA was used. The split gates were swept between —4 V and 4 V, while
sweeping the back gate between —3 V and 3 V. Based on the difference between this mea-
surement, which is a two probe measurement, and the measurement described in Fig. 28, the
contact resistances can be retrieved. These are in the same order of magnitude as the contact
resistances determined between Fig. 25 and Fig. 23.
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Figure 27: a) Two-terminal resistance measurement according to Fig. 25. Here, we swept the
large split gates (filled with purple) and applied [}, = 100 nA between the two blue colored
contacts in the BLG. b) The resulting 3D plot, agreeing with previous resistance measure-
ments.

Moreover, in Fig. 28, the larger split gates (colored with purple) were connected for another
4-probe measurement as described in Fig. 28a using a voltage source instead of a current
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source. The voltage meter is connected between the two outer dark blue contacts, which are
etched into the BLG. The voltage source and Ampere meter are both connected to the other
set of blue colored contacts. In this measurement, a voltage of 100 'V was applied with this
voltage source. The split gate voltage was swept (=3 V < V,, < 3V) for values of the back
gate ranging between —3V < V;, < 3 V. The results are shown in Fig. 28b. The values for
Ry, range between 3.6 k€2 and 0.25 k.
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Figure 28: a) The circuit of the four-terminal measurement. The voltage meter is connected
between the two outer contacts in the BLG (dark blue). Between the other set of blue colored
contacts, a voltage of 100 xV is applied and a current is measured. Furthermore, the split
gates (purple) were connected and swept with voltages between —3 V and 3 V for each value
of the back gate voltage 1}, between —3 V and 3 V. b) The resulting 3D plot, with the back gate
voltages and the split gate voltages. The color signifies the resistance (calculated by measuring
the voltage response and current of the Lock-in system).

The resistance measured in Fig. 28 at V;; = 0 V can be converted into R, to compare it to
the Iy, of earlier measurements (see Fig. 24a), see Fig. 29. It is expected that the shape of this
graph is similar to Fig. 24b, especially at low values of R, as there were not enough points to
complete characterize the higher peak. As hypothesized, the small values are around 200 (2,
and the peak reaches into the 1 k() regime. Based on this measurement, the resistance of the
hypothetically parallel channel in the back gate sweep of Fig. 24a should be between 60 2 and
1800 €. In Fig. 29b, for each value of V},,, the maximum R, is taken from the split gate sweep
—3V < Vi< 3 V. As Vi, is nonzero, we can approximate through the sum of R, in the top
gated region (with length L), and Ry in the rest of the sample (dimensions: L — L, and WV,
if we assume diffusion. Using Ry, = RW/L and R = R, + Ry, this simplifies to:

Lig

L—L
Raq ot = Rsqnt 7 ) + qu’t<W)' (25)

In this formula, R (ot is the Ry, of the total device, Ryt is [isq corresponding to the area
of the sample unaffected by top gating, Ry is [%sq corresponding to the area of the sample
affected by top gating, L., is the length of the top gated area, L is the length of the channel
and W is the width of the channel. As can be seen in Fig. 29b, there is an increasing trend
in Ry, (corresponding to R o1 in Eq. 25) as V4, increases. This trend indicates that there is
indeed a bandgap opening in this measurement.
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Figure 29: a) Ry, for the resistances taken in Fig. 28. b) Maximum values for R, for each value
of Vi, (selected from the various V). The upward trend indicates that a bandgap is opening
in this measurement.

Using the same configuration as described in Fig. 28, the source-drain current was measured.
In Fig. 30a, the back gate leakage current is displayed from the setup of Fig. 25. This is done
in preparation of defining the quantum point contact and quantum dot, as there is a trade-off
between a higher back gate (which results in a higher displacement field) and consequently a
higher leakage current (which is ideally kept < 10 nA) to guarantee that the applied voltage
is transferred to the gate.
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Figure 30: The measured leakage current during the two-terminal measurement described in
Fig. 25. Here, we swept the large split gates (see Fig. 28a) and applied [1,;,s = 100 nA. The
current is on a log scale. As can be seen, the leakage current is mostly in the (sub) nA range,
and increases fast for 1}, > 3 V into the ;1A regime. The outliers at V},, = —3 V are likely
not real as the leakage decreases again for lower V},,.

Tuning V},, seems to have no effect on the resistance for -1V <V, <1V, 1}, < -2V,2V
< Vhe < 275V and Wi,y > 4 V. This feature is reproducible for different top gates and split
gates (See Fig. 23, Fig. 25, Fig. 26, Fig. 27 and Fig. 28), and thus is a feature of the sample. As
can be seen in equation 4, we expect a linear change of the CNP position with V},.: for a lower
value of back gate voltage, we expect a higher top gate voltage to tune towards the charge
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neutrality point. This behavior indicates that, for the aforementioned ranges, the voltage ap-
plied to the back gate does not translate into a bigger electric field on the BLG. The electric
field induced by the back gate is being screened by a layer of charges somewhere between the
back gate and the bilayer graphene. The origin of this layer of charges remains unknown.

The estimation of the Seebeck coeflicient in BLG is obtained in Fig. 31, based on the resistances
of the back gate sweep (Fig. 22). The shape and range are in agreement with the modelling of
the Seebeck coefficient described in Fig. 8.

S estimation for Back Gate dependance

1.5
1.0
0.5
0.0 ~ AN
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-1.0
=15

-3 -2 -1 0 1 2 3
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Figure 31: The Seebeck coefficient estimate based on the back gate sweep taken in Fig. 22. The

shape and range are in agreement with the modelling of the Seebeck coefficient described in
Fig. 8.

4.2. Tuning into quantum dot

Then, we attempted to deplete the channels under the two sets of split gates. This was done
through setting the back gate voltage at a value which results in maximum electric field while
maintaining a small leakage current (idealistically: < 1 nA). According to Fig. 23-28, we can
see that tuning V4, did not effect the resistivity of the BLG for =1V < V3, <1V, < =2V,
2V < Ve <2.75Vand V;,, > 4 V. Also, the back gate leakage current for V4, greater than
—3 V or 3 V too high to be considered safe. Therefore, we define a QD in this sample around
Vig = 3 V. At this value for Vj,,, a displacement field of approximately 0.1 V/nm was achieved
(See Appendix), and therefore a bandgap of 8 & 2 meV is estimated to open [49]. Fig. 30a
illustrates that the back gate leakage current is in the nA range for Vi, = 3 V. Although the
electric field might be stronger at V4, = 4 V (see for instance Fig. 23), the leakage current
will be in the pA range (See Fig. 30), which might break the sample. A sudden break of the
gate can lead to the application of several volts across the sample in a very fast way, leading
to large currents that can blow up the flake. In our measurements, we take the precaution
of connecting a 10 M2 resistor in series with the backgate. As a consequence, the current
would be limited but the voltage applied to the gate would become minimal, as the voltage
drop across the series resistor would become comparable to V;,,. Once we have set the Vg,
we sweep the finger gate for a predefined set of voltages on the split gates. In this way, we
monitor the effect of the finger gates and split gates on the carrier density inside the channel.
For a specific combination, the carrier density underneath the finger gate should deplete and
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the density under the split gates minimizes. This experiment will be repeated for a variety of
geometries.

We start by setting up the same measurement circuit as shown in Fig. 28. For this experiment,
the larger split gates and corresponding middle finger gate were connected. For each value of
the finger gate (—10V < Vi, < 0V), the split gates (—2.1 V < V,, < 1.9 V) were swept at
Vbg = 3 V. Note that V;, =~ —2 V corresponds to the CNP of the double-gated region in Fig. 27.
The result is shown in Fig. 32a, with a darker horizontal area near V;, = 1.97 V - as this is
one of the areas with minimum conductance (implying most of the charge current is carried
between the split gates). As shown in Fig. 32c, decreasing V;, leads to a significant decrease
of the current, indicating that the channel between the split gates is depleted. Even though in
Fig. 32a there seems to be a step, indicating size quantization, individual horizontal profiles
indicate that the noise level is too high to make such a claim. However, averaging several
profiles over a certain voltage range suppresses this noise level and step quantization can be
seen around 4e?/h, which is slightly lowered due to the resistance of the bilayer graphene
outside the channel between the outer contacts. However, no Coulomb blockade oscillations
are visible as the background noise is in the order of €2 /h and Coulomb blockade oscillations
usually have an amplitude of 0.15 x €2 /h. Furthermore, there are vertical features present in
the 3D plot and are also present in other geometries of finger gates and this split gate (not
shown here). To see if these features persist, the sweeping order was changed for the same
geometry as in Fig. 32. Thus, for each value of the split gate voltage, the finger gate voltages
were swept. In Fig. 32b, the resulting 3D plot is shown for V;,, = 3V, with a corresponding
trace in Fig. 32. Again, we were not able to deplete the channel (as expected) and, surpris-
ingly, the vertical features persist. The persistence of the vertical features when changing the
sweeping order indicates that they are not intrinsic to the device characteristics but a conse-
quence of the sweeping process. This indicates that a charging and discharging mechanism
may be at play.
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Figure 32: a) The four-terminal measurement circuit used. The voltage meter is connected
between the outer contacts in the BLG (dark blue). The Ampere meter and voltage source
(100 pV) are connected to the other two contacts in the BLG (dark blue). Furthermore, the
larger split gates (purple) and middle finger gate (yellow) are connected. b) The result of
sweeping the split gate voltages for each value of the middle finger gate. 1}, was fixed at 3 V.
c) An average trace for Vi,between —1.97 V and —2.02 V in a), corresponding with the region
with minimum conductance. There seems to be a slight step quantization around 4¢? /h. The
channel was not fully depleted. No Coulomb blockade oscillations can be observed. Taking an
average trace in d) in the same range for V, returns the same result (not shown). d) Changing
the sweeping order of the measurement described in b). For every value of Vi, V;, was swept
and the current was measured. As in panel a), V4, = 3 V. No depletion of the channel was
noted and the vertical features persisted. These seem to hint at an unintended charging and
discharging mechanism in the sample.

Moreover, depletion of the channel defined by the smaller split gates has been attempted, see
Fig. 33. This has been done by sweeping the corresponding finger gate for each value of the
split gates, at Vi, = 3 V.
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Figure 33: a) The measurement circuit used in Fig. 34a. Here, we connected the Ampere meter
and voltage source between two contacts in the BLG (dark blue). Furthermore, an AC source
was connected between the outer contacts in the BLG (dark blue). Meanwhile, the finger
gate (yellow) was swept between —10 V and 0 V while sweeping the small split gates (purple)
between —2.10 V and —1.90 V. The back gate voltage V4, was 3 V. b) The measurement circuit
used in Fig. 34b. The Ampere meter, voltage source and current source were connected in the
same way as in a). However, now a finger gate (yellow) was swept between —10 V and 0 V
while sweeping the large split gates (purple) between —2.30 V and —2.10 V. The back gate
voltage V},, was set at 3.5 V.

In Fig. 34, the resulting 3D plots are shown. In Fig. 34a, the result is shown from sweeping
the smaller split gate as shown in Fig. 33. This channel was also not depleted and quantized
conductance is not well defined. In Fig. 34b, the measurement of Fig. 32b was repeated but
for Vi, = 3.5 V. This is done to increase the electric field in the FET device, which should
help depleting the channel. A trace of this measurement at V;; = —2.21 V (c) is shown.
There is no full depletion visible and steps are still dominated by the unintended charging
and discharging mechanism. No persistent Coulomb blockade oscillations are visible, which
shows that no QD has formed. In Fig. 34d, an average trace for V;, between —2.25 V and
—2.20 V is displayed. Steps around 4¢?/h and Te?/h can be observed, slightly lowered due to
measuring also the resistance of the BLG between the contacts outside of the channel. Since a
quantization of 8¢?/h is expected and only 7e? /I is measured, the series resistance should be
around 460 €2. This corresponds with the measurement described in Fig. 23, where we have
measured R4, using the same contacts in the BLG.
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Figure 34: a) The 3D plot resulting from the measurement setup described in Fig. 33a. The
channel was not depleted. b) The resulting 3D plot arising from the setup described in Fig. 33b.
On the x-axis, the split gate voltages are displayed and on the y-axis the finger gate voltages.
The color signifies the conductance measured using the Lock-in system, which is showed
in terms of ¢?/h. There is no clear depletion, however, step quantization is visible. ¢) A
trace taken at Vi, = —2.21 V. Step quantization in the conductance can be observed, but
is dominated by an unintended charging and discharging mechanism. d) An averaged trace
taken for Vi, between —2.25 V and —2.20 V. Steps around 4¢?/h and 7e*/h can be observed.

Furthermore, by tuning multiple finger gates simultaneously (as done in [56]), we attempted
to confine charges, i.e. to form a quantum dot. In Fig. 35a, the larger split gates (purple) were
connected, combined with two of the three finger gates (yellow). For each value of the split
gates, both finger gates were swept simultaneously. However, this also did not deplete the
channel, as can clearly be seen from the vertical trace taken at Vy,= —1.97 V (Fig. 35b), nor
did it confine charges as in this case the characteristic Lorentzian peaks are expected in the
density of states (and conductance).
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Figure 35: a) The circuit used in this measurement. Two finger gates were set between 0 V
and —10 V for each V}, on the split gates (purple) between —2.1 V and —1.9 V. Meanwhile, a ¢
bias voltage of V}i,s = 100 1V was applied and the current between the outer contacts in the
BLG (dark blue) was monitored. By measuring the the voltage between , the conductivity can
be calculated (z-scale). b) An averaged vertical trace for V,, between —1.97 V and —2.02 V,
with on the x-axis the finger gate voltage V4, and on the y-axis the current in the channel.

As from the Hall Theory (see section 2.3), step quantization should be more defined at higher
magnetic fields. Therefore, another attempt was made to deplete the channel defined by the
large split gates, with corresponding middle finger gate, at B = 5 T (see Fig. 33b). The result
looks a lot cleaner, with a clear depletion of the channel (see Fig. 36a-b). The corresponding
averaged trace clearly shows depletion and signs of step quantization of the conductivity. To
take a closer look, the measurement was executed again with smaller stepsize for —5 V <
Vte < —3 V. A corresponding trace of this measurement is shown in Fig. 36 and shows an
additional feature, related with an unintended charging and discharging mechanism in the
sample.
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Figure 36: a) 3D plot obtained by sweeping the large split gates with the middle finger gate at
B = 5T, see Fig. 33b for the circuit. It shows clear depletion of the channel and quantization
in the current. b) An averaged trace for V, between —2.03 V and 2.13 V, with on the x-axis
Vie and on the y-axis the current. The current shows quantized steps and shows that there is
a depletion in the channel. c) A trace at V;; = —2.08 V, taken from a more detailed sweep.

4.3. Measuring voltages

This section describes the heating experiments conducted in the previously defined structures.
To select an appropriate heating current for the thermovoltage characterizations, the voltages
in the first and second harmonic for different heating current values and back gate voltages
were mapped. For this purpose, an AC current was applied on the right heater (see circuit in
Fig. 37), varying between 5 pA and 50 pA in steps of 5uA. For each current value, the back
gate Vi, was varied between —3V < 14,< —1 V. The voltage response was measured be-
tween 23 and 9 with two Lock-ins, one was tuned to measure the first harmonic voltage and
the other one for the second harmonic voltage (see section 3.2 for more details on the Lock-in).
The first harmonic voltage is the result of Peltier heating (see Section 2.5.2) and the second
harmonic is a consequence of Joule heating (see Section 2.5.3). The measurement circuit is
drawn in Fig. 37a. In Fig. 38, the results of this measurement are shown. Fig. 38a contains the
x-component of voltage response in the second harmonic for =3V < V4, < —1 V. It features
a sign change around the charge neutrality point (V4 = —2 V), and values are in the 0.1 uV
range. The sign change indicates the carrier type change from electrons to holes [61]. Fig. 38b
shows the corresponding y-component of the second harmonic voltage response. It contains
a peak around the charge neutrality point (V},, = —2 V), and values are 10x larger than in the
x-component (as expected, the y-component in the second harmonic should be lower than the
x-component, see section 3.2). Therefore, in the rest of this chapter, only the y-component of
the second harmonic will be shown. Fig. 38c contains the x-component of the first harmonic
voltage response for —3V < V},,< —1 V. It also shows a peak around the charge neutrality
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point (V4 = —2 V), with values in the 1V range. Since the x-component of the first harmonic
is much larger than its corresponding y-component (see Fig. 38d), only the x-component of
the first harmonic will be shown in the rest of this chapter. Based on Eq. 15 and Eq. 14, we
expect the first harmonic and second harmonic to have opposite sign.

Based on this measurement (specifically: Fig. 38b and c) and the estimation of the Seebeck
coefficient in Fig. 31, a rough estimation can be made for the temperature induced by the
heaters. By rewriting Eq. 11 to AT = —S/AV, a AT in the range of 0.5 4+ 0.2 K is expected
(for Iheat = 50 pA, as this current will be used when measuring the thermal voltages in other

—®
o
D 1t
—f J\ L L]

Figure 37: The circuit used in Fig. 38 and in Fig. 39. The current source (ac) of 1 ;1A is connected
to the right heater (from now on: Ij.,;), and the voltage meter is connected between two
contacts in the BLG. The output voltage is then connected to two Lock-ins, which are tuned
to monitor the voltages in the first and second harmonic.
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Figure 38: Voltage responses in the first and second harmonic for varying values of heating
current Ipe,; through the right heater, using measurement circuit 37a. a) The x-component
of the second harmonic voltage response for —3 V < 1}, < —1 V. b) The y-component of
the second harmonic voltage response for for V4, between —3 V and —1 V. It contains a peak
around the charge neutrality point (V,; = —2 V), and values are 10x larger than in the x-
component. ¢) The x-component of the first harmonic voltage response for the same range of
Vig. It contains a peak around the charge neutrality point (V3 = —2 V), with values in the
1V range. d) The y-component of the first harmonic voltage response for =3V < 14,, < -1V
at different current values.

Possibly, gating from the contacts could have induced a change in resistance of the BLG pro-
portional to frequency w, as:

R = Ry + ARsin(wt), (26)

in which R, the resistance of the BLG without a gating effect AR the resistance change due
to a gating effect. Having a second harmonic and a DC component signal coming from the
I? term (see Eq. 15), the AR term could generate a first and a third harmonic contribution.
Therefore, this measurement has been repeated to characterize the voltage responses in the
third and fourth harmonic for the same range of heater currents. The results are shown in
Fig. 39. Again, Fig. 39a contains the x-component of the third harmonic, Fig. 39b the cor-
responding y-component, Fig. 39¢ the x-component of the fourth harmonic and Fig. 39d its
corresponding y-component.
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Figure 39: Voltage responses in the third and fourth harmonic for varying values of heating
current through the right heater, using measurement circuit 37a. a) The x-component of the
third harmonic voltage response for —3 V < V4, < —1 V. It contains a slight peak around the
charge neutrality point (V;,; = —2 V), but values are in the 0.05 1tV range. b) The y-component
of the third harmonic voltage response for 14, between —3 V and —1 V. No clear features can
be distinguished here. c) The x-component of the fourth harmonic voltage response for the
same range of V},,. Only noise was measured. d) The y-component of the fourth harmonic
voltage response at different current values. A slight peak can be seen at V},, = —2 V.

As can be seen in Fig. 39, V3,v < Vi,x and Vy,x < Vy,y. Furthermore, the magnitude of
the third harmonic is 15 to 20 times smaller than the first harmonic. Based on Eq. 16, we ex-
pect that the contribution of the first harmonic is only 3 times larger than the third harmonic.
However, the magnitude of this gating effect would be limited, as the gating effect is only a
small modulation of the thermal voltage, and cannot explain this feature entirely. Therefore
there must be another source from the first harmonic, which is yet unclear.

In addition, the resistance of the heater was measured for a constant current at different tem-
peratures, characterizing R(7'). For the measurement shown in Fig. 40b, an AC heating cur-
rent of 1 1A was applied on the right heater, and simultaneously, the voltage drop was mea-
sured between the other ends of the heater (for a schematic overview, consult Fig. 40a). This
was done at varying temperatures between 1.8 K and 50 K. Before measuring the voltage dif-
ference at each temperature, a 5 s waiting period has been set to let the temperature stabilize.
As temperature increases, an increasing trend is expected in the resistance of the gold heaters
[78]. However, as can be seen in Fig. 40, the resistivity of the gold heaters at low tempera-
tures is relatively constant, which indicates that the gold heaters are not appropriate to use
as thermometers at low temperatures.
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Figure 40: a) Measurement circuit used to perform a heater resistance versus temperature
measurement. The right heater was connected to an AC bias of 50 1A, while a voltage meter
(using the Lock-in) was connected to two contacts in the BLG. b) The heater is connected to an
AC of 50 pA and voltage meter using a four-probe measurement to exclude the heater resis-
tances. The temperature of the setup was varied between 1.8 K and 100 K, and an increasing
trend in the resistance of the gold heater is demonstrated. However, in the low temperature
range, the resistance shows almost no change, indicating that the gold heaters cannot be used
as thermometers at low temperatures.

Instead, a theoretical model was constructed to calibrate the heaters, based on [79] and [80].
The temperature rise as a result of Joule heating can be estimated by making assumptions
about the thermal resistance of the SiO, at low temperatures and the thermal conductance
of the graphene - SiO; boundary, however, these estimations are not obvious thus this model
was not used to calibrate the heaters. For more details, please consult the Appendix.

As the calibration was unsuccessful, the rest of the chapter will feature a selection of the mea-
sured voltages (and not the thermopowers). First, an overview of the measurement circuits
will be given, see Fig. 41. The voltages were measured in the smaller split gates (panel a), the
larger split gates (panel b), and a top gate (panel c). In these measurements, the top gates were
swept between —3 V and 0 V (as we expect the charge neutrality point to be at —2 V). An AC
heating current of Ij..s = 50 uA was applied through the right heater (green). Meanwhile,
the resulting voltage was monitored through a dual Lock-in setup across the bilayer graphene
from the dark blue contacts, which is tuned to monitor the first and second harmonic of the
voltage.
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Figure 41: These panels represent the measurement circuits used in Fig. 42, Fig. 43 and Fig. 44,
respectively. In all setups, the current source (ac) of 50 yA is connected to the right heater, and
the voltage meter is connected between two contacts in the BLG. The output voltage is then
connected to two Lock-ins, which are tuned to monitor the voltages in the first and second
harmonic. The top gates were swept between —3 V and 0 V (as we expect the charge neutrality
point to be at —2 V). a) The measurement circuit used in Fig. 42. The small split gates (purple)
are connected. The back gate voltage was set to Vi, = 0 V (see Fig. 42a and c¢) and 1}, =3V
(see Fig. 42b and d). b) The measurement circuit used in Fig. 43, with the large split gates
(purple) connected. The back gate voltage was set to Vi, = 3 V. ¢) The measurement circuit
used in Fig. 44, with the left green top gate connected.

Furthermore, the back gate voltage was set to V4, = 0V (see Fig. 42aand c) and V;,; = 3V (see
Fig. 42b and d), to map the effect of the split gates only and at maximum bandgap opening,
respectively. In Fig. 42a and b, the second harmonic voltages are shown for V;,, = 0 V and
Ve = 3V, respectively. Fig. 42c and d are the corresponding voltages in the first harmonic.
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Figure 42: Voltage responses in the second and first harmonic for I}e.; = 50 A through the
right heater, using measurement circuit 41a. a) The y-component of the second harmonic
voltage response for —2.5V < Vi, < 0V, for V3, = 0 V. It contains a peak around the charge
neutrality point (Viz = —1.5V).b) The y-component of the second harmonic voltage response
for —2.5V < Vi, <0V, for Vi, = 3 V. It contains a peak around the charge neutrality point
(Veg = —1.5V). c¢) The x-component of the first harmonic voltage response for V;, in the same
range as in a. Also here, the charge neutrality point is around V, = —2 'V, with values in the
1V range. d) The x-component of the first harmonic voltage response for Vi, in the same
range as in b.

Additionally, the large split gates were connected in accordance with Fig. 41b and voltages
between —3 V and 0 V were applied. An AC heating current of ;,c.s = 50 A was applied on
the right heater (green) and the voltage was measured between two contacts in the BLG (dark
blue). The back gate voltage was set at V3, = 3 V. The results are shown in Fig. 43. As this
measurement was done at a later stage, the doping of the device has changed, which might
have caused the charge neutrality point to shift.
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Figure 43: Voltage responses in the second and first harmonic for Ije.s = 50 pA through
the right heater, using measurement circuit described in Fig. 41b. a) The y-component of the
second harmonic voltage response for —3 V < V4, < 0V, for 4,, = 3 V. The peak of the CNP
(now, at V;; = —0.75 V) has been shifted, which could be the result of a change in doping
due to repeated sweeping. b) The x-component of the first harmonic voltage response for the
same range in V4, as in a, for V3, = 0 V.

In Fig. 44, results from the measurement circuit described in Fig. 41c are shown. The top gate
(green) is swept between —3 V and 0 V. The right heater (green) is used to apply Ipeat = 50
1A. Meanwhile, the voltage across two contacts in the BLG (dark blue) was measured with
two Lock-ins tuned to the first and second harmonic.
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Figure 44: Voltage responses in the second and first harmonic for I}, = 50 A through the
right, using measurement circuit 41c. a) The y-component of the second harmonic voltage
response for -3V < V;,< 0V, for 1}, = 3 V. It contains a peak around the charge neutrality
point (Viz = —2 V). b) The x-component of the first harmonic voltage response, measured for
the same range of Vi, at V;,, = 3 V.

Besides this selection, heating measurements were done in the large split gate configuration
at higher magnetic fields (B = 2 T, B = 5 T; see Fig. 36, giving us a QPC), while sweeping
finger gate 19. Furthermore, the right heater was swapped for the left heater to repeat a top
gate measurement. In these aforementioned measurements, however, no significant signal
was picked up.
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5. Conclusion

Nanostructures in bilayer graphene have promising potential applications in spintronics and
valleytronics - and is therefore a widely researched area since its discovery in 2004 [19]. Char-
acterizing thermotransport phenomena in bilayer graphene based quantum point contacts
and quantum dots brings additional insight into their transport phenomena and could pave
the way for more durable devices as harvesting thermopowers can increase longevity.

In this thesis, a BLG sample is encapsulated in hBN, with a graphene backgate. The top hBN
was etched to contact the BLG with Ti/Au to inject carriers and perform voltage measure-
ments (resistance characterizations) over the BLG. On top of the hBN, a series of top gates
and heaters (Ti/Au) were fabricated, amongst two series of 100nm separated split gates. The
sample was covered with a 30 nm Al,Oj3 dielectric layer to separate top gates from the four
100 nm wide finger gates, placed on top of the split gates. Through the combined action of a
top gate and back gate, an electric field was created which opened the band gap of the BLG.
However, gate-dependent resistance measurements indicate that the electric field induced by
the back gate is being screened by a layer of charges somewhere between the back gate and
the bilayer graphene. The origin of this layer of charges remains unknown. As a result, we
were not able to fully deplete the channel as defined by the split gates through the combined
action of back gate, split gates and (multiple) finger gate(s). By swapping the gate sweeping
order, we observed persisting vertical features in the results, which hint at an unintended
charging and discharging mechanism in the sample. Through applying a large magnetic field
(B = 5 T), we were able to deplete the channel and got a quantized conductance response,
however, a clean and detailed sweep could not be obtained due to the charging mechanism
described above.

Thermal transport measurements were also performed in the sample using the heaters. Based
on the resistance characterization of the sample, the Seebeck coefficient was estimated using
Mott’s formula (in the range of ;/V/K) and were in the similar range of the measured signals.
The temperature rise as a result of applying 50 yA in heating was estimated to be 0.5+ 0.2 K
and clearly defined thermovoltages were measured as a result.
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6. Recommendations

For further research, it is recommended to use a different material for the heater, since the
golden heaters have almost no resistance change response in the low temperature range. Fur-
thermore, the fabrication steps described in this thesis can be used as a guide in the complex
manufacturing of this device. More devices need to be prepared to remove the effect of the
charging layer which we observed in this device. As a result, experiments may be realized
with larger electric fields , leading to cleaner size quantization steps and Coulomb oscillations.

Furthermore, the narrowing of the splitting between the split gates has been shown to result

in cleaner step-like structures in BLG [56] and may be useful to increase the expected thermal
signals from the QPCs.

48



Acknowledgements

I would like to thank my supervisor Josep Ingla Aynés and Herre van der Zant for the op-
portunity to do my Master thesis at the Quantum Nanoscience department, here at the TU
Delft. Especially, I would like to thank Josep Ingla Aynés for his availability to answer all my
questions and help me out in the lab. Finally I would like to thank the Kavli Nanolab and TNO
for using their cleanroom to produce the nanostructures.

49



References

[1]

(2]

[10]

[11]

[12]

[13]

William A Goddard III, Donald Brenner, Sergey Edward Lyshevski, and Gerald ] Iafrate.
Handbook of nanoscience, engineering, and technology. CRC press, 2002.

Wolfgang M Arden. The international technology roadmap for semiconduc-
tors—perspectives and challenges for the next 15 years. Current Opinion in Solid State
and Materials Science, 6(5):371-377, 2002.

Xun Shi and Jian He. Thermopower and harvesting heat. Science, 371(6527):343-344,
2021.

Kostya S Novoselov, Andre K Geim, Sergei Vladimirovich Morozov, Dingde Jiang,
Michail I Katsnelson, IVa Grigorieva, SVb Dubonos, and andAA Firsov. Two-dimensional
gas of massless dirac fermions in graphene. nature, 438(7065):197-200, 2005.

AH Castro Neto, Francisco Guinea, Nuno MR Peres, Kostya S Novoselov, and Andre K
Geim. The electronic properties of graphene. Reviews of modern physics, 81(1):109, 2009.

Xiaodong Xu, Wang Yao, Di Xiao, and Tony F Heinz. Spin and pseudospins in layered
transition metal dichalcogenides. Nature Physics, 10(5):343-350, 2014.

RV Gorbachev, JCW Song, GL Yu, AV Kretinin, F Withers, Y Cao, A Mishchenko, IV Grig-
orieva, Konstantin S Novoselov, LS Levitov, et al. Detecting topological currents in
graphene superlattices. Science, 346(6208):448-451, 2014.

Steven A Vitale, Daniel Nezich, Joseph O Varghese, Philip Kim, Nuh Gedik, Pablo Jarillo-
Herrero, Di Xiao, and Mordechai Rothschild. Valleytronics: opportunities, challenges,
and paths forward. Small, 14(38):1801483, 2018.

Gordon E Moore. Cramming more components onto integrated circuits. Proceedings of
the IEEE, 86(1):82-85, 1998,

Dominik Bischoff, Pauline Simonet, Anastasia Varlet, Hiske C Overweg, Marius Eich,
Thomas Ihn, and Klaus Ensslin. The importance of edges in reactive ion etched graphene
nanodevices. physica status solidi (RRL)-Rapid Research Letters, 10(1):68-74, 2016.

Dominik Bischoff, Florian Libisch, Joachim Burgdérfer, Thomas Ihn, and Klaus En-
sslin. Characterizing wave functions in graphene nanodevices: Electronic transport
through ultrashort graphene constrictions on a boron nitride substrate. Physical Review
B, 90(11):115405, 2014.

Hiske Overweg, Hannah Eggimann, Xi Chen, Sergey Slizovskiy, Marius Eich, Riccardo
Pisoni, Yongjin Lee, Peter Rickhaus, Kenji Watanabe, Takashi Taniguchi, et al. Electro-
statically induced quantum point contacts in bilayer graphene. Nano letters, 18(1):553~
559, 2018.

Yuanbo Zhang, Tsung-Ta Tang, Caglar Girit, Zhao Hao, Michael C Martin, Alex Zettl,
Michael F Crommie, Y Ron Shen, and Feng Wang. Direct observation of a widely tunable
bandgap in bilayer graphene. Nature, 459(7248):820-823, 2009.

50



[14]

[15]

[16]

[17]

(18]

[19]

[21]

[22]

[23]

[28]

Monica T Allen, Jens Martin, and Amir Yacoby. Gate-defined quantum confinement in
suspended bilayer graphene. Nature communications, 3(1):1-6, 2012.

Augustinus (Stijn) M Goossens, Stefanie CM Driessen, Tim A Baart, Kenji Watanabe,
Takashi Taniguchi, and Lieven MK Vandersypen. Gate-defined confinement in bilayer
graphene-hexagonal boron nitride hybrid devices. Nano letters, 12(9):4656-4660, 2012.

Susanne Drdscher, Clément Barraud, Kenji Watanabe, Takashi Taniguchi, Thomas Thn,
and Klaus Ensslin. Electron flow in split-gated bilayer graphene. New journal of Physics,
14(10):103007, 2012.

LP Kouwenhoven, CM Marcus, PL McFEuen, S Tarucha, RM Westervelt, and
NS Wingreen. Electron transport in quantum dots (mesoscopic electron transport,
kluwer series e 345) ed 1l sohn et al, 1997.

Bernd Illing, Sebastian Fritschi, Herbert Kaiser, Christian L Klix, Georg Maret, and Peter
Keim. Mermin-wagner fluctuations in 2d amorphous solids. Proceedings of the National
Academy of Sciences, 114(8):1856-1861, 2017.

Kostya S Novoselov, Andre K Geim, Sergei V Morozov, De-eng Jiang, Yanshui Zhang,
Sergey V Dubonos, Irina V Grigorieva, and Alexandr A Firsov. Electric field effect in
atomically thin carbon films. science, 306(5696):666—669, 2004.

Tarun Radadiya. A properties of graphene. European Journal of Material Sciences, 2:6-18,
09 2015.

A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim. The
electronic properties of graphene. Rev. Mod. Phys., 81:109-162, Jan 2009.

Philip Richard Wallace. The band theory of graphite. Physical review, 71(9):622, 1947.

Felix Bloch. Uber die quantenmechanik der elektronen in kristallgittern. Zeitschrift fiir
physik, 52(7):555-600, 1929.

Cristina Bena and Gilles Montambaux. Remarks on the tight-binding model of graphene.
New Journal of Physics, 11(9):095003, 2009.

Kostya S Novoselov, Andre K Geim, Sergei Vladimirovich Morozov, Dingde Jiang,
Michail I Katsnelson, Irina V Grigorieva, SVb Dubonos, and andAA Firsov. Two-
dimensional gas of massless dirac fermions in graphene. nature, 438(7065):197-200, 2005.

Yuanbo Zhang, Yan-Wen Tan, Horst L Stormer, and Philip Kim. Experimental observa-
tion of the quantum hall effect and berry’s phase in graphene. nature, 438(7065):201-204,
2005.

Mikhail I Katsnelson. Graphene: carbon in two dimensions. Materials today, 10(1-2):20—
27, 2007.

N. M. R. Peres. Colloquium: The transport properties of graphene: An introduction.

51



[29]

[30]

[31]

[38]

[39]

[40]

[41]

[42]

Elsa Prada, Pablo San-Jose, Bernhard Wunsch, and Francisco Guinea. Pseudodiffusive
magnetotransport in graphene. Physical Review B, 75(11):113407, 2007.

S Droscher, P Roulleau, F Molitor, P Studerus, C Stampfer, K Ensslin, and T Thn. Quantum
capacitance and density of states of graphene. Applied physics letters, 96(15):152104, 2010.

Kai Yan, Hailin Peng, Yu Zhou, Hui Li, and Zhongfan Liu. Formation of bilayer bernal
graphene: layer-by-layer epitaxy via chemical vapor deposition. Nano letters, 11(3):1106—
1110, 2011.

Zheng Liu, Kazu Suenaga, Peter JF Harris, and Sumio lijima. Open and closed edges of
graphene layers. Physical review letters, 102(1):015501, 2009.

Jeroen B Oostinga, Hubert B Heersche, Xinglan Liu, Alberto F Morpurgo, and Lieven MK
Vandersypen. Gate-induced insulating state in bilayer graphene devices. Nature materi-
als, 7(2):151-157, 2008.

Edward McCann and Mikito Koshino. The electronic properties of bilayer graphene.
Reports on Progress in physics, 76(5):056503, 2013.

Paul Drude. Zur elektronentheorie der metalle. Annalen der physik, 306(3):566—613, 1900.

Jens Martin, Nitzan Akerman, G Ulbricht, T Lohmann, JH v Smet, K Von Klitzing, and
Amir Yacoby. Observation of electron-hole puddles in graphene using a scanning single-
electron transistor. Nature physics, 4(2):144-148, 2008.

GR Bhimanapati, NR Glavin, and Joshua Alexander Robinson. 2d boron nitride: synthesis
and applications. In Semiconductors and Semimetals, volume 95, pages 101-147. Elsevier,
2016.

Amadeo L Vazquez de Parga and Rodolfo Miranda. Scanning tunneling microscopy (stm)
of graphene. In Graphene, pages 345-379. Elsevier, 2021.

Cory R Dean, Andrea F Young, Inanc Meric, Chris Lee, Lei Wang, Sebastian Sorgenfrei,
Kenji Watanabe, Takashi Taniguchi, Phillip Kim, Kenneth L Shepard, et al. Boron nitride
substrates for high-quality graphene electronics. Nature nanotechnology, 5(10):722-726,
2010.

Alexander S Mayorov, Roman V Gorbachev, Sergey V Morozov, Liam Britnell, Rashid
Jalil, Leonid A Ponomarenko, Peter Blake, Kostya S Novoselov, Kenji Watanabe, Takashi
Taniguchi, et al. Micrometer-scale ballistic transport in encapsulated graphene at room
temperature. Nano letters, 11(6):2396-2399, 2011.

KS Novoselov, o A Mishchenko, o A Carvalho, and AH Castro Neto. 2d materials and
van der waals heterostructures. Science, 353(6298):aac9439, 2016.

Andre K Geim and Irina V Grigorieva. Van der waals heterostructures. Nature,
499(7459)419—425,2013.

52



[43]

[44]

[45]

Marius Eich, Frantisek Herman, Riccardo Pisoni, Hiske Overweg, Annika Kurzmann,
Yongjin Lee, Peter Rickhaus, Kenji Watanabe, Takashi Taniguchi, Manfred Sigrist, et al.
Spin and valley states in gate-defined bilayer graphene quantum dots. Physical Review
X, 8(3):031023, 2018.

Kaoru Kanayama and Kosuke Nagashio. Gap state analysis in electric-field-induced band
gap for bilayer graphene. Scientific reports, 5(1):15789, 2015.

DA Wharam, Trevor John Thornton, R Newbury, M Pepper, H Ahmed, JEF Frost,
DG Hasko, DC Peacock, DA Ritchie, and GAC Jones. One-dimensional transport and the
quantisation of the ballistic resistance. Journal of Physics C: solid state physics, 21(8):L209,
1988.

BJ Van Wees, H Van Houten, CW] Beenakker, J] Gr Williamson, LP Kouwenhoven,
D Van der Marel, and CT Foxon. Quantized conductance of point contacts in a two-
dimensional electron gas. Physical Review Letters, 60(9):848, 1988.

CW]J Beenakker and Henk van Houten. Quantum transport in semiconductor nanos-
tructures. In Solid state physics, volume 44, pages 1-228. Elsevier, 1991.

Henk Van Houten and CW]J Beenakker. Quantum point contacts. arXiv preprint cond-
mat/0512609, 2005.

Eike Icking, Luca Banszerus, Frederike Wortche, Frank Volmer, Philipp Schmidt, Corinne
Steiner, Stephan Engels, Jonas Hesselmann, Matthias Goldsche, Kenji Watanabe, et al.
Transport spectroscopy of ultraclean tunable band gaps in bilayer graphene. Advanced
Electronic Materials, 8(11):2200510, 2022.

M Mucha-Kruczynski, E McCann, and Vladimir I Fal’Ko. Electron-hole asymmetry and
energy gaps in bilayer graphene. Semiconductor Science and Technology, 25(3):033001,
2010.

Zhenhua Qiao, Jeil Jung, Qian Niu, and Allan H MacDonald. Electronic highways in
bilayer graphene. Nano letters, 11(8):3453-3459, 2011.

K v Klitzing, Gerhard Dorda, and Michael Pepper. New method for high-accuracy de-
termination of the fine-structure constant based on quantized hall resistance. Physical
review letters, 45(6):494, 1980.

Yuan Pu, Fuhong Cai, Dan Wang, Jie-Xin Wang, and Jian-Feng Chen. Colloidal synthesis
of semiconductor quantum dots toward large-scale production: a review. Industrial &
Engineering Chemistry Research, 57(6):1790-1802, 2018.

MS Skolnick and DJ Mowbray. Self-assembled semiconductor quantum dots: Funda-
mental physics and device applications. Annual Review of Materials Research, 34:181,
2004.

Xiaolong Liu and Mark C Hersam. 2d materials for quantum information science. Nature
Reviews Materials, 4(10):669-684, 2019.

53



[56]

[63]

[64]

Marius Eich, Riccardo Pisoni, Alessia Pally, Hiske Overweg, Annika Kurzmann, Yongjin
Lee, Peter Rickhaus, Kenji Watanabe, Takashi Taniguchi, Klaus Ensslin, et al. Coupled
quantum dots in bilayer graphene. Nano letters, 18(8):5042-5048, 2018.

Francis ] DiSalvo. Thermoelectric cooling and power generation. Science, 285(5428):703—
706, 1999.

Christian Miller Anna .LHofmann, Renee Kroon. Doping and processing of organic semi-
conductors for plastic thermoelectrics. Woodhead Publishing, an imprint of Elsevier, 2019.

Pradip Basnet. METAL OXIDE PHOTOCATALYTIC NANOSTRUCTURES FABRICATED BY
DYNAMIC SHADOWING GROWTH. PhD thesis, 04 2015.

Yuri M Zuev, Willy Chang, and Philip Kim. Thermoelectric and magnetothermoelectric
transport measurements of graphene. Physical review letters, 102(9):096807, 2009.

Peng Wei, Wenzhong Bao, Yong Pu, Chun Ning Lau, and Jing Shi. Anomalous thermo-
electric transport of dirac particles in graphene. Physical review letters, 102(16):166808,
2009.

Anders Mathias Lunde and Karsten Flensberg. On the mott formula for the thermopower
of non-interacting electrons in quantum point contacts. Journal of Physics: Condensed
Matter, 17(25):3879-3884, jun 2005.

CW]J Beenakker and AAM Staring. Theory of the thermopower of a quantum dot. Phys-
ical Review B, 46(15):9667, 1992.

AAM Staring, LW Molenkamp, BW Alphenaar, H Van Houten, OJA Buyk, MAA
Mabesoone, CW] Beenakker, and CT Foxon. Coulomb-blockade oscillations in the ther-
mopower of a quantum dot. Europhysics Letters, 22(1):57, 1993.

[65] Juan F Sierra, Ingmar Neumann, Jo Cuppens, Bart Raes, Marius V Costache, and Sergio O

Valenzuela. Thermoelectric spin voltage in graphene. Nature nanotechnology, 13(2):107-
111, 2018.

Lian-Liang Sun and Zhen-Guo Fu. Spin seebeck effect in a hybridized quantum-
dot/majorana-nanowire with spin heat accumulation. Frontiers in Physics, page 508, 2021.

Phanibhusan S Mahapatra, Kingshuk Sarkar, HR Krishnamurthy, Subroto Mukerjee, and
Arindam Ghosh. Seebeck coeflicient of a single van der waals junction in twisted bilayer
graphene. Nano letters, 17(11):6822-6827, 2017.

LW Molenkamp, Th Gravier, H Van Houten, OJA Buijk, MAA Mabesoone, and CT Foxon.
Peltier coefficient and thermal conductance of a quantum point contact. Physical review
letters, 68(25):3765, 1992.

SF Godijn, S Méller, H Buhmann, LW Molenkamp, and SA Van Langen. Thermopower
of a chaotic quantum dot. Physical review letters, 82(14):2927, 1999.

[70] Jean Charles Athanase Peltier. Nouvelles expériences sur la caloricité des courants élec-

trique, volume 56, page 371-386. 1834.

54



[71]

[72]

(73]

[74]

[75]

(78]

[79]

[80]

Michal Rokni and Y Levinson. Joule heat in point contacts. Physical Review B, 52(3):1882,
1995.

Miguel A Sierra and David Sanchez. Nonlinear heat conduction in coulomb-blockaded
quantum dots. Materials Today: Proceedings, 2(2):483-490, 2015.

PJ] Zomer, MHD Guimaraes, JC Brant, N Tombros, and BJ Van Wees. Fast pick up tech-
nique for high quality heterostructures of bilayer graphene and hexagonal boron nitride.
Applied Physics Letters, 105(1):013101, 2014.

DG Purdie, NM Pugno, T Taniguchi, K Watanabe, AC Ferrari, and Antonio Lom-
bardo. Cleaning interfaces in layered materials heterostructures. Nature communications,
9(1):1-12, 2018.

Samuel Moéller, Luca Banszerus, Angelika Knothe, Lucca Valerius, Katrin Hecker, Eike
Icking, Kenji Watanabe, Takashi Taniguchi, Christian Volk, and Christoph Stampfer. Un-
derstanding the fourfold shell-filling sequence in bilayer graphene quantum dots. arXiv
preprint arXiv:2305.09284, 2023.

Luca Banszerus, Benedikt Frohn, Alexander Epping, Daniel Neumaier, Kenji Watanabe,
Takashi Taniguchi, and Christoph Stampfer. Gate-defined electron-hole double dots in
bilayer graphene. Nano letters, 18(8):4785-4790, 2018.

Zurich Instruments, Dec 2019. Accessed May 12, 2023. https://www.zhinst.
com/europe/en/resources/principles-of-lock-in-detection.

W] De Haas, ] De Boer, and GJ Van den Berg. The electrical resistance of gold, copper
and lead at low temperatures. Physica, 1(7-12):1115-1124, 1934.

Xinxia Li, Yaping Yan, Lan Dong, Jie Guo, Adili Aiyiti, Xiangfan Xu, and Baowen Li.
Thermal conduction across a boron nitride and sio2 interface. Journal of Physics D: Ap-
plied Physics, 50(10):104002, 2017.

Vincent E Dorgan, Myung-Ho Bae, and Eric Pop. Mobility and saturation velocity in
graphene on sio 2. Applied Physics Letters, 97(8):082112, 2010.

55


https://www.zhinst.com/europe/en/resources/principles-of-lock-in-detection
https://www.zhinst.com/europe/en/resources/principles-of-lock-in-detection

1

2

Appendix

Bandgap calculation

To estimate the bandgap opening in our sample, first, the electric field is calculated at the

charge neutrality point (as a reference, where V4, — V{D(g) = 0) and is subtracted from the
electric field at Vi = 3 V. This is done as the back gate did not tune the electric field constantly
and thus the back gate contribution needs to be estimated. Rewriting Eq. 4 at n = 0 gives:

Chg(Vog = Vi) = Ciglig.oxr—Vigs), (27)

where the Cpg (Vig — Vég )) is the contribution from the back gate, , cnp is the top gate voltage
at the CNP (—2 V) and Vi3 is the top gate voltage at V;,, = 3 Vand for n = 0 (=1 V). As
Vieo — Vigs reduces to 1V, we can substitute this into Eq. 5:

Cop _ CuslVie = Vi) o9
2 2 ‘

Filling in V;; = —2 V and V;(go) = —1V, we obtain £ = 0.1 V/nm (or: D/0). This can be
converted into bandgap opening using [49], resulting in a bandgap of approximately 842 meV.

E =

Temperature calibration

Heating of the device as a result of Joule heating was estimated through the following formula:

AT = P(Rp + Rox + Rsi), (29)

in which AT = T'—Tj is the temperature difference as a result of applying a voltage through a
heater, P = I?/ Ry, the dissipated power (with corresponding current I and resistance of heater
Ry), Rg = 1/(hA) is the thermal resistance of the graphene - SiO; boundary, Rox = tox/Kox
the thermal resistance of the 300 nm SiO, and Rg; = 1/(2kg;AY/?) the thermal resistance of
the Silicon wafer. Furthermore, A = LIV is the area of the channel, h the thermal conductance
of the graphene - SiO; boundary, kg; is the thermal conductance of the silicon and «,y the
thermal conductance of the SiO,. However, the parameter x,, was only available for the 70
K - 500 K regime, as well as an appropriate choice for h for the device in this thesis. A linear
extrapolation of k..and keeping h = 10° W m~2 K~! resulted in AT in the range of 10~° K.
As a temperature induced by the heaters of around 0.5 = 0.2 K is expected (for I = 50 uA),
this model cannot be used to calibrate the heaters.

Code

In this section, the code to model the thermpower for 2D, 1D and 0D are shown. It only
displays the relevant functions - for all of the code, please consult my github link, https :
//github.com/ianmrosales/quantum. The gate V,; was chosen to range from —5V to 5V (in
the bilayer graphene case) and the temperature was set at 7' = 1.8 K.

def dRdu(R):

mirrn
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def

def

Parameters:
R: array
Values of resistances.

Returns:
derivative: array
The numerical derivative of R, logarithmically transformed.
mirern
log = np.log(R)
derivative = np.gradient(log)
return derivative

Mott(f, T, Ef):

e

Mott formula to calculate the Seebeck coefficient

Parameters:
f: array

The numerical derivative of log(R).
T: array

The measurement temperature (1.8K)
Ef: array

Fermi energy
Returns:

mott: array

An array with Seebeck coefficients for different temperature
values.
e
mott = cns.pi**2 * cns.k**2 * T * £ / (3"cns.e"np.gradient(Ef))
return mott

Efn(Vg) :

# fermi velocity, 1076
vf0 = 1le6
n = cns.epsilon_O*er”*(Vg)/(cns.e*tbg)

#spin and valley degeneracies

gs = 2
gv = 2

# coupling coefficient, eV to Joule

*

gammal = 0.4 cns.e

# effective mass
m = 0.033 * cns.m_e

# defining prefactor
A=2"gs " gv/ (4 " cns.pi * cns.hbar**2 * vf0”"*2)
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# calculation of Ef
Ef = (-gammal * A + np.sqrt(gammal**2 * A**2 + 2 * A " n))/(A)

n0 = cns.epsilon_0O0*er*(0.5)/(cns.e*tbg)
n_eff = np.sqrt(n”"*2 + n0*"2)
return Ef

kox = lambda T: 0.515 + (0.515 - 0.658) / 25 * (T-75)

# assuming for silicon wafer:3e2 for T=1.8 and

# only valid for T<75

def Rox(dT, tox, TO, Lh, Wh):
kox = lambda dT: 0.515 + (0.515 - 0.658) / 25 * (TO+ dT/2-75)
return tox/(kox(dT)*“Lh*Wh) # + dI/2s

def dT_fun(dT, P, tox, TO, Lh, Wh):
ksi = 3e2 # at K=0
h = 1e8 # thermal conductance of the graphene-SiO2 boundary
Rsi = 1/(2*ksi*np.sqrt(Lh*wh))
Rb = 1/(h*Lh*Wh)
#T0 = 1.8
return P* (Rb + Rox(dT, tox, TO, Lh, wWh) + Rsi) *
— np.ones(np.size(dT)) #- dT
tox, TO, Lh, Wh = 300e-9, 1.8, 7.77e-6, 0.2e-6
TO = 1.8
P = (5e-3) ** 2 / 30
dT_opti = lambda dT: np.abs(dT_fun(dT, P, tox, TO, Lh, Wh) - dT)

f = minimize_scalar(dT_opti, bounds=[0, 1])

58



	Abstract
	Introduction
	Theoretical Background
	Two-dimensional materials
	Graphene
	Bilayer graphene
	Hexagonal Boron Nitride

	Electronics
	Quantum Point Contacts
	Quantum dots
	Thermoelectric phenomena
	Seebeck effect
	Peltier effect
	Joule heating


	Experimental method
	Fabrication Process
	Creating the stack
	Design and considerations
	Contacting the device

	Measurements

	Results
	Opening a bandgap
	Tuning into quantum dot
	Measuring voltages

	Conclusion
	Recommendations
	Acknowledgements
	References
	Appendix

