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Abstract

Fabrication and characterization of Quantum Materials: Graphene

heterostructures and Topological Insulators

by Vito CLERICO

Starting from a detailed description of the Clean Room facilities, installed
during this thesis work, we report the fabrication processes based on graphene
and other 2D materials in detail. In hBN-encapsulated graphene the Quan-
tum Hall Effect (QHE) at room temperature and high magnetic field was ob-
served. We found different features in the QHE respect a previous work on
lower mobility graphene on silicon oxide (Novoselov et al. Science 315 1379
2007). A detalied study of transport properties in graphene nanoconstric-
tions is also reported. In particular in encapsulated graphene we introduced
a new cryo-etching method to obtain low roughness edges nanocostrictions,
in which quantized conductance was observed. In the last part of the the-
sis we report transport measurements on InAs/GaSb double quantum wells

with different bandgap configurations (inverted, normal or critical).
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Chapter 1

Introduction: Graphene and

Topological Insulators

In the last ten years two Nobel prices in Physics were given to Andrey Geim
and Kostantin Novoselov in 2010 (Graphene, the perfect atomic lattice) and
to David J. Thouless, F. Duncan M. Haldane and J. Michael Kosterlitz in 2016
(for theoretical discoveries of topological phase transitions and topological
phases of matter). Thanks to their extraordinary properties in the quantum
physics world, graphene and topological insulators (TIs) have shown new
exotic phases of the matter and they represent plausible revolutionary candi-
dates for future applications in material science and electronics.

One major reason why graphene and TI attracted a large interest of the
scientific community lies in their mathematical description as "Dirac mate-
rials"[1][2], since they can be described by Dirac equation rather than non-
relativistic Schrodinger equation. Dirac equation typically describes the be-
havior of particles with a velocity closed to the speed of light, so it is typically
used in the field of the high energy physics rather than the matter physics
world. As well as massless neutrinos and their antiparticles (antineutrinos),
the relativistic electrons possess their antiparticles ("holes"), that are posi-
tively charged particles (absence of electrons). Graphene and TI represent
electrically tunable system in which the charge density can be set to zero.

The band structure close to the Fermi level of these materials, is characterized
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by the well-known linear energy-momentum relation of relativistic massless
particles, hence the name of Dirac cones [3]. Electronic excitations in the
vicinity of the Fermi level of a number of advanced materials resemble mass-
less Dirac fermions. From the standpoint of applications, Dirac materials are
envisioned to be of outstanding importance due to their universal behavior
and the robustness of their properties [1].

Novel quantum phenomena and many possible applications have been
found in graphene (room temperature quantum hall effect[4] and quantum
spin hall effect[5], quantized conductance in graphene nanoconstrictions [6],
use for field effect transistors (FET) [7] or in spintronics [8] and recently su-
perconductivity [9]) as well in TI (quantum spin hall effect [10], quantum
anomalous hall effect).

From an application point of view, replacing the silicon in electronic de-
vices with graphene, other 2D materials and/or topological insulator mate-
rials are expected to be revolutionary for electronics, improving the devices
performances in an incommensurable way. In the last years the Moore’s law
[11], that predicted the improvement of the devices performances according
their miniaturization, have saturated due to physical effects, increasing leak-
age and overheating at the nanoscale related with the miniaturization itself.

In this panorama, graphene and TIs could be the new materials to over-
come this limitation, thanks to the high electron transmission and coherent
transport for short distance typical of these systems in which linearly dis-
persing bands prevent any possible scattering.

This thesis is structured in the following way:

e In Chapter 2 we report all the facilities and measurements setup. Among
all, it is necessary to point out the Clean room facilities that have been
started and completed during this thesis work. All the results on graphene
and other 2D materials described in this thesis, come from devices that

have been fabricated for the first time in the Clean Room of Salamanca.
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e One of the most important goal of this thesis was the fabrication of Van
de Walls heterostructures, in particular of graphene and the realization
of graphene heterostructures devices. In Chapter 3 all the fabrication
methods for the 2D materials devices are fully described, from the ex-
foliation and transfer methods of 2D materials (to stack them), to the

optical and electron lithography, evaporation, etching techniques.

e In Chapter 4 we present a study of Quantum Hall Effect (QHE) in
graphene at room temperature. QHE is a first example of topological
transport, since one-dimensional conduction occurs without any scat-
tering at the edge of the sample. Graphene is nowadays the unique ma-
terial in which QHE appears at room temperature and high magnetic

tield [4], but the physical mechanisms are not still fully understood.

e In Chapter 5 we report the study of graphene nanoconstrictions with
hexamethylsilazane (HMDS) treatment and with encapsulation in Hexag-
onal Boron Nitride (hBN). Nanoconstrictions in graphene as well as
quantum point contact [12][13] are systems in which ballistic behaviour
can be easily reached thanks to the high mobility. Through the conver-
sion of a 2D system into a 1D one [14][15], they represent systems in
which coherent transport can be achieved for the quasi-lack of scatter-
ing. In the encapsulated graphene constrictions we found a ballistic
transport close to the ideal one and conductance quantization thanks to

a cryoetching method applied for the first time to graphene devices.

o At the beginning of this thesis, one of the intriguing aim consisted in
comparing the topological state of InAs/GaSb quantum wells [16] with
graphene nanostructures[17]. This initial purpose was affected by the
lack of InAs/GaSb samples, since we cannot grow this material in Sala-
manca. In this Chapter 6 measurements on InAs/GaSb quantum wells,

fabricated in Sandia National Laboratories, were carried with different



configuration (insulator, critical and inverted (topological)). The pos-
sible formation of an excitonic insulator gap in an critical InAs/GaSb

quantum-well system at low temperatures has been discussed.



Chapter 2

Equipment and experimental setup

measurements

In this Chapter we describe the equipment and experimental setup that have
been used during this thesis work. The Clean Room (CR) has a special role
in my PhD studies, since I started my activity in Salamanca as technician,
heading and checking under the supervision of my thesis director the build-
ing of the CR and the installation of all the equipment. The first two years
of my PhD were characterized mainly by technical work and it has partially
occupied me for the rest of the years, extending the time for the conclusion
of this thesis because of the double work as "PhD Student "and "Clean Room
Technician "at the same time.

Here we start with the description of the Clean room facilities for the fab-
rication of graphene and other 2D materials devices, then the experimental

setup for characterization.

2.1 Clean Room facilities

The Clean Room and the Grey area of the Nanotechnology group of the Uni-
versity of Salamanca are formed by three different rooms. The schematic
view is shown in Figure 2.1(a), where the limited pink area is the classified

Clean room area, meanwhile the green lines delimit the grey area.
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H ISO CLASS > 0.1um >02um >03um >05um >1lum > 5um H

ISO1 10 2 - - - -
ISO2 100 24 10 4 - -
ISO3 1000 237 102 35 8 -
ISO4 10000 2370 1020 352 83 -
ISO5 100000 23700 10200 3520 832 29
ISO6 1000000 237000 102000 35200 8320 293
ISO7 352000 83200 2930
ISO8 3520000 832000 29300
ISO9 35200000 8320000 293000

TABLE 2.1: ISO class conditions from class ISO 1 to class ISO 9 for maximum con-
centration limits (particles/m?> of air)

The Clean Room is a special facility in which the environment (humidity,
temperature, airflow, number of particles) is strictly controlled according a
standard classification and in particular it depends on the cleanliness of the
air inside them. Thus, air and water (18.2 M()/cm) are filtered to reduce the
number of particles and to avoid contamination. In addition, pressure inside
the clean room is set to be positive with respect to the outside, so particles
are not allowed to penetrate. In our Clean Room an unidirectional, air flow
system directs filtered air downward in a constant stream through the use of

High-Efficiency Particle Air (HEPA) filters.

Cleanrooms are classified by the level of air cleanliness. The typical clas-
sification is the ISO146444-1, the classes can change from ISO1 to ISO9. ISO1
is the cleanest class, and conversely the ISO9 is the dirtiest class. A clean

environment is fundamental for the fabrication of nano and micro-devices.

In the Clean room of the University of Salamanca the class is ISO6 for the
"lithography room" where it is necessary a major control of the air and ISO7
for the "evaporation "room. The maximum concentration limits (particles/m?3

of air) of ISO6 and ISO7 for different size of particles are reported in table 2.1.

The initial building of the Clean Room started in 2014 and the installation

of all the equipment was concluded in July 2016, with "latecomers"ICP-RIE
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and microRaman, that have been fundamental for this thesis work. Two pho-
tos in Figure 2.2 show the"evaporator room"(a) and the "lithography room"(b)

before the installation of the equipment.

FIGURE 2.2: (a) Photo of the "Evaporation"room without equipment in Septem-
ber 2014 (b) Photo of the "Lithography"room in the same period.

The light in the "lithography room"is filtered for the use of low-visible-
wavelenght sensitive light resists.
Figure 2.3 shows the actual situation in the Clean Room, for both, the

"lithography room"and the "evaporation room".

ICP-RIE (Oxford PlasmaPro Cobra 100) — ‘ Mask Aligner
o v B (MBJ4)
/i T— j E!

1 xy e
—— g~
< RAITH Nanolithography system

AN

ptical Microscope
Critical Point Dryer i : v, B (Leica DM 8000M)

(Leica EM CPD 300)

—_ 2
= 3! WY L 1 \;:‘5’5_5— )
.4 \__-?' i ﬁ
= ’ Profilometer .

Electron Beam Evaporator  (Bruker DekTakXT)
(Tecnovac) S

FIGURE 2.3: Clean room Facilities : (a) "lithography room"(b) "evaporation room"
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The lithography room (from the left to the right) have:

FE-SEM (SIGMA-ZEISS)

Raith Nanolithography system

ICP-RIE (Oxford PlasmaPro Cobra 100)

Mask Aligner (MBJ4)

Fume cupboard for lithography

The equipment (from the left to the right) in the "evaporation room"are

formed by:

Crytical Point Dryer (Leica EM CPD 300)

Plasma Cleaner (Harrick Plasma)

Rapid Thermal Annealing RTP (AsOne100)

Electron Beam Evaporator (Tecnovac)

Fume cupboard for chemical solutions

Optical Microscope (Leica DM 8000M)

Profilometer (Bruker DekTakXT)

Below are shown and detailed the equipment used during this thesis.

2.1.1 FE-SEM and Raith nanolithography system

Electron beam imaging and lithography processes were performed using a
Field Emission (FE) Scanning Electron Microscope (SEM), FE-SEM SIGMA

Zeiss with Gemini column and SmartSEM 5.6 software (Figure 2.3a).
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SEM-resolution

Electron microscope uses very high energetic electrons as source. Since the
resolution in an optical microscope is limited by diffraction and depends on
the wavelenght of the light itself, thus in an electron microscope with the
shorter electron wavelenght a higher resolution is allowed. The wavelenght
A is related to the momentum according the formula:

h

A= (2.1)

where I is the Planck constant (1 = 6.626X10734] - s) and p is the momentum
of the electrons. Using the relativistic equations, we can express the electron

wavelenght A as function of the accelerated voltage V [18]:

- 1.5 -
V(1 +10-°V)

where for a typical value of the accelerated voltage (5kV), a nominal res-

olution of 0.017 nm can be achieved.

FE-SEM

The Gemini column is the area of the FE-SEM, where electrons are emitted,
accelerated, bundled, focused and deflected. It has the unique integrated
beam booster technology, to keep the beam at high potential in the full length
of the column, independent from the landing energy [19].

A schematic view of our FE-SEM with Gemini column is shown in Figure
2.3(b). Anode (5) and vacuum tube (6) are isolated from the column ground.
The vacuum tube is necessary to separate condenser lens (7) from the vac-
uum space. Multiple apertures (8) are mounted in the vacuum tube. For
imaging processes the standard aperture used is 30 microns, but especially

for electron beam lithography different apertures (7.5, 10, 20, 30, 60 and 120
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z
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FIGURE 2.4: (a) Photo of the FE-SEM and the Raith nanolithography system. (b)

Schematic views of FE-SEM, (c) electron beam path. (d) field emission gun, (e)

position of InLens and SE detector respect the specimen and the column. All the
schematic views are taken from the SmartSEM 5.6 software.
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microns) could be electromagnetically selected through software to achieve a
good compromise between resolution and exposition time. A column cham-
ber valve (15) separates the gun from the specimen chamber. With an ion
getter pump (IGP) the typical pressure values are in the range of 10~1° mbar
for the gun area. The vacuum in the specimen chamber is guaranteed thanks

to turbo pump and a typical pressure range is 10~® mbar.

The electron beam path is shown in figure 2.3(c). The electrons are gener-
ated in The Schottky field emission filament (1), controlled by the suppressor
electrode (2) and collected by the extractor (4). Finally the electrons are ac-
celerated to the anode. So the electron beam passes through the borehole of

anode and the condenser (7), before be collimated by the aperture.

A zoomed scheme of the field emission gun is shown in Figure2.3(d). Re-
spect to a conventional SEM, a FE-SEM has a field emission gun that permits
the use of high focused and low-energy electron beam. This characteristic
comports an improved spatial resolution and the possibility to work at very
low potentials (0.01-5 kV). The use of low potentials minimises the charging
effect and reduces damages to electron beam sensitive samples, as graphene
devices. A Schottky Field Emission cathode is made of finely etched tung-
sten tip which has been spot-weided on a filament (1) coming from tungsten
wire. The shaft of the cathode tip has a coating of ZrO,. When a current goes
throught filament, a ZrO coating diffuses on the cathode tip and the oxygen
is released, and thus the work function of the tungsten is reduced from 4.6
eV to 2.6 eV. A constant source emission is guaranteed thanks to the cathode
temperature and the field applied to the cathode tip by the extractor elec-
trode (4). The reduction of the work function and the high field present at
the cathode tip, are the reason why the Schottky Filed Emission source emits
also at very low temperatures.

After its generation, the electron beam interacts with the specimen giv-

ing useful information about the sample (its surface features, size and shape
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of the features etc.). After the interaction with the sample the electrons in
our system can be collected by two different detectors, an In-Lens detector
and a Everhart-Thornley detector (SE2) (Figure 2.3(e)). Both work detecting
secondary electrons. When the incident electrons come close enough to the
specimen, they will partially give part of their energy to the specimen elec-
trons. In this way part of the incident electrons will change their path and
will ionize the electrons close to the surface (10 nm) in the specimen atoms.
The ionized electrons that escape from the atoms are called secondary elec-
trons. They are characterized by low energy (less than 50 eV). All electrons
with energy higher than 50 eV are known as backscattered electrons (BSEs).

There are three different kind of secondary electrons:

e SE1 secondary electrons: They are generated and leave the surface of
the specimen directly at the same position in which the incident elec-

tron beam hit the specimen.

e SE2 secondary electrons: They are generated after multiple scattering
inside the specimen and leave the sample at a certain distance from the

impact point of the incident beam

e SE3 secondary electrons: They are generated by backscattered electrons

colliding with the chamber walls or the lens system.

Our system is able to detect the SE1 and SE2 electrons. The In-Lens detec-
tor (1 in figure 2.3(e)) is located inside the electron column of the microscope
and it collects the Secondary electrons (SE1) that are emitted from the sample
surface (typically 10 nm from the top side of the surface) by initial interac-
tion with the sample. Therefore, this detector provides surface details at low
energy. Everhart-Thornley detector (SE2) is located in a lateral position (2 in
tigure 2.3(e)). In this detector, secondary electrons are emitted after interact-
ing with the upper layer of the sample. This detector is designed to work at

working distances between 5-12 mm.
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The maximum extractor voltage is 20 kV in our system. The instrument
includes 3-axis (x, y, z) fully motorized rotary stage with tilted option to ro-

tate along z-axis from 0° to 90°. Samples of size as large as 4-inch are allowed.

2.1.2 Raith (Elphy Plus) nanolithography system

The nanolithography processes were made through Raith nanolithography

system.

2.1.3 Working principles

The typical electron beam lithography is schematically shown in Figure 2.5.
An electron beam incises in desired areas of the resist (sensitive to electrons).
In this way the chemical bindings in the exposed area of the resist become
more or less weaker (it depends on the type of resist: negative or positive).
After the developing process, the weaker chemical bindings are removed and
the exposed resist (depending on the tone) remains or leaves the substrate.
The resist mask on the sample can be used for different purposes [20]. It can
be used as mask in etching processes, to protect the covered regions and thus
the areas without resist are etched (see subsection 2.1.5). Another possibility
is related with the evaporation of metals, where the metals are deposited
everywhere on the sample, but after the well-known lift-off process, only the
metals attached on the sample remain and conversely the metal deposited on

the resist is removed with the resist itself (see subsection 2.1.8).

2.1.4 Raith (Elphy Plus) nanolithography controller

Elphy Plus is a system which makes possible to produce micro and nano
structures by means of electron beam writing in connection with FE-SEM.
The hardware assembly is built into a 19” rack consisting of a digital control

unit and a separate thermocontrolled analog electronics box. It has a X-Y
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FIGURE 2.5: (a) Schematic representation of an electron beam lithography process
(b) The same CAD designed with ELPHY software in which we selected two differ-
ent writing field (WF): 1000 ym (left) and 500 pym (right).

beam shift inputs and a video out to a monitor (BAS out). The electronics
units is completely remote controlled by PC data system via an integrated

SCSI interface.

Apart of the ELPHY Plus rack, our nanolithography system presents a
Beam blancked controlled by the electronic beam blancked controlled unit.
The beam blancked hardware is installed on the SEM column. It consists in
two parallel plates, one is grounded and the other is connected to the high
voltage. When voltage is zero, the electrons are allowed to pass through a
spray aperture and so they can reach the sample. Conversely when a non-
zero voltage is applied, electrons are deflected and the aperture does not per-
mit the electrons to reach the specimen. The Beam Blancker control unit is
a high voltage power supply, accepting a TTL voltage from the ELPHY Plus

rack.

The ELPHY Plus software includes all the features needed to expose mi-
cro and nano structures (writing fields, doses etc.) and it is integrated with
a GDSII based editor. Figure 2.5(b) shows the same CAD (Hall bar) but se-
lecting two different writing field (WF). On the left side a WF of 1000 ym,
typically used for pads definition (green layer in the Figure 2.5 b) and on

the right a WF of 500 um typically used to define the contacts of the sample
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(brown layer in the Figure 2.5 (b)).

2.1.5 ICP-RIE

All the dry-etching processes on our samples were carried out with the PlasmaPro

100 Estrelas system.

Principles

There are different dry-etching technique; Reactive Ion Etch (RIE), Induc-
tively Coupled Plasma Etch (ICP Etch), Planar Etch (PE), or Deep Reactive
Ion Etch (DRIE Etch). Despite the above techniques need a plasma source,
the main difference lies on the configuration of the electrodes for the plasma
generation. A plasma is defined as a medium of positive and negative par-
ticles. It is formed when a gas becomes ionized due to radio frequency (RF)
energy, microwave radiation, electromagnetic (EM) fields, with an energy
higher than the binding energy of an electron of the gas atom/molecule. This
ionization energy depends on the atom/molecule; for example for our gases
it changes from 11.6 eV in Cl, to 15.7eV in Ar. Using plasma is a way of
performing high temperature chemistry at low temperatures. The variations
of different parameters (i.e. gas mixture, temperature, pressure or plasma
power) anisotropic or isotropic profile of the etched sample can be obtained.
As we mentioned on section 2.1.3, covering the sample with a polymer (i.e.
resist) or metal, can play the role of mask, previously defined by a litho-
graphic process, where only those areas of the sample uncovered by the mask
are etched and the other areas are protected by the mask, that normally is re-

moved after etching process (see Figure 2.6(a)).

In our system, it is possible to carry out RIE or ICP-RIE processes, so we

restrict the discussion on these two techniques. In a RIE process, a plasma
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FIGURE 2.6: (a) Typical plasma etching process. (b) Etching of silicon with fluorine
and chlorine gases (c)(images from Oxford Instrument). (d) working principle of
RIE process. (e€) Working principle of ICP-RIE process.

is created in the system at low pressure by applying a strong RF. Once ion-
ization has begun in the gas by the application of energy, the free electrons
strike neutral gas molecules generating more electrons and ions. The inter-
action of these electrons with the gas molecules could be different; ioniza-
tion, dissociation of gas molecules leading to radical formation and electron
impact excitation. The ions (and electrons) created in this process are ac-
celerated by applying an electric field, which can be obtained through two
asymmetric parallel plates in which a voltage is applied. Plasma can inter-

act with the surface of the sample during the etching in different ways, ion
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bombardment (sputtering), radical chemical reaction and ion assisted chem-
ical reaction. Usually the etching processes can be isotropic or anisotropic.
The processes with a pure chemical etching (similar to the wet eching) do
not need ion bombardment for reaction and in this case there is no direction-
ality on the etching (see Figure 2.6(b)). For anisotropic etching (normally the
desired one), the process needs ion bombardment, so the reaction can take
place and the obtained etching has a vertical profile (see Figure 2.6(c)). In
a RIE, as well ICP-RIE process, chemical and physical reactions take place.
The most important difference between ICP-RIE and RIE is shown in Figures
2.6(d)(e). Respect to RIE, in a ICP-RIE there is a physical separation between
the plasma generation (it is created through inductive coil) and the ions ac-
celeration. This gives to an ICP-RIE a higher control on the etching process
respect to the standard RIE, in particular a higher confinement and higher

ion flux uniformity with a more intense plasma and thus deeper etching.

PlasmaPro 100 Estrelas system

PlasmaPro 100 Estrelas system (Figure 2.7) allows Inductively Coupled Plasma
and Reactive Ion Etching, where the plasma is created at a frequency of 13.56
MHz. Different materials (dielectric, metals, semiconductors, organic mate-
rials etc.) can be etched due to the use of a different gases and thus, different
plasma. Up to 4-inch diameter wafers can be loaded in this system. Apart
of N and He used for venting and controlling or monitoring the stability
of the wafer, in our system different gas line are available (O, Ar, Hy, CHy,
SFe, C4Fs, CHF3, Cly, BCl3). Their use depends on the material to be etched
(and the used mask). In our system, a valuable information on the process
in real time can be obtained thanks to the DC bias parameter. It is defined
as the average direct current (DC) offset of the wafer electrode from zero
(earth potential). DC bias is due to the faster electrons originated in the pro-

cess (22000 times faster that ions), charging a blocking capacitor, giving a
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FIGURE 2.7: (a) ICP-RIE load lock and PC controller inside the clean room.
(b) Rest of the equipment installation in the technical room.

rapid response to electric fields varying at RF frequencies. Our system is
equipped with a cryogenic module allowing to work down -120° to perform
cryo-etching. This option had a crucial role in the fabrication of graphene
nanoconstrictions (see Chapter 5). Moreover, it has an interferometer system
(endpoint detector) that allows a full control in the etching during the pro-
cess. As shown in Figure 2.7(a) only the load lock (for load and unload the
samples) and one of the two controller PCs are inside the clean room. The
main body of the equipment (gas line, pumps, nitrogen tank, Clean Solution

(CS) system for toxic gases waste) are disposed in the technical room (Figure
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2.7(b)).

2.1.6 Mask aligner M]B4

Optical lithography were carried out through MJB4 mask aligner.

Working principle of the optical lithography

The working principle of the optical lithography is schematically shown in
Figure 2.8(a). The light of a source (lamp) is collected through optical ele-
ments (lens and mirrors) to the sample. An optical mask with a metal pattern
(see for example our mask in Figure 2.8(b)) is interposed between the source
and the sample (very close to the latter) to expose only those parts of the re-
sist unconvered by the metal pattern of the optical mask. After exposition,
the chemical bindings are weaker or stronger (it depends on the tone of the
resist, positive or negative), similar to the e-beam resist (see section 2.1.3), in
the exposed area of the sample. Then the weaker parts are removed through
a developing process. At the end of the optical lithography process, only a
part of the resist with the pattern remains on the sample. The resist mask on
the sample can be used for etching or depositions of metals/dielectric in the

same way as we mentioned on the subsection 2.1.3.

M]JB4 mask aligner

Figures 2.8 (c), (d) show the front and side views of the MJB4. Through the
optical microscope and the micrometic screws (x,y) with a resolution of 0.1
pm and a maximum rotation of £4°, it is possible to align the sample with the
mask. The sample is fixed to the chuck with a vacuum line; vacuum is also
used to fix the optical mask to the mask holder. Through a coarse level and
micrometric fine screw is possible to bring in contact the optical mask and

the sample before exposition. MJB4 works with different exposure modes:
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soft, hard, vacuum, soft vacuum contact and gap exposure (10-50 ym). The
wavelenght range of the optical lamp varies between 240 nm (deep UV), 320
nm (UV) and 450 nm (visible light). Mask size up to a square of 5 inches can

be used, but the maximum sample size permitted is a circle of 4 inches.
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FIGURE 2.8: (a) Working principle of optical lithography. (b) Optical mask lithogra-
phy. (c) Front and (d) side views of the MJB4 mask aligner.

2.1.7 Fume Cupboards for lithography and for chemical pro-

cesses

In the Clean room we have two different fume hoods; a hood for the use
of resist in the litography room and a second one for chemical uses in the
evaporation room. Both fume hoods have an independent extraction system
(carbon free) that guarantees the extraction of the toxic gases and they are
made of materials that permits the use of very corrosive liquids. The resid-

ual gases are purified thanks to a chemical scrubber in the roof of the I+D+i
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building before the release in the external environment. In the resist cabin
there are a spin coater SUSS MicroTec (maximum speed of 8000 rpm) and
two hotplates. In a spin coating process, the resist (usually for optical or
electron beam lithography) is deposited by using the spinner on a substrate
with a uniform thickness of hundreds nanometers. Finally the resist is baked
on the hot plate. In the chemical cabin there are an ultrasonic cleaner and
a magnetic hotplate, usually employed for cleaning, lift-off and wet etching

processes.

2.1.8 E-beam evaporator

The evaporation of metallic contacts in our devices was performed using an

e-beam evaporator.

Working principles

A beam of electron, that is generated with an e-beam gun, is accelerated and
focused to the evaporation material through a permanent magnet and/or
electromagnets. Focusing the e-beam into the material, the electrons will lose
their energy and this will be converted into other forms of energy through
interactions with the material. The thermal energy, that is produced by the
electrons, heats up the evaporation material causing it to melt or sublimate.
Finally, when a suitable evaporation conditions have been reached, the ma-
terial starts to evaporate from the melted material or will sublimate from the

solid material.

Tecnovac E-beam evaporator with Telemark e-beam gun emitter

Our e-beam prototype was designed with the help of Tecnovac and it has two
independent chambers. They can be isolated or connected using a manual

guillotine (Figure 2.9 (a)). The larger main chamber is usually under high-
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FIGURE 2.9: (a) E-beam evaporator designed by Tecnovac, with Telemark e-beam

gun. (b) E-beam source model 244. (c) Crucible pocket and (d) detailed Cr-crucible.

(e) Photo during an evaporation (view from an external window thanks to an inter-
nal periscope).

vacuum (10~? mbar or lower). The smaller secondary chamber or load-lock
chamber (Figure 2.9(a)) is used for load and unload the sample when the
chamber achieves an adequate pressure range (lower than 10-5 mbar in less
than 60 minutes). The samples are loaded (or unloaded) into (or from) the
main chamber through a mechanical arm while keeping the main chamber
under high-vacuum. The long distance between the material and the sample
(almost 1 m) and the operation at very low pressures, ensure a high con-

trol on the evaporation rate (less than 1 A /s) creating high homogeneity thin
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tilms on the samples but with a high consumption of metals. The evaporation
rate, as well as the evaporated metal thickness, is measured by a quartz crys-
tal controlled by a TTL controller. The system is equipped with an e-beam
gun from Telemark with a e-beam source model 244, in which electrons are
generated by a tungsten filament (see photo 2.9(b)). The emitter assembly
is located outside the evaporation zone to avoid becoming contaminated by
evaporant. The control of the equipment takes place through an external
rack. Electrons source is obtained by applying a small emission current to
the filament, when the filament becomes enough hot, it begins to emit elec-
trons. In our system, electrons are by applying a high voltage (8 kV) and
can be leaded by the magnetic field to the center of the pocket with crucibles
tilled with different metals (target). These metals can be initially shaped like
ingots or rods (Figure 2.9(c)(d)). Through the “XY Sweeping”, the e-beam
is loaded and sweeped on the entire crucible by the magnetic fields, so that
all material is homogeneously evaporated. Thin film coating can be evapo-
rated and deposited on the sample. Several materials can be evaporated in
our system using the e-beam evaporator (Au, Cr, Ti, Al, Ni, Co, Pt) as well as
some dielectrics (5102, Al,O3, HfO,). The use of the machine is actually lim-
ited to metals to avoid any contamination with dielectrics, because the main
purpose is the evaporation of ohmic contacts. A typical evaporation process,
in which the metal is heated up as the emission current is increased until its

conversion to a gaseous state, is shown in Figure 2.9(e).

2.1.9 RTP As-Onel00

Annealing processes were performed with the system Rapid Thermal Pro-
cessing (RTP) As-One 100 (Figure 2.10 (a)). In our processes, an annealing
was performed for cleaning the substrate and removing the bubbles off the

graphene heterostructures.
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FIGURE 2.10: (a) RTP As-Onel00. (b) Internal chamber with the lamp furnace.

The system is divided in two parts; in the upper part, there is the reac-
tor and the associated circuits (process chamber, lamp furnace, cooling cir-
cuit, gas lines, vacuum line and turbo pump). In the lower part the control
rack (temperature controller, board for the mass flow controller, transform-
ers, power block) is located. The full annealing process can be monitored
and controlled by PC. Two pyrometers, located in the bedplate (Figure 2.10),
permit the temperature control. The process can be performed from vacuum
(10~ mbar) to atmospheric pressure. Three quartz pins (designed to reduce
the thermal transfer with the substrate) hold the substrates. A halogen tubu-
lar lamp furnace heats the substrate through the quartz window. The tubular
halogen infrared lamps are installed in a stainless steel water-cooled and pol-

ished reflector. The hot air is evacuated on the backside of the furnace.

The system allows recipes with a temperature range from room tempera-
ture up to 1500 °C with an accuracy of 2 °C/s, a maximum ramp of 200 °C/s

and cooling rates up to -100 °C/s. The lower temperature pyrometer control
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monitorizes the temperature from 150 °C to 1000 °C, the higher tempera-
ture pyrometer control from 400 °C to 1500°C. Nevertheless, the maximum
process duration is limited at high temperatures due to the cooling capacity
of the machine (i.e. at 950 °C the maximum duration process is limited to
3 hours meanwhile at 1500 °C the maximum duration is reduced to 30 sec-
onds). In the system, the annealing process can be performed with the use of
different atmospheres through 4 different gases or mixtures of them (Ar, Oy,

He, Nz).

2.1.10 DMS8000 Optical Microscope Leica, DektakXT Bruker

Profilometer and Harrick Plasma cleaner

We used a Leica DM8000 Optical Microscope Leica, a DektakXT Bruker Pro-
filometer and a Harrick Plasma cleaner (Figure 2.11) for a preliminar charac-

terization of 2D flakes, heterostructures or samples.

Dektak XT Bruker
Leica DM8000 Profllometer
| Optical Microscope N

Harrick
Plasma Cleaner )

Flowmeter

FIGURE 2.11: (a)Leica DM8000 Optical Microscope and DektakXT Bruker Profilome-
ter (b) Harrick Plasma cleaner.
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Leica DM8000 Optical Microscope

The Optical Microscope (Figure 2.11(a) left side) was used for a optical iden-
tification of graphene and hexagonal Boron Nitride (hBN) flakes and in gen-
eral for a qualitatively control of the samples/devices. It has six objectives
with different magnification and working distance (5X, 10X, 20X, 50X (short
and long working distance), 100X). A LED illumination is integrated within
the microscope, as well a motorized aperture diaphragm, filters and different
contrast modes: Bright Field (BF), Dark Field (DF). It is coupled to a cam-
era and with the Leica LAS software. In this way the optical images can be

treated.

DektakXT Bruker Profilometer

The DektakXT system (Figure 2.11(a) right side) is an advanced equipment
to perform thin (down to few nm) and thick (up to hundreds of ym) film
step height measurement. For this thesis work, it was used to measure the
thicknesses of the 2D-flakes, metal deposition, chemical or dry etching. The
system is able to measure roughness in the nanometer range, in addition to
profiling surface topography and waviness. It has automatic X-Y-theta stages
and provides a step-height nanometer resolution. Apart of two-dimensional
surface profile measurements, the DektakXT system can perform three- di-
mensional measurements creating 3D Maps with micrometer resolution in
the (x,y) plane. A diamond-tipped stylus is electromechanical controlled
over the sample surface according to a desired scan length, line speed and
stylus force (from 3 to 15 mg). The stylus is connected to a Linear Variable
Differential Transformer (LDVT), which produces a feedback signal (pro-
cesses electrical signals). This signal corresponds to surface variations of
the sample. The surface information is converted to digital format and so

they are stored for display and analysis. For this scope, we use the Vision64
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software, which is able to calculate and display the results of user-selectable
analytical functions for measuring surface texture and other parameters to

characterize the profile data.

Harrick Plasma cleaner

The plasma cleaner (Figure 2.11(b)) was largely used for cleaning of the sub-
strate (removing organic contamination from surface) and/or functionalisa-
tion of the surface (modification of the physical and chemical characteristics
of surface). In our case we used silicon and silicon oxide substrates or glass
slides). The basic principle of this equipment is similar to a RIE, but less com-
plex. At low pressure, when a gas is subjected to a high frequency electro-
magnetic field, its atoms and molecules are ionized creating a plasma. Once
the sample is placed in the plasma cleaner chamber, the plasma is created at
a pressure between 800-1200 mtorr with a glass flux of 5-10 SCFH of process
gas (typical O, or Ar) and applying a radio frequency (8-10 MHz) generated

through a 29.6W power source with RF coil at room temperature.

2.2 2D-Transfer setup

One of the first and more important work during my PhD studies consisted
in designing and calibrating our homemade 2D-Transfer setup. The system
was conceived by my supervisor and me, inspiring by the the 2D-Transfer
setup of HQ Graphene, where in May 2015 I received a first preliminary
training on the transfer of 2D materials by Paul Zomer and Niko Tombros.
For assembling and testing the system, it is necessary to highlight the fun-
damental contribution of my colleagues, Juan Antonio Delgado Notario and

Adridn Martin Ramos.
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The transfer system (in Figure 2.12) is equipped with an optical micro-
scope (Nikon microscope) with large focal distance optical objectives (Mag-
nification x10, Numerical Aperture 0.30, Working Distance 16 mm and Mag-
nification x20 optical, Numerical Aperture 0.40, Working Distance 11 mm)

. The microscope is connected to a camera, so the transfer process can be

PDMS
stamp

10x and 20 x
objectives

FIGURE 2.12: Transfer setup: Optical microscope, X-Y-Z- micrometer and tilt stages,
Camera (and screen), Heating plate and current power supply, PDMS stamp.

visualized on an external screen. The system was used to fabricate differ-
ent kind of heterostructures with bidimensional materials (hBN/graphene,
hBN/graphene/hBN, hBN/graphene/graphite heterostructure as well as the
transfer of other 2D materials). During the transfer, the alignment was made
with a XYZ micrometer stages, that includes an homemade heating plate,
where the samples are located. The flakes are transferred by a stamp, at-

tached to a tilting micromanipulator, that ensures a high degree of freedom
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in the alignment of the 2D crystal flakes. The homemade stamp consists in
a pyramidal piece of PDMS (Polydimethylsiloxane), obtained by a mixture
(10:1) of SYLGARD 184 silicone elastomer base and curing agent, baked in a
Petri dish at 75 C° for three hours. The stamp is attached on a microscope
glass slide and a polycarbonate (PC) film or Polypropilene carbonate (PPC)
tilm is deposited on the PDMS stamp. The transparency of the stamp guaran-
tees the visibility of the substrate through it and thus permits the alignment.
The substrate is fixed with vacuum and heated during the transfer process.
For the control of the temperature, we used an heating element for soldering,
assembled and thermically coupled to a pure copper cylinder. The temper-
ature is monitored by a thermocouple temperature sensor coupled with the

same copper cylinder.

2D- transfer setup had a fundamental role for this thesis work, since one
of the most important result was the fabrication of devices based on 2D ma-
terials heterostructures. The processes through the use of the 2D- transfer

setup will be thoroughly described in Chapter 3.

2.3 Equipment for preliminary characterization: Mi-
croRaman, Probe station and Time Domain Spec-

troscopy (TDS)

2.3.1 LabRAM HR Evolution MicroRaman

The MicroRaman is located in the technical room (so outside the clean area).
Its use is fundamental for the characterization of hBN, graphene and other

2D materials, as well as for the quality check of stacked heterostructures.
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station and Time Domain Spectroscopy (TDS)

Principles

An electromagnetic wave (typically UV, visible, IR light) can interact with a
material in different ways, it can be absorbed or it can be scatterated. The last

process can be divided in (see Figure 2.13(b)):

Rayleigh elastic scattering: photons have the same frequency (same energy and

wavelenght) of the incident light.

Raman inelastic scattering (Stokes): photons have a lower frequency (lower en-

ergy and higher wavelenght) of the incident photons.

Raman inelastic scattering (Anti-Stokes): photons have a higher frequency (higher

energy, lower wavelenght) of the incident photons.

a

MicroRaman

vi<
vi<

Rayleigh  Stokes  Anti-Stokes

Objectives | ©

PC controller

XY Stage

FIGURE 2.13: (a) Rayleigh, Stokes and Anti-Stokes processes. (b) LabRam HR Evo-
lution MicroRaman. (c) Front view of the equipment.

The Raman effect, based on the inelastic scattering of photons, is used by
Raman spectroscopy to study vibrational, rotational and other low-energy

excitations of a chemical/physical system. The probability of the inelastic
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scattering process respect a Rayleigh process is very low (only 1 out of 10°-
10® photon have a Raman scattering process). For this reason, Raman spec-
troscopy needs an intense and monochromatic laser source. A Raman spectra
gives the information due to the intensity of light scattered by a sample (i.e.
number of scattered photons) as a function of the frequency shift with respect
to the exciting incident light. Typically in a Raman spectra, the frequency is
replaced by wavenumber (Aw = Aio — Ail). Different kind of information

about the sample can be obtained from a Raman spectra according the num-

ber, position, height and width of peaks and bands in the spectra.

MicroRaman

The Micro Raman Spectrometer — LabRAM HR Evolution (Figure 2.13(b)(c))
was used to carry Raman measurements. As light source the equipment dis-

poses three different lasers:
e Ventus Solo laser at 532 nm with an output power of 100 mW
e He-Ne laser at 633 nm with an output power of 17 mW
e Diode laser at 770-795 nm with an output power > 200 mW

The LabRAM HR system offers the possibility to obtain micro and macro
measurements, through confocal imaging capabilities in 2D and 3D. It is
equipped with three different objectives, 10x and 50x with long working
distance and 100x for very high resolution but very low working distance.
Thanks to the flat nature of used substrates and samples (very low thickness
2D materials) in this thesis work, all the spectra are taken with the maximum
resolution (100x), obtaining a spot of injection of almost 1ym. Filters can be
attenuate the incident light till values of 0.01 % of the output power. The
range of the Raman spectra can have a frequency shift from a relatively low

wavenumber (cut-off of 50 cm ') and with an accurate step below of 2 cm 1.
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With a XY motorized stage (Figure 2.13(c)) a step of 0.05 ym can be achieved.
The scattered light is collected in confocal configuration and analized with
two different diffraction gratings (1800 grooves/mm or 600 grooves/mm).
Raman spectrums are obtained with the use of a 256x1.024 pixels Synapse

CCD detector (spectral range of 200-1.050 nm).

2.3.2 Probe stations 4-probes:Cascade Summit 1100B Station

and TPT BH10 Wire Bonder

A first characterization of the samples was made in the 4-probes Cascade
Station (2.14(a)), that is located in the terahertz laboratory. It has a (x,y,z 6)
stage (1 ym resolution ) and 4 tungsten tips of 38 ym of diameter to contact
with the pads of a sample. In particular this equipment was used to check

the ohmic behaviour of the contacts at room temperature. For a full charac-
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FIGURE 2.14: (a) 4-probes Cascade Summit 1100B Station. (b) TPT BH10 Wire Bon-
der.

terization of the samples it was necessary to bond them to a standard Double
In Line (DIL) holder (8 pins or 20 pins). In this way nano/micrometer sam-
ples can be easily managed. The TPT BH10 Wire Bonder was used for this

aim (see Figure 2.14(b)). The connection was obtained bonding a 50 ym gold
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wire to the samples using wedge bonding. Our machine has a automatic
bond height adjustment and a touch panel, in which the parameters (force,

ultrasonic power for the wire cut, time) can be accurately chosen.

2.4 Facilities for Magnetotransport measurements

During this thesis work, different transport measurements were carried. The
major part of the measurements were carried in Salamanca with different
cryostats (Optistat AC-V12 3K cryostat, Triton 50 mK system), meanwhile the
measurements in the Chapter 4 were performed in the High Magnetic Field
Laboratory (HFML) during my stay in Nijmegen (Holland). Every equip-
ment has different characteristic and they were used according our conve-
nience/necessity (range of temperature, magnetic field range etc.). In Opti-
stat cryostat and Triton system the samples are kept in vacuum conditions
(less than 10° bar). These two systems are also equipped with pulse tube to

achieve 3K.

Pulse tube technique

Since the measurements in this thesis ranging from 50 mK to room temper-
ature, there was a real need of an alternative solution to systems based on
the refill of liquid Helium at each use. In fact the cost of the liquid Helium
increased a lot in the last decades, first of all due to its shortage of supply.
The pulse tube technique, based on thermodynamic cycles of compression
and expansion of Helium gas, achieves temperatures around 3K at the (only)
price of electric power consumption. Our low temperature laboratory was
pioneer of this technology, since one of the first system in Spain was installed

more than ten years ago in Salamanca.
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In this thesis I used two cryostats based on this technology: the Optistat
cryostat for temperatures up to 3 K and the Triton system for temperatures

up to 50 mK.

The working principle is the following; At the initial temperature T;, the
initial pressure of the Helium is minimum, so opening the rotatory valve, the
helium gas flows to the Pulse Tube (PT) keeping its temperature. The heat
taken from the gas during this compression phase is removed by a heat ex-
changer, so reaching the pulse tube, the gas is adiabatically compressed. In
this moment it achieves the maximum temperature (T) and the maximum
pressure (Pg). Then, the gas flows through an small orifice onto a reservoir
of large volume with small pressure oscillations, giving off heat to the sur-
roundings. Then a reversed cycle starts (the expansion phase). The orifice
is closed and the rotatory valve starts an expansion cycle of the gas cooling
down the helium as it approaches the regenerator. Finally, a small hole is
opened, letting the gas flows at constant pressure and a lower temperature
(Tr < T)) to the PT plate, absorbing the heat from the PT plate and cool-
ing it down. The same cycle is repeated many times achieving a minimum

temperature around 3 K.

24.1 AC-V12 (3 K) cryostat

Once the samples were bonded, for a temperature characterization, the faster
way was through the Optistat AC-V12 cryostat (Figure2.15), which is cooled
by a closed cycle refrigerator as explained previously. The system achieves
helium temperatures without the use of cryogenic liquids. The samples,
bonded on 8 (DIL) pins holder, are placed on this system are kept in vacuum
and cooled by a Pulse Tube refrigerator as described previously. A tempera-
ture controller is used to control heating and temperature of the sample from

3K up to 325K with a temperature stability of +0.3K.
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| Pulse Tube Refrigerator

FIGURE 2.15: Optistat AC-V12 (3K) cryostat.

2.4.2 Triton (50 mK) cryostat and superconducting magnet

The transport measurements at very low temperature (50 mK) and quite high
magnetic field (12 T) were carried out in the Triton system and superconduct-
ing magnet, located in the low temperature laboratory. Triton and the mag-
net are physically and thermally decoupled, which allows us to have a high

magnetic field from very low temperature until room temperature.

The superconducting magnet in Figure 2.16 consists in a NizSn coil and
an access bore diameter of 55 mm. It works with a high current (= 100 A),
that flows with no dissipation when the system is cooled with the pulse tube
technique. The main advantages of a superconducting magnet are the low
consumption of energy power, high stability and low vibration. The main
disadvantage is the critical field of the superconducting phase (in our system

12T).
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The Triton system, shown in Figure 2.16 allows to work a very low tem-
perature (more than 1 order of magnitude) respect the AC-V12 cryostat. It is
a dilution cryostat, since a mixture of *He and *He is used. *He pre-cooling
cycle is obtained by the PT tube. The cycle results in cooling of the PT-plate
down to ~3 K. Nevertheless, when the PT-plate reach a temperature 30 K,
the complementary 3He circuit is activated. The mixing chamber of the Tri-
ton can be cooled down to ~ 10 mK, but the sample holder (a 8-pins holder)
achieves around 50 mK. One of the main advantages of this cryostat is rep-
resented by the possibility of maintaining the cooling of the sample indepen-
dently from the cooling of the superconducting coil. This allows to perform
magnetotransport measurements while the sample is kept at temperatures
higher then the critical temperature of the superconducting phase of the coil’s

material.

buperconducting magnet

FIGURE 2.16: Triton system (left) and superconducting magnet (right).
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2.4.3 High Field Magnet Laboratory (HFML)

The High Field Magnet Laboratory (HFML) (Figure 2.17(a)) is one of the few
facilities with continuous high magnetic fields worldwide, since it disposes
of 6 cells with Magnet with a field higher than 30T (Figure 2.17(b)) and var-
ious cryogenic systems. During my doctoral stays I used continuous-flow
cryostats for the temperature range from 1.2 K to 300 K coupled with a Mag-
net up to 32T. Standard equipment for electrical transport measurements
(voltage source, lock in amplifiers (Figure 2.17(c))) was also available. The
samples were mounted in a 20-pins holder located in a homemade bar (Fig-
ure 2.17(d)). Though a continuous-flow cryostat, samples are cooled from
room temperature to 4 Kin 2 h, a recovering line permits to recover the major
part of the used He as it escapes from the cryostat, although this technology
is also costly to operate. The access to the HFML facilities is achieved after
the acceptation of a proposal that can be submitted with a periodicity of 6
months. The work at HFML is organized in slots of 8 h per day (8-16, 16-00,
00-8).

FIGURE 2.17: (a) HFML Facilities. (b) Magnet. (c) Setup for Measurements. (d)
Homemade column with sample holder.
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2.4.4 Other optical characterization: Terahertz - Time Domain

Spectroscopy (THz-TDS)

Another technique for characterization of graphene is the Time Domain Spec-
troscopy (TDS), a technique in which different physical parameters could be
extracted (conductivity, mobility, permittivity...) [21][22]. Many materials
are transparent to terahertz waves and so they dispose of their fingerprint
within this range. This allows non-destructive inspection and characteriza-
tion within this range of different material like graphene. The possibility to
obtain a THz-imaging of a big flake and mapping local conductivity has been
recently demonstrated [23] which could extend the use of TDS-THz tech-
nique for quality control of large graphene flake made with different meth-

ods. In Figure 2.18 the setup of our THz-TDS as well as the schematic setup

FIGURE 2.18: Photo of TDS setup. In the inset the schematic setup.

are shown. In this system two photoconductor antennas, illuminated by ul-

trashort laser pulses, are used for THz radiation and detection. The pumping
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laser should provide the pulses of 760-840 nm wavelength, 50-150 fs pulse
duration and 50-150 mW output power at approx 80 MHz pulse repetition
rate. The optical beam is coupled to the system through a complex system of
lens and mirror as shown in the Figure 2.18, obtaining a collimated beam of 3
mm-diameter. The signal from the THz detector is detected by a Lock-in am-
plifier SR-810. THz detector output is proportional to the instantaneous elec-
trical field strength of THz pulse during ultrashort pumping pulse (which
should be in 50-150 fs range for best results). By scanning with an optical
delay line a 10-20 fs window steps can be achieved and the waveform of
electrical field of THz radiation is build. The Fourier transform of waveform
gives the spectral content of THz radiation. A comparison of the spectra
with and without sample inserted into THz beam path gives the absorption

or transmission spectra of the sample under investigation.

2.5 Setup Mesurements: Lock-in Amplifier and

Sourcemeter

The measurements presented in this thesis work, were carried out in different
laboratories using different equipments, but in all cases we used a standard
setup with DC lock-in technique (Stanford research SR830) and sourcemeter
(double channel Keithley 2412 source-meter) for all the transport measure-
ments. The technique guarantees the control and detection of very small
signals (nA of current and uV of voltage) and big increase of the ratio Sig-

nal/Noise (S/N).

2.5.1 Principles of the lock in technique

Basically in a lock-in amplifier an AC signal (current or voltage) is detected

by the input channels and filtered by the amplifier. All the signals with a
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frequency different from the reference are filtered, so only the signal with a
component (phase-locked) with the same frequency of the reference signal
is detected. In our case the reference signal is given by the AC frequency
of the injection current (that is generated by the lock in itself). This method
is known as phase-sensitive detection (PSD). The working principle is ex-

plained in the following.

If we consider a reference signal
Vi = sin(th + QR)

and a measured signal

Vs =~ Sii’l(wst + 95)

the lock in multiplies the signals, obtaining the output signal:

1 1
EVSVRCOS(((‘)S — wR)t + 0s — GR) - EVSVRCOS((wS + wR)t + 05 + 91{)

The result consists of two sinusoidal signals, with the difference of the
two input frequencies (ws wgr), and with the sum of these frequencies (ws +
WR)-

When the input signal has the same frequency than the reference signal
(ws = wr), the difference signal becomes a DC value. So when the output
signal is passed through a low pass filter, the sum of the frequencies (wg +

wr) is filtered out and the resulting signal is:

1
EVSVRCOS(QS — QR)

In this way the intensity of the resulting DC signal is proportional to the

input signal (Vs) if 8, = 6s. All the components at frequencies other than the
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one of the reference are filtered out. Typical reference frequencies are fixed

between 3 and 15 Hz.

Setup

A typical setup in our measurements is shown in Figure 2.19(a).

8 [AVs]
LOCK IN 3
A B Ref Sin

@ QO

KEITHLEY

LOCKIN 1
Ref Sin R=50-500 MQ

LOCK IN 2
Ref Sin
Q0

FIGURE 2.19: (a) Schematic view of a typical setup for the transport measurements

with the lock in technique. (b) Lock-in amplifier SR830 (up) and Keithley sourceme-

ter 2612A (down). (c) 20-LCC pin holder in which we bounded one of our graphene

Hall Bar. In the inset the Optical image of the same Hall bar of encapsulated
graphene.

The reference signal is given by the lock in itself, using a high resistance
(typically between 50-500 M), located in series with the sample. The lock in
technique works when the resistance of the sample (for example a graphene
Hall bar as in the Figure 2.19 (c)) is much lower than the resistance in series,
and the current value after the higher resistance is very closed to the cur-
rent read in the lock in (I in the Figure 2.19(a)). The typical injection current
was between 1-10 nA with a frequency between 11-13 Hz. The other lock
in can be used for local or no local measurement, for example in the Figure

2.19(a) the longitudinal (AV,,) and transversal voltage (AVy,) of the sample
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are measured. The lock in used for voltage detection are locked with the
same frequency of the injection current (used as reference).

The Keithley sourcemeter was typically connected to the backgate voltage
for the control of the charge carriers density.

Figure 2.19(c) shows a Leadless Chip Carrier (LCC) of 20 pins in which
we bonded one of our sample (during this thesis we used also 8 pins DIL
holder). In the inset an optical image of a Hall Bar, measured during the

thesis with lock in technique, is shown.
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Chapter 3

Devices: Fabrication and

preliminary characterization

The fabrication processes and a preliminary characterization of devices based
on graphene and other 2D materials are described in this chapter. The de-
scription was splitted according the material and the kind of the devices in
the following way:

e Exfoliated graphene-based devices:

- Hall Bar with graphene on SiO, with and without HMDS treat-

ment and graphene nanoconstrictions on Hexamethilsilidazane.
- Hall Bar with graphene on hBN.

- Hall Bar with hBN-encapsulated graphene (with the option of the

graphite backgate) and nanoconstrictions with encapsulated graphene.

- FETs with encapsulated graphene.

e Epitaxial and CVD graphene-based devices:
- Hall bar with epitaxial graphene.
Hall bar with hBN encapsulated epitaxial graphene and top gate.

- CVD graphene.

e Other 2D materials devices:
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- MoSe; and MoTe, devices.

3.1 Exfoliated graphene-based devices

All the devices described in this section have in common the use of exfoli-
ated graphene. Graphene is obtained by bulk graphite through exfoliation
(as well as hBN, MoSe;,MoSe; and other 2D materials can be exfoliated by
the bulk material). Exfoliation is the starting step for a device fabrication with
a 2D material. The mechanical exfoliation process, also known as Scotch™
tape method [24] was firstly developed by Novoselov and Geim [25]. It basi-
cally consists in a peeling force applied to a piece of graphite (as well as other
2D materials) by an adhesive tape and the peeled sheet is detached during
the peeling process on a substrate. The substrate is typically silicon oxide
on silicon approximately cleaved in piece of 1 cm x 1 cm. In our process the
thickness of the the silicon oxide was 90 or 290 nm, in this way flakes that
would be completely transparent in other substrates, can be identified by
optical contrast. Even if the mechanical exfoliation is a well-know process,
many tricks and experience were achieved to obtain good quality flakes from
different material. Placing or sandwiching a flake of graphene on/into hBN
flakes improves the properties of the graphene flake [26], because hexago-
nal boron nitride is an ideal substrate and it is ideally suited for graphene to

maintain its geometrical and electrical properties.

Here we present two different techniques to obtain graphene-based het-
erostructures. Both were implemented in Salamanca and used according to
the convenience. In the first method we used a Polycarbonate (PC) film to
stack all the flakes of the heterostructure. In the second method, a Polypropi-
lene Carbonate (PPC) film was employed, but we typically used a different

film for every step of the transfer process. Through the PC method [27], it
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is possible to obtain some naked part of the graphene flake, in which pla-
nar contacts were used and the correspondent devices are more suitable as
graphene-based current-injection devices [28]. In the other technique (PPC
method), similar to [29], typically the graphene flake is completely encap-
sulated, so "side"or "edge"contacts are necessary and the fabricated devices
result more stable over time, because of the low influence from the external
environment. The probability of success of the first method, due the use of
the same film in the whole process, is relatively low, but it is the best choice
when it is necessary to obtain graphene on hBN without a top hBN flake.
Regarding the preparation of the film for the transfer process, PC film prepa-
ration of the first method is more complex (and less controllable) than the
preparation of PPC film (for the second transfer method). In this section we
present the most common geometrical configuration used for transport mea-
surements: Hall bar configuration with exfoliated graphene with different
treatments (i.e. Hexamethylsilidazane (HMDS)) and/or use of hBN flakes.
We will present magnetotransport measurements of these devices in Chap-
ter 4. The nanofabrication process for graphene nanocostrictions is also de-
scribed in this section and the correspondent measurements are presented in
the Chapter 5. In the last part of this section we will discuss about the fab-
rication process of Graphene Field Effect Transistors (GFET) for detection of
Terahertz (THz) radiation as well as the fabrication processes and prelimi-

nary characterization with other 2D materials (MoSe; and MoTe).

3.1.1 Graphene Hall Bars on SiO; (with and without HMDS
treatment) and Graphene nanoconstrictions on HMDS
Si07 is the most common graphene substrate, but on its surface there are usu-

ally impurities, which can cause scattering of charge or act as charge traps.

It is well known that graphene deposited on a hydrophobic substrate due
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to hexamethyldisilazane (HMDS) treatment has better transport properties
respect to the standard exfoliation of graphene on SiO; [30]. In particular,
samples fabricated with HMDS treatment show higher carrier mobility and
Dirac peaks closer to zero due to the low interaction of graphene with the
substrate [31][32]. The use of HMDS modifies the first part of the fabrication

process. The differences between the two exfoliation methods are:

e No hydrophobic treatment: During a standard exfoliation of graphene on
SiO;, the substrate was cleaned with acetone (ultrasonic bath for 3 min-
utes) then isopropanol (or ethanol) for 30 seconds and finally annealed
in our RTP (see section 2.1.9) for 15 minutes at 400 °C in vacuum. For
exfoliation we previously put thick natural graphite piece on a Scotch®
Magic™Tape where they were folded onto itself. We transferred the
thinner graphite pieces into another adhesive tape with lower force
adhesion (Tape P/N 1009R-60 US (Ultron systems): Tape B). In the
last step we transferred different graphene and graphite layers on the
Si/SiO; substrate through the peeling process. The use of Ultron tape
(instead of the direct use of Magic tape) guarantees a minor contamina-

tion of the graphene flake and of the substrate.

o Hydrophobic treatment: After the same cleaning and annealing of the no
hydrophobic treatment, the substrates are immersed in a solution (1:1)
of acetone and HMDS for at least 18h, before a fast cleaning in acetone
(1-3 s) and isopropanol (10 s). A similar peeling process takes place ob-
taining graphene and graphite flakes on a thin film of HMDS on SiO,
substrate. The exfoliation in this case is very hard as well as it is neces-
sary a particular attention during the whole fabrication process consid-

ering the low adhesion of the flakes with the substrate.

After exfoliation a first characterization with the optical microscope by

means of optical contrast can be done [33]. Mono, bi and tri-layer graphene
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flakes (Figure 3.1(a)) have a pink and violet colour, because of the substrate
transparency decreases with the thickness. Moreover, different colours from
graphite flakes (dark blue, light blue or yellow by increasing the thickness)

can be observed in Figure 3.1(b).

Then a graphene flake was chosen and Raman measurements were car-
ried out. Raman spectra gives us a first estimation of the quality of the
graphene flake, the number of layers, as well as the presence of the HMDS,
in case of its treatment. Figure 3.1(c) shows the normalized Raman spectra of
two different graphene flakes. The black and red lines show the Raman spec-
tra of a monolayer graphene on Si/SiO; substrate without and with HMDS
treatment, respectively. The intensity is normalized to unity, in this way it is
clear the difference of ratio between the 2D-peak and the G-peak. The shift
between G and 2D peaks (Figure 3.1(c)) depends on the doping level [34].
The enhancement of the ratio on graphene with the HMDS treatment (larger
than a factor 3) is an indication of the improvement of the crystalline quality
of the sample [35].

After Raman characterization, firstly, the device geometry was adapted
to the geometry of the layer, measuring the distances between the flake and
the closer alignment marker (the periodicity of gold markers on the Si/SiO,
substrate was 400 ym). After a coating of PMMA (diluited in chlorobenzene
at 4%, spinned at 4000 rpm and 1000 rpm/s for 60 s, baked at 160 °C for 10
minutes) we defined ohmic contacts and Pads through electron beam lithog-
raphy (EBL) at 15 kV (aperture 10 um and dose of 230 uC/cm?, writing field
(WF) of 500 ym for ohmic contacts, aperture of 60 ym, dose of 400 uC/ cm?
and WF of 1000 um for pads). The graphene flake was completely contacted
after a subsequent evaporation of titanium (5 nm) and gold (40 nm) with
our e-beam evaporator (for details of electron beam lithography and e-beam

evaporator see sections 2.1.3 and 2.1.8) and lift-off in acetone.

For the Hall Bar configuration, through a second step of EBL (aperture
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FIGURE 3.1: (a) Optical image of mono-bi-tri layer graphene flake. (b) Optical image

of graphite with different thickness. (c) Normalized Raman spectra of two flakes of

graphene. The black line shows the Raman spectra of a monolayer graphene on

Si/SiO; substrate and the red line corresponds to a monolayer graphene on Si/SiO,

substrate with HMDS treatment. (d) Optical image of mono-layer graphene on SiO,
with Hall Bar configuration.

10 um and dose of 230 4C/cm?) we defined a PMMA Hall bar mask for the
etching process by reactive ion etching (see section 2.1.5). We used an O,/
Ar atmosphere (10:30 sccm) at T=20 °C and P=60 mtorr, with a power of 40
W to define the Hall Bar. The devices were then suitable for transport mea-
surements. These devices with HMDS treatment need a second immersion
in HMDS solution to improves more the quality of the devices for at least 24

h. A typical device, after the fabrication process, is shown in Figure 3.1(d).

Graphene Nanoconstrictions with HMDS

For the graphene constrictions with HMDS treatment, the fabrication process

needs an additional fabrication step.

After the definition of the bar, the definition of the nanoconstrictions (NCs)



3.1. Exfoliated graphene-based devices 51

was made with a new EBL process and new etching through ICP-RIE! in
Ar/O, atmosphere (same parameters as described in the previous section).
For this last EBL process we used PMMA with lower concentration (2%) in
chlorobenzene (resist thickness 70 nm). A smaller aperture (7.5 ym with a
dose of 175 uC/cm?) and a writing field of 100 yum (using closer markers
with a separation of 70 ym previously defined in the first EBL) guarantee a
higher nominal resolution of 2 nm (for a writing field of 500 ym and aperture
of 10 um, the nominal resolution was 7.8 nm). The final real resolution was
so improved because of the EBL parameters and also thanks to the use of a
thinner PMMA coating.

In Chapter 5 we will show the device and results of NCs with HMDS

treatment.

3.1.2 Hall Bar with graphene on hBN

Firstly, graphene flakes were obtained and characterized as described in the
previous sections. HBN flakes had to be subsequently obtained for the fabri-
cation of graphene-hBN based heterostructures.

A Ultra-pure bulk of hBN crystal used for exfoliation was bought from
HQ Graphene or obtained by a collaboration with the Reasearch Institute
of Electrical Communication (RIEC) at Tohoku University of Sendai (Japan).
The exfoliation process was similar to graphene, but for hBN we use only
Ultron tape and the peeling occurs on a hot plate at 100 °C after heating the
substrate for 1 minute. In this way relative big flakes with a minimum lateral
size of 30 ym and a thickness between 10 and 40 ym were obtained with
less tape contaminant. The residual contaminant of the tape was definitively
removed after a standard cleaning process (acetone and isopropanol) and an

annealing at 350 °C in Ar atmosphere.

IBefore the installation of ICP-RIE we used a plasma cleaner process in Ar and O, atmo-
sphere for the etching process. Unfortunately the maximum resolution was around 500 nm,
so it was enough for Hall Bar definition but not for NCs definition.
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FIGURE 3.2: (a) Left: Profilometer measurement of h-BN flakes with different thick-
ness (Optical Image with the scanning line in the inset). Right: Optical image of a
flake of hBN that was etched with ICP-RIE in various steps. The contrast (colour)
of the flake changes with the thickness (b) Preparation of the Polycarbonate film. (c)
Preparation of PC film on a Magic tape windows and PDMS stamp. (d) Three dif-
ferent possible situations of the contact area during the transfer process. (e) Typical
Hall bar of graphene on hBN. In the inset the Hall bar definition of graphene on
h-BN before the deposition of the ohmic contacts.
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A preliminary characterization was obtained by optical contrast of the
hBN flake (dark blue, light blue, green blue, yellow, grey colours can be
found by increasing the thickness). Profilometer measurements gave us the
accurate information regarding the thickness and quality (roughness) of hBN
flakes (see Figure 3.2(a)). After choosing the flakes we placed the graphene
flake on hBN with a transfer technique similar to [27] (PC method). Recently
a similar technique was used to obtain cleaning interfaces in layered materi-
als heterostructures [36].

The preparation of PC film can be summarized as:

o Preparation of Polydimethylsiloxane (PDMS) stamp. A mixture 1:10 of the
bicomponent SYLGARD® 184 was placed (after removal of air bubble
with various steps of vacuum-vent in a bell jar) in a Petri dish and

baked at 75°C for 4-5h.

e Preparation of the PC film on microscope glass slide. Using a clean glass
slide for microscope we dropped between 250 and 500 u1 of PC in chlo-
roform. Then we placed another clean glass on the top. The two glass
slides and the PC film form a sandwich (with the PC in the middle).
Then removing (as shown in Figure 3.2(b)) the top glass slide, both glass
slides are covered with PC film, so both can be used. Finally the PC film
is left in air for 15 min. The film is usable for 4-5 h, later the chloroform
starts to evaporate and the composition changes, so a new film must be

prepared.

e Sticking PDMS stamp on glass. Cutting the PDMS stamp with a pyrami-
dal shape and using a Plasma Cleaner process (see section 2.1.10) the
bottom side of the pyramid and the surface of a glass side can be func-
tionalized. Subsequently, putting the PDMS pyramid on the glass, they
are well sticked. The top PDMS side stamp can be cleaned putting a

tape of Ultron adhesive tape and removing it.
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e Preparation of PC film on Magic tape. Cut a stripe of Magic tape and

define (cutting) inside a square hole (window), bigger than the top size
of the PDMS stamp, so its sizes would be 2.5*2.5 mm (see first step in
Figure 3.2(c)).

Remove with a cutter the external part of the polycarbonate film on the
glass slide, in this way the borders of the film are removed see second

and third step in Figure 3.2(c).

Align and place the window of the Magic tape on the center part of the

PC film (fourth step in Figure 3.2c).

Cut the external part of the PC film and remove gently the Magic tape
(fifth step in Figure 3.2c). In this way a polycarbonate film stays in the

window previously defined in the Magic tape (sixth step in Figure 3.2¢).

Placing PC film window on PDMS stamp. Align the window of PC film on
the PDMS stamp. Put in contact PC film and PDMS. The polycarbonate

window has to stay higher than the rest of the tape.

Everything is ready for the transfer process. The steps to transfer a graphene

flake on hBN flake with the PC method are the following:

e We started to pick up the top flake of the heterostructure (graphene).

Using the transfer setup (see section 2.2) we align the flake of graphene

on the SiO; in the centre of the window of Polycarbonate.

Move up (z-axis) slowly the wafer, when the Polycarbonate is in contact
with the graphene, a "bubble"(contact area beetween PC film and SiO,)
appears. There are three possible situations (see Figure 3.2(d)). If the
"bubble"is far from the flake (left in Figure 3.2(d)), moving the tilt stage,
the PDMS stamp area can be extended until the flake is closer to the
contact area (center in the Figure 3.2(d)). The last situation (right in

Figure 3.2d), appears when the contact area completely covers the flake.
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e Turn on the heater and increase the temperature at T=50 °C. Under
this condition, the contact area is increasing its dimension and cover-

ing completely the flake.

e Turn off the heater and wait until room temperature while the contact

area decreases its dimensions.

e Moving down the SiO, with the z-axis, the graphene flake is on the PC
film and PDMS stamp.

e Align the flake of hBN on the SiO, with the flake of graphene on PC

film.

e Move up the SiO, (with the hBN flake) through z-axis until the contact

area appears. Control fringes on the PC film with the tilt movement.

e Increase the temperature until 150 °C. Again contact area is increasing

during this process.

e Increase T until 170 °C. Move gently down with the z-axis to melt and
release the PC film on the SiO; substrate. During this process the con-
tact area is reducing (this process has to be not so fast). When the con-
tact area disappears, the PC film with graphene is transferred on hBN
on the substrate. Move the repeatedly the(x,y) stage to “break” the bor-
ders of the PC film.

e When the borders are broken, gently move down with the z- axis. At
the end end of this step, the heterostructure of graphene-hBN is ob-

tained, but it is still covered with polycarbonate.

e Cleave the substrate. This is the best moment because the area with
the heterostucture is easily recognizable and the heterostructure is still

protected by PC film.
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e Remove the polycarbonate in chloroform for 15 minutes. The heterostru-

ture of graphene-hBN is ready and clean to be processed.

We define the Hall Bar through electron beam lithography with PMMA
resist and a subsequent etching process by reactive ion etching in O, and Ar
atmosphere (see inset in Figure 3.2(e)). The evaporation of titanium and gold
after a second step of EBL are necessary for the ohmic contacts. The typical

prototype of Hall Bar of graphene on hBN is shown in Figure 3.2(e).

3.1.3 Hall Bar with hBN-encapsulated graphene (with op-
tion of the graphite backgate) and Nanoconstrictions

with encapsulated graphene

In this section a description of the Hall Bar fabrication with encapsulated
graphene is reported. Even if the major number of devices based on encap-
sulated graphene was without the graphite backgate, here we include this
option for completeness. In fact it is well known that the use of a graphite
backgate can improve the performances of graphene devices [37]. From a
fabrication point of view the main difference between the devices based on
heterostructures of encapsulated graphene with or without graphite back-
gate, consists in the transfer process, because for the graphite backgate we
fabricated a four layers heterostructure instead of three layers heterostruc-
ture. Through the PPC method, it means a longer transfer process in terms
of time (typically the double). In fact the graphite backgate devices need par-
ticular attention during the fabrication process, since it is very important to
avoid short-circuit between ohmic contacts and the graphite backgate.
Besides the exfoliation of monolayer graphene and hBN (top and bot-
ton), we also need to exfoliate graphite to obtain a thin layer graphite (few
graphene layers). The graphite thickness should be between 10-25 nm. it

is chosen according homogeneity and optical contrast (light blue tending to
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dark blue) and it is also characterized by profilometer. A particular atten-
tion in the choice of the bottom hBN flake is requested [38] because the thick-
ness should be around 35-40 nm and well measured to avoid problem during
the etching process (avoiding short-circuited graphite with ohmic contacts).
Once the four flakes are chosen and measured, the transfer process can take
place. As mentioned above, for heterostructure with more than 2 flakes we
used a transfer technique similar to [29].

Firstly the preparation of PPC film is necessary. This process is faster and
more controllable than the preparation of PC film. After its preparation, PPC

film on PDMS can be also used as stamp for longer time (typically 1 week):

e Preparation of the PDMS stamp with the PPC film. A square piece of 0.8
cm? of PDMS is cutted and placed in a glass slide. The surface of the
PDMS stamp is functionalised in an atmosphere of O, through ICP-RIE
(see section 2.1.5). A solution of polypropilene previously dissolved in
anisole (concentration of 9%) is spinned on the PDMS stamp and baked

for 15 minutes at 100 °C in vacuum.

e Placing the PPC film and PDMS stamp on a glass slide. A small piece (9
mm?) of PDMS and PPC stamp is cutted and sticked with transparent

glue on a glass slide.

Everything is ready for the transfer process. The first step consists in ob-

taining a heterostucture of hBN (bottom) on graphite:

e Pick up of the hBN (bottom flake). The stamp is placed over the Si/SiO,
substrate with the bottom hBN and by using the micrometer stages and
the optical microscope, the top hBN flake (Figure 3.3(a) 1A) is located

and positioned under the stamp.

e Then, the SiO, substrate is approched to the PDMS stamp through the

z-movement stage until a contact area appears (Figure 3.3(a) 2A). If the
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contact area is too far from the flake, the tilt stage can be used to increase

it.

e The temperature of the substrate in increased up to 60 °C and the PPC

will extend and cover the whole flake.

e Turning off the heater the SiO, substrate is removed with the z-movement
allowing to pick up the bottom hBN flake by the stamp. In this step the
flake has been transferred on th PPC film (Figure 3.3(a) 3A).

e Then the graphite flake (Figure 3.3(b)) on Si/SiO; is aligned with (x,y)
stages and approached to the hBN bottom flake until a contact area

(between SiO, substrate and stamp) appears. Tilt in case the bubble is
too far from the flake (4A, 5A in Figure 3.3(a)).

e The top hBN flake is deposited on the graphite flake. The temperature
of the substrate with the graphene is increased up to 120 °C which per-
mit to melt the PPC film and enhance the adhesion between graphite
and hBN. Therefore, the hBN bottom flake is deposited on the graphene

flake reaching the above temperature (Figure 3.3(a) 6A).

The result is a heterostructure of Graphite/hBN on a Si/SiO, substrate
(see Figure 3.3(b)). The heterostructure was cleaned in anisole, acetone and
isopropanol and annealed at 350 °C in Ar with the RTP for 15 minutes to
remove the contamination before the next steps of the transfer process.

Same steps can be repeated, obtaining a heterostructure of top hBN flake

on graphene.

e Using a new stamp we pick up the top hBN flake from the SiO, sub-
strate approaching the PDMS stamp, extending the contact area con-
tact area with the temperature (until 60 °C) and removing the substrate

from the stamp through z-movement (Figure 3.4(a) 1B, 2B).
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FIGURE 3.3: (a) Transfer step processes for graphite/hBN

heterostructure. (b) Optical images of bottom hBN (top

left) graphite (bottom left) and their correspondent het-
erostructure.

e Once the top hBN flake stays on the PPC film (3B in Figure 3.4(a)), we
align and approach with (x,y,z) stage the graphene flake on SiO; with
the top hBN flake (Figure 3.4a 4B).

o After the appearance of the contact area (5A in Figure 3.4(a)), it is in-
creased with the temperature at 150 °C, then through the melting of the
PPC film and removing the substrate with z-movement, the top hBN

flake is released on the graphene flake (6B in Figure 3.4(a)).

Now the heterostructure of graphene /hBN (top) was obtained and cleaned
in anisole, acetone and isopropanol (see Figure 3.4b).
So the heterostructure of graphene/hBN(top) is ready to be picked up

and placed on the heterostructure of graphite/hBN (bottom):

e First the pick up of the heterostructure graphene/hBN(top) takes place

with a new stamp. Approaching the SiO, substrate to the PDMS stamp,
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FIGURE 3.4: (a) Transfer step processes for hBN/graphene

heterostructure.  (b) Optical images of top hBN (top

left) graphene (bottom left) and their correspondent het-
erostructure.

extending the contact area with the temperature (until 60 °C) and re-
moving the substrate from the stamp through z-movement. After this
step the heterostructure of graphene/hBN(top) is transferred on the
PPC film (1C, 2C, 3C in Figure 3.5(a)).

Then the align and approach of the heterostructure of graphite/hBN
(bottom) on SiO, substrate with the heterostucture of graphene/hBN
takes place until we obtain a contact area (4C, 5C in Figure 3.5(a)). In-
creasing the temperature (150 °C), the heterostructure of graphene /hBN
(top) is transferred on the heterostucture of graphite/hBN(bottom) (6C

in Figure 3.5a).

The whole heterostructure is so cleaned in anisole, acetone and iso-
propanol and a rapid process annealing at 350 ° in Ar atmosphere re-
moves contamination and PPC residual from the heterostructure and

from the substrate.
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FIGURE 3.5: (a) Transfer last steps for graphite/h-
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tom left) and the whole heterostructure (right).

Upon completion of all the above steps, the entire vertical graphite/hBN/-
Graphene/hBN heterostructure was obtained (Figure 3.5(b)). During this
process a lot of blisters or bubble of air were trapped into the heterostruc-
ture. It is important to choose areas free of bubbles since it would reduce
the quality of the encapsulated graphene. The best area was chosen through
optical microscope and Raman spectroscopy. Raman spectra of graphene en-
capsulated in hBN is different from the Raman spectra of graphene on SiO,.
Figure 3.6a shows the Raman spectrum of the final hBN /graphene/hBN het-

erostructure on a SiO, /Si substrate.

An indication of high crystalline quality in graphene is provided by the
ratio between the 2D-peak and the G-peak. For example, for graphene on
SiO, this value can vary from 1 (defected graphene) up to 3-4, [39] and in
suspended graphene it is typically 10 [40]. In our heterostructures this ratio is

around 10 (see Figure 3.6), larger than the value observed in heterostructures
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FIGURE 3.6: (a) Raman spectra of the hBN/graphene/hBN heterostructure (b) Ra-
man spectra of the graphite/hBN/graphene/hBN heterostructure (c) MicroRaman
Map of the whole heterostructure graphite/hBN/graphene/hBN heterostructure.

obtained with similar methods [29]. Another indication of the high qual-
ity of the graphite/hBN/graphene/hBN heterostructure is given by the Full
Width Half Maximum (FWHM) of the 2D peak. We found a value close to
18.6cm ™!, while in graphene flakes on Si/SiO, substrates is typically above
30cm~! due structural deformations that broaden the 2D-band [41]. The Ra-
man spectra of graphene encapsulated in hBN with a bottom graphite layer
(see 3.6(b)) is more complex due to the presence of the graphite flake that
comports the evolution of the 2D peak as a function of number of layers [42].
Unfortunately optical contrast is not useful because graphene is not so clearly
visible for the presence of the graphite flake. So in the case of graphite back-
gate we carried a MicroRaman Map (see Figure 3.6(c)) to identify the best

area for the device.

Then the CAD of the Hall bar can be made using ELPHY plus nanolithog-
raphy software and taking in account the presence of the graphite layer for

the definition of the Hall Bar and ohmic contacts.

Through nanolitography we defined the Hall Bar mask and with ICP-RIE
we created the "side"contacts in SFg atmosphere with an etching rate of 3
nm/s on hBN (see first step in Figure 3.7(a)). In our ICP-RIE recipe we used

40 sccm of SFg, a power in RIE mode of 75W at émtorr of pressure and 10 °C



3.1. Exfoliated graphene-based devices 63
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FIGURE 3.7: (a) From the top to the bottom: definition of the Hall Bar through EBL,

etching of the Hall Bar through ICP-RIE process, definition of the contacts (and con-

tact for the graphite bottom gate) with a second EBL. (b) Final devices after evapo-
ration of Cr/Au and lift-off process.

of temperature for typically 12 s. A controlled etching rate gives us the pos-
sibility to etch only the top hBN flake avoiding the full etching of the bottom
hBN (see second step in Figure 3.7(a)). After the etching process, the sample
is cleaned in acetone and isopropanol and annealed through RTP process in
Ar atmosphere at 350 °C. In this way contamination of the resist and resid-
ual bubbles from the heterostructure are removed. In fact it his well known
that an annealing (below 500 °C) reduces the number of bubbles encapsu-
lated in the graphene heterostructure [43]. Then, after a new deposition of
the PMMA resist, with a new nanolithography process we define the ohmic
contacts and the backgate contact (see third step in Figure 3.7a). Finally after
an evaporation of Cr (10 nm) and Au (50 nm) and the subsequent lift-off pro-

cess in acetone, the final sample is ready to be characterized (Figure 3.7(b))
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Nanoconstrictions fabricated by cryo-ething in encapsulated graphene

After the definition of the bar, a constriction can be defined with a new pro-

cess of nanolithography and cryo-etching process.

Also in this last EBL process, we used PMMA with lower concentration
(2%) in chlorobenzene (resist thickness 70 nm), a smaller aperture (7.5 ym
with a dose of 185 C/cm?) and a writing field of 100 ym (using closer mark-
ers with a separation of 70 ym previously defined in the second EBL). In this

way a nominal resolution of 2 nm can be obtained.

It is important to highlight the etching process, because to the best of our
knowledge this was the first time in which a cryo-etching method was suc-

cessful used on graphene.

Whereas cryoetching was widely used in the 1980s to define Si-based
structures with high aspect ratio, the appearance of a potentially cheaper
method to fabricate such samples, i.e. the Bosch process where no liquid
nitrogen was involved, made cryoetching to be forgotten. Besides, to our
knowledge, cryo-etching was never used in the generation of nanostructures

based on 2D materials.

We introduce for the first time a cryo-etching step to define graphene-
based nanoconstrictions tailored using a commercial ICP-RIE (PlasmaPro 100
Cobra system). Such system is equipped with a cryogenic module that en-
ables an operational temperature down to —120°C, ideal to perform cryo-
etching. Figure 3.8 shows the SEM images of a NCs etched on hBN with the
cryo-etching technique (magnification of 450k) (a) and at room temperatures
(magnification of 300k) (b). The upper panels display the original SEM mi-
crographs while the lower part coloured SEM images that help to visualize
the borders of the constrictions. The higher roughness of the second image is
evident at the edges, in comparison with the very well defined cryo-etched

structure.
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FIGURE 3.8: (a) SEM image of a NC etched by our cryo-etching process. Three bub-

bles appear in the image, they are blister of air trapped into the original heterostruc-

tures and in this case they are transferred to the substrate after the etching process

(so they do not affect the device). (b) SEM image of a NC on hBN etched with a

standard ICP-RIE procedure. The upper panel of each column shows the original

SEM images in grey scale and the lower panels display the coloured ones. (c) Tilted
SEM image of typical devices with NCs in encapsulated graphene
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Two devices are shown in the SEM image of Figure 3.8(c), where are de-
fined two different nanoconstrictions, the upper one has a width of w ~

200nm, the lower one has a width of w ~ 100nm.

3.1.4 FETs detectors based on encapsulated graphene

Thanks to its high carrier mobility, frequency-independent absorption, gap-
less or controllable gap according the number of layers (monolayer or bi-
layer) graphene is a very interesting material for the development of detec-
tors working in the terahertz region of the electromagnetic spectrum, still
severely lacking in terms of solid-state devices. Here we describe the fab-
rication process of terahertz detectors based on antenna-coupled graphene
tield-effect transistors, using encapsulated high mobility and high stability
graphene [44] instead of graphene on silicon oxide [7].

Starting from the heterostucture of hBN-graphene-hBN obtained by the
transfer method (step 1 in Figure 3.9), the fabrication process of FETs in en-
capsulated graphene can be divided in three different steps; Bar definition,
fabrication of the external contacts and top gates.

For the bar definition, a nanolithography and etching process similar to
the Hall Bar definition was carried out. After the deposition of the resist
(PMMA with a concentration at 4% in chlorobenzene, baking at 160° for 10
minutes) the bar is defined by means lithography process (step 2 in Figure
3.9) and etched with ICP-RIE in SF¢ atmosphere (step 3 in Figure 3.9).

The "side"contacts were fabricated after an annealing in Ar atmosphere
at 350 °C, through a second nanolithography process (step 4 in Figure 3.9)
and subsequent evaporation of Cr/Au (5-40 nm) and lift off process (step 5
in Figure 3.9).

Before the definition of the top gates it is necessary to cover the device

with a dielectric film. In our Clean room we do not have an equipment (i.e.
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FIGURE 3.9: Fabrication process of FETs in encapsulated graphene can be divided
in three different steps; Bar definition, fabrication of the external contacts and top
gates.

atomic layer deposition, sputtering etc.) for dielectric deposition. For this
reason we transferred a flake of hBN on the device (step 6 in Figure 3.9). The
gates were defined by another EBL process (step 7 in Figure 3.9) and evap-
oration and lift-off of Cr/Au (5/40 nm) (step 8 in Figure 3.9). The final de-
vice ADGG-GFET (asymmetrical dual grating gate FET based on graphene)
is shown in the step 8 of Figure 3.9. A multi-finger dual-gate topology greatly
improves considerably the performance of THz detectors based on plasma-
waves, as demonstrated theoretically and experimentally [45]. The use of
asymmetric fingers FETs based on graphene instead of a large antenna tuned
for THz frequency has a technological advantage respect a conventional an-

tenna [46] in terms of space.

3.2 Epitaxial graphene and CVD graphene devices

Even if mechanical exfoliation continues to give graphene flakes with the best
properties (sush as the carrier mobility), epitaxial growth [47] and Chemical
Vapour Deposition (CVD) [48] are postulated as a very good methods to pro-

duce graphene in industrial scale. In this section we describe the fabrication
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processes of devices based on epitaxial graphene, grown by GPNT and CVD
graphene, grown by Graphenea.

3.2.1 Hall bar with epitaxial graphene with the option of gate

voltage

Epitaxial graphene was grown from a substrate of Silicon Carbide (SiC). This
material has a wide bandgap semiconductor (2.3-3.3 eV), with incredible
properties: high breakdown electric field, good thermal conductivity etc.

Graphitization [47] takes place via the sublimation of Si atoms from the
substrate at high temperatures (>1500°C) leaving behind the carbon atoms,
due to the fact that the vapor pressure of carbon is negligible compared to
the one of silicon.

Graphene is growth in terraces. The devices are fabricated after the selec-
tion of the best terrace though optical microscope and Raman spectroscopy.

We found some problems of lift off for the deposition of gold metal for
Pads and contacts due the poor adhesion of metal on graphene. For this rea-
son it is necessary to define the graphene bar and to remove the major part
of graphene under the Pads and contacts before their definition and evapo-
ration. Another complication is due to the lack of markers on the substrate,

in which the graphene is almost not visible with optical microscope.

FIGURE 3.10: Fabrication process of Hall Bar on epitaxial graphene. (a) Optical

image of the Bar definition and removal of graphene under pads and contacts. (b)

Optical image contacts definition. (c) SEM image of the device after contacts and
Pads deposition.
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The nanofabrication process for the Hall Bar in epitaxial graphene was

the following:

e Deposition of resist (ARP679.04), (4000 rpm) and bake at 170 °C for 5

min.

e First nanolithography for definition of crosslinked markers in the resist
(with an high dose of 6000 #C/cm?, aperture of 10 um, fast developing
of 30 sec in AR60056 and then isopropanol for 20 sec).

e Cad modification according the new markers and the terrace.

e Second nanolithography for definition of the bar and removal of graphene
under pads and contacts (dose of 230 #C/cm?, apertures of 10 and 60
um, developing for 2 min in AR60056 and stop in isopropanol for 20 s).
Figure 3.10(a) shows the optical image of the lithography performed on

the epitaxial graphene.

e Dry etching process with ICP-RIE (O, and Ar atmosphere (10:30 sccm)
at T=20 °C and P=60mtorr, P=40W). Finally cleaning in acetone and

isopropanol.

e Second deposition of resist (ARP679.04) (1500 rpm and 500 rpm/s) and
bake at 170 °C for 5 min.

e Third nanolithography for definition of new markers in the resist (dose
of 230 uC/cm?, aperture of 10 um, fast developing of 30 sec in AR60056

and then isopropanol for 20 sec).

e Definition of the contacts and Pads through a fourth nanolithography
(dose of 300 C/cm? for contacts and 500 uC/cm? for Pads, aperture of
10 and 60 um respectively, developing of 120 sec in AR60056 and then
isopropanol for 20 sec). Figure 3.10(b) shows the optical image of the

contacts and pads defined by e-beam lithography.
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e Evaporation of Ti and Au (10 and 40 nm) for the fabrication of the ohmic

contacts and lift-off in acetone.

The final device is shown in the SEM image of Figure 3.10(c).

Definition of gate voltage on epitaxial graphene

Controlling the carrier concentration in graphene devices is a very important
capability of the graphene-based devices as promising candidates to comple-
ment semiconductors in the future generations of microelectronic devices.
The SiC substrate presents a limitation due to its intrinsic electrical prop-
erties, in fact its insulator nature comports the inability to control the carrier
density in situ. A complicate implantation is necessary to obtain a conductive
substrate with epitaxial graphene and so a bottom gated epitaxial graphene
device [49][50]. Alternatively carrier density control can be achieved by top-
gate techniques, but the common dielectric films (5iO,[51], SiN[52], Al,O3
[53]) modify the epitaxial graphene properties. HBN represents a solution to
the inconvenience created by dielectric film. In fact it was proven that the
electronic properties of graphene, such as the Dirac cone, remain intact and
no significant charge transfer i.e. doping, is observed [54]. For this reason we
fabricated Hall Bar on epitaxial graphene using hBN as dielectric film. Af-
ter the Hall bar definition (see Figure 3.11a), the fabrication process was the

following:

e Transfer (exfoliation, pick up and release) of hBN flake on the Hall bar
as dielectric film. The transfer method was made with PPC film as ex-

plained in section 3.1.3 (see Figure 3.11b).

e Cleaning in acetone and isopropanol and annealing at 350° C in Ar at-

mosphere.

e Nanolithography and evaporation of Ti and Au for the gate definition.
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FIGURE 3.11: (a) Optical image of the Hall Bar on epitaxial graphene. (b) Trans-

fer of a hBN flake on the epitaxial Hall Bar. (c) Optical image of the final device,

top-gated Hall Bar with hBN as dielectric film. (d) Longitudinal resistance (black

line) and quasi longitudinal resistance (red line) in function of top gate voltage (V)

at room temperature. (e) Transversal resistance versus magnetic field (B) at room
temperature

The final device is shown in Figure 3.11(c). Figure 3.11(d) and (e) shows
the electrical characterization at room temperature of the device. Figure
3.11(d) shows the resistance as the function of the top gate voltage (black line
for pure longitudinal resistance, quasi longitudinal resistance in red line),
demonstrating the possibility to control in situ the charge carriers using a
top gate and hBN dielectric film for the first time to the best of our knowl-
edgment. The transversal resistance versus the magnetic field is reported in
Figure 3.11(e). The measurement configurations are shown in the schematic

inset of Figures 3.11 (d) and (e).
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3.2.2 CVD graphene devices

Chemical vapour deposition (CVD) graphene consists in the growth of graphe-
ne on single crystalline transition metals such as Co, Pt, Ir, Ru, and Ni [55][56].
The nucleation and growth of graphene usually occurs by exposure of the
transition metal surface to a hydrocarbon gas under low pressure or Ultra
High Vacuum (UHV) conditions and a typical temperature at T>900 °C. The
process gives rise to an ultrathin graphene film (1 to less then 10 layers) over
the transition metal surface disposed in domains. The transfer of the CVD-
graphene films to a different substrate is typically enabled by various wet
and dry transfer [57].

We fabricated Pads on CVD graphene transferred on quartz for large scale
characterization though 4-probes measurements.

Due to the big size of the pads we used a photolitography through MBJ4
mask aligner (see section 2.1.6) for their definition. We used PMMA as pho-
toresist [58], because conventional optical resists (as well as their developer)

result too aggressive for graphene. The fabrication process was:

e Coating PMMA (4000 rpm) and bake at 170 ° C for 5 min the sample

Align the sample under the optical mask and exposure for 16 min the

PMMA film

Developing in MIBK:IPA (1:1) (2 min) and stopping in isopropanol for
20 s. The pads are defined in the sample (see Figure 3.12(a))

Evaporation of Ti (5 nm) and Au (50 nm)

Soft lift off in acetone; since the adhesion of metal on graphene is poor.

Figure 3.12(b) shows a pad of 1 mm* 1 mm and Figure 3.12(c) shows the
whole sample. In both Figures it is evident the problem with the lift off pro-

cess due to the poor adhesion of metals on graphene.
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FIGURE 3.12: (a) Optical image of the Pad after developing. (b) Optical image of the

Pad after evaporation and lift off. (c) All the Pads on CVD graphene transferred on

quartz. (d) Comparison between the Raman spectra of exfoliated graphene (green
line) and CVD graphene (blue line).

Figure 3.12(d) shows the comparison between the Raman spectra of ex-
foliated graphene (green line) and CVD graphene (blue line). The ratio be-
tween 2D peak and G peak is almost the same, indicating the high quality of
the CVD graphene, even if more defects are present as demonstrate from the

D peak in the inset of the same graph.

3.3 MoSe, and MoTe, devices

In 2005 Novoselov et al. [59] demonstrated that, apart of graphene, it is pos-
sible to obtain other 2D materials (hBN, MoS,, NbSe;, Bi;SrpCaCuyOy) by
exfoliation. They are named 2D materials so to put in evidence their very

small thickness in comparison with the other two dimensions, starting from
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the bulk three dimensional material through mechanical exfoliation. This is
possible because there are layered materials with strong in-plane bonds and
weak, van der Waals-like coupling between layers. Transition metal dichalco-
genide materials (TMDs) attracted particular interest among the 2D materi-
als. They are thin semiconductors composed by transition metal atom (M)
and chalcogen atom (X) [60]. In this section we describe the fabrication and
preliminary characterization of MoSe; and MoTe,. They have a direct band
gap between 1 and 2 eV and represent excellent candidates for application in

electronics and optics.

3.3.1 MoSe, devices

We started with the mechanical exfoliation of the material from the bulk ma-
terial (grown by HQ Graphene). The bulk material was firstly pealed with
Magic tape and later transferred in the blue tape, where we peeled 5-6 times
before placing the blue tape on a SiO; substrate (it was previously cleaned
in acetone and isopropanol and treated with Plasma cleaner for 5 min). The
flake is obtained and identified by optical microscope (inset in Figure 3.13(a))
and a first characterization was made by profilometer (Figure 3.13(a)), before
the Raman measurements (Figure 3.13(b)). For example for the flake of the
inset of Figure 3.13(a), the measured thickness was 5 nm and considering
the thickness of a monolayer flake (9.5 A), we can estimate a 5-layers MoSe,
flake. This was confirmed by Raman spectroscopy, comparing another 5 nm
flake in literature [61] with whom we found a lot of analogies. There is a
prominent A;; peak on the material also in bulk as well as other peaks (E;¢,
El., Bl; ). We tried to transfer with the PPC method this flake on preppat-
terned contacts but the flake was damaged as visible in Figure 3.13(c). The
device electrically worked but we noticed it was instable. For this reason we

changed the fabrication method on another 4L-MoSe, flake. In this case we
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used EBL on ARP67904 (coating at 4000 rpm, bake 160 °C for 10 min) and
evaporation of Ti and Au (5 nm and 35 nm). The final device is shown in

Figure 3.13(d).
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FIGURE 3.13: (a) Profilometer of the blue colour flake. It had a thickness around

5 nm. Inset: Optical image a flake of MoSe;. (b) Raman spectra of the flake (c)

Transfer of the flake on a prepatterned device (d) Another device with a MoSe, flake

of 4 nm (e) Drain current as a function of gate voltage with fixed drain voltage (2V)

(f) Photoluminescence PL measurement of the monolayer flake with MicroRaman.
Inset: Optical image of monolayer MoSe; device.

We measured the drain current as a function of the gate voltage from -30V
to 40 V at fixed drain voltage (V;=2V)(Figure 3.12(e)) and the behaviour of
the current is typical of a n-type semiconductor, as expected [62].

We fabricated also a 1L-MoSe, device (shown in Figure 3.13(f)) but it did
not work probably due oxidation. We estimated the gap with Photolumi-
nescence PL measurement through Raman, as shown in Figure 3.13(h). The

measured gap was 1.57 eV [63].

3.3.2 MoTe, devices

The mechanical exfoliation of MoTe, is similar to the MoSe, material. The

only difference consists in peeling 3/4 times with the Magic tape and placing
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a stripe of the blue tape and peeling only once the blue tape. In fact this

material results harder to be exfoliated.
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FIGURE 3.14: (a) Optical image a flake of MoTe; (inset of Figure 3.14a) transferred

on prepatterned contacts (Figure 3.14a). (b) Raman spectra of a 5L-MoTe; (c) device

with a 5L-MoTe; flake (f) Drain current as a function of gate voltage with fixed drain
voltage (18V) of 5L-MoTe,.

Also in this case we tried to transfer a flake with a thickness of approxi-
mately 20 nm (Optical image in the inset of Figure 3.14(a)) on prepatterned
contacts. The transfer process was successful as shown in Figure 3.14(a), but
also in this case the measurement was not stable.

For this reason we fabricated another device with the same fabrication
process described in the previous section. In this case the flake was a 5-
layers flake (Optical image in the inset of Figure 3.14(b)). It was confirmed by
Raman spectra in Figure 3.14(b), in fact the ratio between the characteristic
peaks B%G and E%G was around 0.17 [64]. After the EBL process, evaporation
of Ti and Au (5 nm and 35 nm) and lift-off, the final device is shown in Fig-

ure 3.14(c) (one contact was broken during the lift-off process). A preliminary
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measurement of the drain current (I;) as a function of the gate voltage (V) at
tixed drain voltage (V;=18 V) shows the characteristic ambipolar behaviour

of this material [65].
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Chapter 4

Quantum Hall Effect at high

temperatures

In this chapter we present the study of Quantum Hall effect up to room tem-
perature on sample with different substrates and the fractional Hall effect in

encapsulated graphene samples.

4.1 Quantum Hall Effect up room temperature in

graphene

Quantum Hall Effect (QHE) is a phenomenon observed in a bidimensional
conductor subjected to a perpendicular magnetic field that splits the constant
density of states into discrete Landau levels (LLs)[66]. In a real sample only
the extended states contribute to the conduction. The characteristic quan-
tized Hall conductance (Ne? /h, with N integer number, e the electron charge,
h the Planck constant), appears when the Fermi level Er lies into the gap (A)
of localized states between two LLs. Therefore, the disorder potential plays
a fundamental role in the observation of the QHE. QHE was primarily ob-
served in different kinds of semiconductor heterostructures at very low tem-

peratures, however, more recently, QHE was observed in graphene [67], in
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which the band structure is characterized by a linear energy momentum re-
lation and under magnetic field, a quantization Ex = vpv/eliBN is observed
(vr the Fermi velocity, is the reduced Planck constant, B the magnetic field
and N the LL). Graphene is the first and unique Dirac material in which QHE
was measured at room temperature [4] and it still represents the best can-
didate for detailed study of QHE at high temperatures (HT). In comparison
with other Dirac material (i.e. HgTe quantum wells [68]) graphene has a high
Fermi velocity and a very large energy gap between the lowest LLs N=0 and
N=1, almost one order of magnitude larger than the thermal energy at RT. Be-
sides its high carrier concentration helps to fully populate the lowest Landau
level even in High Magnetic Field (HMF) and the high mobility (y) entails a
large scattering time, that is almost not affected by changing the temperature
so the quantization criterion w,T = uB > 1 (with w, is the cyclotron fre-
quency, T the scattering time) is maintained at HT and HME. Until now, the
mechanisms of localization of charge carriers, due to long range potentials
(impurities, dislocations etc.) and/or short range potential (adatoms, vacan-
cies), are not completely understood in single layer graphene at HT. The aim
of this section consists in addressing this problem in a detailed study of the
QHE in single layer graphene at HT. For this aim we measured six h-BN
encapsulated graphene samples (HBUNO04, HBUNO05, HBUN06, HBUN13,
HBUN14, HBUN15) and for comparison only one graphene sample on SiO;
(HBUN12). We focused the attention on the encapsulated devices since in the

last sample the results are very similar to the work of Novoselov et al.[4].

High Temperature and density carrier dependence

Applying a gate voltage we are able to to tune the carrier density from hole
to electron side through the charge neutrality point (CNP). This capability

of graphene devices on insulating substrate is unique and it gives a lot of
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information on the quality of the graphene device and its behaviour (i.e. mo-
bility). In Figure 4.1(a) is shown the optical image of a typical device studied
in this Chapter. We report the study of the longitudinal resistivity in function
of the normalized gate voltage at high temperatures from 125K to 283K (Fig-

ure 4.1(b)). We normalized the gate voltage but for encapsulated graphene
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FIGURE 4.1: (a) Optical Image of encapsulated graphene Hall
Bar. (b) Longitudinal resistivity versus normalized gate voltage
for different temperatures. (c) Longitudinal Resistivity temper-
ature dependence for different valued of gate voltage. (d) Lon-
gitudinal conductance temperature dependence for gate volt-
age values close the CNP. (e) Longitudinal conductance tem-
perature dependence for gate voltage values far from the CNP.

the Dirac point is located very closed to the zero voltage (less than 2V). As
expected the longitudinal resistivity at the CNP decreases with the temper-

ature. These measurements refer to the sample HBUN15. In this sample we
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can notice a temperature independent crossing point (Vg — Vy' ~ £1.33V,
that corresponds to a carrier density of n = n. ~ 8.65 x 101%m~2) as indi-
cated by the black arrows in the inset of Figure 4.1(b). This crossing point
(n = n.) defines two regions. Closed to the Dirac point (n < n.) a no-

metallic behaviour (d%" < 0) dominates the transport. Further away from

the Dirac point (n > n.) a metallic behaviour (dg%x > 0) is measured. In

Figure 4.1(c) we plot the resitivity values at different gate voltage for all the
high temperatures studied. From the linear behaviour of the resistivity we
can notice that a change of sign in the slope appears passing through the
crossing point. We report only the electron side because the hole side has
the same trend. In Figure 4.1(d)(e) the longitudinal conductance in yS unit is
reported for different temperatures and for values of the gate voltage close

(d) or far (e) the CNP. The longitudinal conductance is calculated in conven-

Oxx
(pxx )2+ (oxy)?”

positive for the values of voltage close the CNP (Figure 4.1(d)) and negative

tional way as oyxy = As expected the slope of the linear fit is
for the far values of the voltage from the CNP (Figure 4.1(e)). The same trend
was observed in all the encapsulated samples, with the no-metallic behaviour
more close the CNP for the higher mobility samples, even if without a real
presence of the peculiar crossing point observed in HBUN15. Similar be-
haviour was observed in high mobility suspended monolayer graphene de-
vices [69], where at high density the increament in linear behaviour of px(T)
suggests electron-phonon interaction as the dominant source of carrier scat-
tering [70]. In graphene on hBN devices, this phenomena, as well the high
insulator behavior in the CNP at low T, is an indication of clean and high
quality graphene devices and it has been attributed to sublattice symmetry

breaking [71].
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4.1.1 Mobility and random strain fluctuations

We studied the correlation at room temperature between carrier mobility u
and the width of the resistance peak n* and we found similar results obtained
in [72], where the same analysis was made at low temperature. We measured
a larger range of mobility, in which the mobility value was obtained through
the Field Effect formula. In comparison with the Hall mobility, Field effect
formula give us an average mobility, calculated on a large range of carrier
density and not only for a particular carrier density n. In any case the carrier
mobility estimated as y = .= with the estimation of n obtained by the Hall

mobility gives comparable values.

The carrier mobility was obtained by fitting the resistance in function of
the carrier density (Blue line for holes side, red line for electron side), as

shown in Figure 4.2(a) according to the following expression [73] [74]:

epy/n3 + n?

R=R.+ (4.1)

—R
600 - — Fit (Hole side)
— Fit (electron side)

ole’h]

N
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n[10" cm?] n[10% cm?

FIGURE 4.2: (a) Resistance (R) versus carrier density n and fit with the field effect

formula for hole (blue line) and electron side (red line). (c) Conductivity ¢ in func-

tion of carrier density n in double-logarithmic scale for the extraction of the value
n*.
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where R is the contact resistance, N, is the number of squares in graphene
channel, that is, the length over width ratio, ng is the residual doping and u

is the field effect mobility.

The carrier density can be calculated from the gate voltage as:
o Cox
n= T(ng — Venp) (4.2)

where e is the elementary charge, Vb*g = Vig — Venp is the normalized gate

voltage, C,y is the capacitance for area of SiO, for graphene device on 5iO;
SiO
geap
7
Cox 2+CHEN

taking in account the contribution of the SiO, (Cg;oz)and the hBN capacitance

or the total capacitance per area for encapsulated devices (Cpx =
(CIBNY | The mobility of the measured devices varies in a large range, from
1000 cm?V~1s71 to 150000 cm?V~1s~! at room temperature. The value of
the estimated carrier density fluctuations n* quantifies the potential fluctua-
tions [75] in the different graphene devices. Its estimation is shown in Figure
4.2(b) from the plot of the conductivity ¢ versus the carrier concentration n*
in double-logarithmic scale. n* value is extrapolated from the intersection
between the linear behaviour of log(c) and the constant value of log(c) at

low density.

If we plot the mobility (¢) in function of n* (Figure 4.3(a)) for different
devices (and both side, electrons and holes), a trend is well defined and it is
clear that higher mobility device has a lower value of n*. The graph in Figure
4.3(b) shown the dependence of % versus n*. The two points for lower mo-
bility (on SiO, with a mobility lower than 2000 cm?V ~!s~1) diverge from the
other data, instead if we focus the attention on the higher mobility devices,
we found a very linear trend (inset in Figure 4.3(b)). From the fit we obtain a
value % = (%)n % -0.01728, very closed to the value of 0.018 found in [72]. For

the lower mobility devices (not considered in the previous study [72]), there

is probably a different dominant disorder mechanism at high temperatures.
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In the graph of Figure 4.3(c) we report the minimum of conductivity ¢c* =
n * ey calculated from the estimated carrier density fluctuation n* and mo-
bility as a function of the minimum conductivity. As shown the values are
placed around the dashed line of slope 1 and this evidence confirms the va-
lidity of the procedure to extract n* and p from the experimental data.

The peculiar dependence of mobility with n*, observed in our analysis, is
a proof that in high quality graphene encapsulated in hBN, the random local
strain fluctuations in the graphene lattice are the dominant source of disorder
also at room temperature. We can so assume that the mobility is limited by
intravalley scattering long ranged potentials as founded in [72] also at high
temperatures. This disorder is presumably the dominant mechanism for the
appearance of QHE in encapsulated graphene, until almost room tempera-

ture, as we will show in the next section.
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FIGURE 4.3: (a) Mobility (i) versus the extrapolated value of n* for different devices.
(b) % versus n*. In the inset we consider only the higher mobility devices. (c) c*,

estimated by the carrier density fluctuation, versus 0y, both are in % /h unit.

4.1.2 QHE at room temperature

In Figure 4.4(a) the most important result of this chapter is shown.
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FIGURE 4.4: (a) Longitudinal and transversal resistivity in / /¢

unit versus normalized gate voltage at room temperature and

30T. In the inset the zoomed longitudinal resistance of the

hole side (top-left) and electron side (bottom-right). Zoomed

transversal resistance at different temperatures around the fill-
ing factor 2 for hole (b) and electron (c) side.

We measured the longitudinal (oxy) and trasversal (pyy) resistance in the
encapsulated graphene (HBUNO5) at room temperature (286K) and high mag-
netic field (30T) sweeping the gate voltage. The result is shown in /1/¢? unit,
where pyy in black line has two pronounced minimum at the gate voltages
AV ~ =20V for the hole side (see inset on the top-left) and AV ~ +18V the
electron side (see inset on the bottom-right for major clarity). The values of
these minimum are in both cases more than 150 (), so one order of magnitude

higher than the values found in graphene on SiO,[4] at similar temperature
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and similar perpendicular magnetic field.

The values of p,, at the same gate voltages are around 0.5h/¢? as expected
(see dashed line), but a real quantization is not evident. In Figures 4.4(a) the
absence of this quantization at room temperature (black line) is clear if we
plot the zoomed transversal resistance at various high temperatures around
the value 0.5h/¢? for the hole side (b) and electron side (c). The plateau starts
to appear clearly only at lower temperature.

Studying other encapsulated samples, we found always less pronounced
plateaus at temperatures close to the room temperature. This result strongly
differs from the work of Novoselov et al. [4], in which a much lower mobility
device showed a clear and very stong quantization at room temperature.

In our lower mobility graphene devices (Figure 4.5(a)) instead we also

find a stronger QHE at room temperature as shown in Figure 4.5(a).
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FIGURE 4.5: (a) Longitudinal resistance and transversal resistivity in //e?

unit versus normalized gate voltage at room temperature and 30T for low

mobility (1700cm?V ~!s~! at room temperature) graphene device (graphene

on Si0y). (b) Transversal resistance at different temperatures versus nor-

malized gate voltage. Room temperature measurement is highlighted with
a thicker black line.

A clear quantization appears at room temperature and 30T in this case,
it is clear that when the transversal resistivity achieves the value 1/ 262 in

the longitudinal resistance, an intense minimum appears. Unfortunately we
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can plot only the longitudinal resistance, not the resistivity because this is a
three probes measurements. Besides the quantization in the electron side is
just resolved due to the high voltage appeareance of the Dirac Point (Venp
around 70V and gate voltage leakage starts to appear at 90V). Neverthless the
minimum are very clear also without a zoom. This evidence of quantization
at room temperature in graphene on SiO, Hall Bar is in accordance with the

previous result of Novoselov et al.[4].

The major robustness of this QHE in graphene on SiO, in comparison
with encapsulated (higher mobility) devices is evident studying the depen-
dence of the plateaus with filling factor v = 2 with the temperatures. In fact

we observe a very large plateaus in both side.

4.1.3 Activation gap in encapsulated graphene

We report the estimation of the integer Landau activation gap for different
encapsulated graphene devices. For this aim we measured pyy as a function
of the gate voltage at a constant high magnetic field (20T, 25T, 30T) and at
different high temperatures (higher than 100K). At these temperatures pyy
has a clear visible minimum at a certain carrier density correspondent to the
filling factor v = 2 for holes 4.6(a) and electrons 4.6(b).

This resistance minima decreases with the temperature, approaching to a
zero value for temperatures closed to 100K. For T > 100K the values of this

minima resistance at different temperature can be fitted by Arrhenius plot:

Pxx ~ o~ 7 (4.3)

From the linear fit of the Inpy, versus the inverse of the temperature (T,
as shown in Figure 4.6(c) for the holes side of the sample HBUNT1S5, it is pos-

sible to estimate the activation gap (A,) for all devices.
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FIGURE 4.6: Longitudinal resistance at different temperatures as function of

the gate voltage around the filling factor 2 for hole (a) and electron side (b).

(c) Estimation of the activation gap from the resistivity versus the inverse of

the temperature for HBUN15 (holes). (d) Dependence of the activation gap

for different magnetic fields in comparison with the theoretically expected
energy gaps for sharp Landau levels.

In Figure 4.6(d) we show the activation gaps estimated for three samples
(HBUNO5, HBUN14, HBUN15) at high magnetic fields (20T, 25T, 30T) and
the theoretically expected energy gaps (dashed red line). Some values of
the energy gaps are missing because in some cases the filling factor v = +2
moved to gate voltage in which a leakage current through the gate insulator

appeared.

Considering th bare Landau level separation that is given by the equation:

En =sgn(N)y/2hv%eB | N | (4.4)
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where vr is the electron velocity (vp ~ 10°ms~') that behaves as chiral
Dirac fermions[76] with a linear dispersion E = ch | k | and N is the Lan-
dau level (negative for holes and positive for electrons), the measured en-
ergy gaps are not so close to the theoretical sharp Landau-level separation
(according the formula 4.4) for all the devices. This behaviour diverges from
the measured energy gaps of graphene on silicon oxide (for comparison see
Figure 3(c) in [77]), in which the measured gap approached the theoretically
energy gap for high fields (B > 20T). The approach to the theoretical energy
gaps was explained in [77] with the special nature of the N=0 Landau level,
in particular in high magnetic fields where the lowest Landau level is suffi-
ciently separated from the neighboring levels. We can so suppose that the
missing of the approaching behaviour in our encapsulated samples is due to
the not enough separation between the lowest Landau level and the higher

ones.

41.4 Zero-Landau level

We study in detail the lowest Landau level (LL) behaviour in particular if it is
ruled by any scaling law. The scaling is related with the width of Av and the

maximum value of dg%* For

Xy /dv at a certain LL, in which oy, = ( Pxy

(pxx) 2+ (pxy)*
this aim we have firstly to obtain the filling factor v, that is directly meyasured
from the relation v = nh/hB in which #n is calculated from equation 4.2. So
we can estimated Av from the two extrema of doy,/dv versus dv around the
Landau level zero (see black line in Figure 4.7(a)). doy,** /dv (red line in Fig-

ure 4.7b) was estimated by the maximum in the peak of doy,/dv versus v of

the Landau level zero.

max

In Figure 4.7(b) we report Av and d(Txy
level for high temperature (T > 100K) and high magnetic fields (20T, 25T

/dv estimated for the zero-Landau

and 30T). There is not a clear trend of the data with the temperature, so a
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tivity (red line) respect the filling factor v, measured at room temperature and 30T.

(b) Width Av and daj’fy“x /dv estimated for the zero Landau level at high magnetic
fields (20 T, 25 T and 30 T) and high range of temperatures.

clear scaling of the QHE [78] cannot be deduced for the lower LL. The ab-
sence of a universal scaling was obtained also in graphene on silicon oxide
[79], highlighting the different localization mechanism governed by an inde-

pendent temperature localization length.

4.2 Fractional Quantum Hall effect in encapsulated

graphene

Fractional Quantum Hall effect (FQHE) [80] has almost the same character-
istic of QHE, except that the quantized Hall conductance is multiplied by a
fraction for the fractional charge excitations due to strong Coulomb interac-
tions and correlations among the electrons.

In graphene, QHE was observed from the beginning of its discovery [67],
but only some years later FQHE was observed [69]. For graphene an impor-
tant role is played by valley isospin that combined with the electron spin

produce the four degenerate Landau levels, for this reason the FQHE in
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FIGURE 4.8: (a) Longitudinal (multiplied by a factor of 10) and transverse

conductance in function of normalized gate voltage at 25T and 1.4K. (b)

Transverse conductance for different magnetic field values (15T, 17.5T, 20T,
22.5T, 25T) at 1.4K.
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graphene is different respect to other semiconductors and it is attracting a
lot of attention. Standard low mobility graphene devices on SiO, does not
permit the observation of FQHE, and few years ago only in high mobility
suspended graphene was possible to observe the phenomena. The neces-
sity of subtracting the contact resistance to the conductance (for the 2-probes
measurements) in suspended samples and the difficulty in obtaining for sure
the right quantized values, have made suspended graphene, in spite of their
incredible mobility, not the best choice to study FQHE. With the advent of
the Hexagonal Boron Nitride [26] high quality, high mobility and more sta-
ble samples were fabricated and FQHE was observed in SLG [5] and BLG
[81] graphene. In this section we report the evidence of Fractional Quantum

Hall Effect our graphene encapsulated in Hexagonal Boron Nitride device

(HBUNO5).

In Figure 4.8(a) FQHE is clearly observed at 25T and 1.4K. In the longitu-
dinal conductivity (oyy in black line) deep minima appear in corrispondence

of fractional values of the trasversal conductivity (0y, in red line).

The FQHE is observed also at lower magnetic fields (until 15T) as shown
in Figure 4.8(b).

The appearance of FQHE in our encapsulated graphene represents an-

other proof of high quality in our devices.

4.3 Conclusion

In this Chapter we studied the QHE at room temperature and high mag-
netic fields, focusing the attention on encapsulated graphene devices. To
the best of our knowledgment it is the first time that this kind of study is
made on hBN-graphene-hBN Hall Bars. In these devices we found a less

pronounced quantization in comparison with the previous study [4] and our
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measurements on a graphene on SiO, Hall bar. The missing of a clear quanti-
zation is probably due to different mechanisms of localization of charge carri-
ers, mainly due to long range potentials and strain fluctuations, that govern
disorder on encapsulated graphene devices. A smaller activation gap was
found studying the filling factor v = £2 in comparison with lower mobility
graphene devices [77], as well as a no clear scaling law rules the graphene
characteristic zero Landau level, similar to a previous work [79].

The high quality of our devices was confirmed by the evidence of FQHE

at low temperature.
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Chapter 5

Ballistic Transport in graphene

Nanoconstrictions

The future use of graphene in electronics will depend on the full under-
standing of transport properties in nanostructures based on graphene. At
the nanoscale the properties of graphene are strongly influenced by confine-
ment effects and electronic edge states. Nanoconstrictions [82] and Nanorib-
bons [83] are intensively studied in the last year and different kind of effects
as the creation and tunability of a electronic gap [84], edge states [85], Fano
resonances [86], of topological phases [87] were predicted and/or observed
in these systems.

One of the most intriguing phenomena expected in graphene Nanocon-
strictions (GNCs) and Nanoribbons (GNRs) is the quantized conductance
without the presence of magnetic field. There are two indipendent ways
of achieving quantized conductance in graphene without the presence of
the magnetic field. External potential gate can confine the density of the
charge into a channel as well this charge confinement could be obtained by
physically etched two-dimensional graphene flake into a narrow structure.
The quantized conductance of GNCs was observed by Tombros et al. in
the 2011 [6] in suspended graphene, and only several years after Terres et
al. [88] and Kim et al. [89] were able to observe again quantization in GNCs

sandwiched in hexagonal Boron Nitride. The main limitation of suspended
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graphene is the inaccurate control in defining a NC with a certain size. The
suspended two probes NCs of Tombros et al. was built by passing a high
current through a previously suspended graphene flake, stretching and de-
forming it into a NC-like structure. The physically etched NCs of Terres [88]
presented a high roughness of the edges where the ballistic behaviour of the
NC differed from the theoretical one. The quantization appeared in form
of 'kinks” but the separation did not correspond exactly to integer values
of the quantum conductance (2¢?/h). Very clear quantization of 2¢?/h and
4¢? /h was instead observed thanks to the use of electrostatic potential gates
in different recently electrostatic constrictions of monolayer [89] and bilayer
graphene[37][90] but the observation of a clear size quantization in ballis-
tic physically etched GNCs is most desiderable. One of the most important
property of graphene is its intrinsic very high mobility also a room tempera-
tures. A high mobility entails a large free mean path (). When [ is equal or
major than the device/nanostructure lenght the ballistic regime is achieved.
Obtain a truly ballistic regime is not technologically simple and this is basi-
cally the reason why more than a decade after the discovery of graphene, bal-
listic transport on graphene nanostructures still represents a challenging of
research in two-dimensional systems. In this chapter we present a powerful
theoretical model to predict graphene NCs and NRs transport and the exper-
imental results of NCs fabricated in two different ways. We started to study
GNCs fabricated with a HMDS (Hexamethyldisilazane) treatment where a
quasi-ballistic regime was achieved and GNs fabricated in sandwiched hBN-
Graphene-hBN structures where ballistic behaviour is satisfied on the whole

device thanks to the very high mobility of encapsulated graphene.
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5.1 Tight-Binding model

The electronic properties of graphene close to Dirac point can be accurately
described by a tight-binding Hamiltonian for 7t electrons, H = — }_;  t;;]1) (jl,
where |i) is the atomic orbital of the i-th carbon atom [91]. The correspond-
ing orbital energy level is set as the origin of energy without losing general-
ity. Here t;; stands for the hopping energy parameter between orbitals of the
i-th and j-th carbon atoms and has been set to be constant between nearest-
neighbor atoms (t;; = 2.8eV, see Ref. [92] and zero otherwise. Such approx-
imation provides reliable results near the K and K’ points of the Brillouin
zone, as already reported in Ref. [93].

Neglecting electron-phonon [94, 95] and electron-electron[96] interactions
in our calculations, we consider electrons in the fully coherent regime, hence
with ballistic motion through the whole device. Combining the quantum
transmitting boundary method, based on a finite element approximation [97],
and an effective transfer matrix method adapted for graphene (see Ref. [98])
for technical details), the wave function in the whole sample and the trans-
mission coefficient 7, (E) for each mode at an energy E is calculated. These
modes, also known as channels or subbands, arise from the transverse quan-
tization due to the lateral confinement at the leads [99]. According to the
Buttiker-Landauer formalism [99], at very low temperature the electrical con-

ductance is proportional to the transmission coefficient at the Fermi energy Er

2
=2V u(Er), (5.1)

where the index n runs over the transverse modes. The factor 2 accounts the
spin degeneracy whereas the valleys are considered explicitly in our tight-
binding calculation of the transmission coefficient 7,. As the NC becomes
wider, the number of transverse modes for a given energy increases and so

does the conductance. But interestingly, we found that the main features are
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essentially the same provided that the conductance is plotted against Wkr,
where kr is the Fermi wavenumber and W is the NC width. This has an
important practical consequence, namely we can extrapolate results to much
larger systems as the ones fabricated experimentally and otherwise compu-
tationally very expensive (or even impossible) to simulate.

To compare the experimental results with the ideal model we consider the

conductance within the Landauer approach:

2¢% 2Wkr

G:(h) T

; (5.2)

Where for a constriction of width W the transmission parameter ¢ will
assume values between 0 and 1. In particular t = 1 for the ideal constriction
whereas, instead smaller values are expected for constrictions with a certain

roughness.

5.2 Transport measurements on Graphene Nanocon-
strictions (GNCs) with Hexamethyldisilazane

(HMDS) treatment

We have fabricated GNCs [100] through electron beam litography of mechan-
ical exfoliated graphene flakes transferred to Si/SiO2 wafers treated before
and after the exfoliation with hexamethyldisilazane, following a similar pro-
cedure to the one used by Caridad et al. [101]. Details on the fabrication pro-
cess can be found in section 3.1.1. It is expected that graphene deposited on a
hydrophobic substrate has better transport properties due to the HMDS im-
mersion. In particular, these samples show higher carrier mobility and Dirac
peaks closer to zero due to the low interaction of graphene with the sub-

strate [31][32]. As we anticipated the edges of the GNCs play a crucial role in
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Hexamethyldisilazane (HMDS) treatment

the trasport properties of the NC. A high roughness implies variation from
theoretical ballistic model [88]. From another perspectives for many years
exfoliated graphene flakes over wafer of Si/SiO, had been used to obtain
GNCs with low edge roughness and good control size [102]. The low carrier
mobility due to the direct contact of graphene with oxide had prevented the
observation of size quantization effects, instead other physical phenomena as
charging effects [103] and interference [86] appear. For all this reasons fabri-
cation of NCs with HMDS treatment represents a good compromise between
good mobility and well defined edges.

In this section we present two-terminal transport measurements for GNCs
fabricated on a graphene flake using the HMDS treatment described above.
The results are representative and reproducible in similar devices with the
same width and electron mobility. All transport measurements were taken
at 5 K and we used two probes lock in technique for this kind of graphene

samples.
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FIGURE 5.1: (a) SEM image of a bar of graphene (1ym*2um) with HMDS
treatment. (b) 2-probes resistance (R) versus carrier density carrier (1). In
the insert the original resistance versus backgate voltage (V)

In Figure 5.1(b) we show the resistance of the graphene bar with HMDS

treatment as a function of the carrier density n created by a back-gate voltage
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Vig- The 2-probes (1ym*1pm) bar is shown in the left side of Figure 5.1(a). In
the inset of 5.1(b) the measured resistance versus the backgate voltage V), is
shown.

From the inset is clear the effect of the HMDS treatment. The peak is close
to zero volts and this is an indication of the reduction of the doping level
in graphene due to the reduces effect of the substrate on the graphene itself.
This carrier density can be estimated from the gate voltage with the formula
4.2, where this time C,y is only the SiO, capacitance per area and Vcnp the
voltage is less than 3 V in this device (see inset of Figure 5.1(b)). We can
estimate the mobility, residual doping, and contact resistance by fitting our
data with the FET formula 4.1 [73] [74] (Blue line for holes side, red line for
electron side), as shown in Figure 5.1(b).

The values obtained for the bar with Ns; = L/W when L = 2um and
W = 1um yield a residual doping of g = 5.5 * 10'%cm 2. On the other hand,
the mobility for the electrons is y, = 2 * 10%cm?V 1571 whereas the hole

1s=1, These values are comparable to those

mobility is py = 1.3 * 10*cm?V ~
obtained in similar samples of graphene subjected to HMDS treatment [104],
being higher than those of the standard graphene samples on SiO,. From the
mobility we can determine the elastic free mean path | = ufi/e\/n7m. For an

electron density 7 &~ 1 x 10'> cm 2

we obtain a value of [ larger than 200 nm.
Therefore, we can assume a ballistic regime in the NCs smaller than 200 nm.

In Figure 5.2(a) we show a SEM image of our devices, GNC with 85 nm
of width.

Similar GNCs based on heterostructures of graphene and hexagonal boron
nitride were studied by [88]. In spite of the high electronic mobility, they re-
stricted their study to GNCs larger than 200nm due to several issues in the
etching process of the heterostructure. So the dielectric nature of hBN is a

complication for EBL masking. On the other hand, they obtained an high

edge roughness during the etching process. Furthermore, the thickness of
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FIGURE 5.2: (a) SEM image of a GNC with HMDS treatment
(W = 85nm) with HMDS treatment. (b) Conductance (G) of the
GNC in 2¢%/h unit versus normalized backgate voltage (Viog)-

the heterostructure, usually thicker than 20 nm, demands aspect ratios much
larger than in bare graphene monolayer flakes, as the graphene flake treated

with HMDS.

The two-terminal conductance G = Nsgq/R (in e%/h) as a function of the
shifted back-gate voltage Vl;; is shown in Figure 5.2(b). The curve shows a

well-defined scaling G « ’Vb*g . This scaling is regarded as an indication

of both ballistic transport regime and homogeneity of the graphene flake. In
particular, this trend is very similar to the two-terminal transport measure-
ments reported in [6] in high-mobility suspended GNCs. Black arrows in
Figure 5.2 highlight a set of reproducible kinks in the conductance curve.
These kinks are well reproduced in several cool-downs and even with mea-
surements taken after several months and after additional steps of HMDS
cleaning. The separation between two consecutive kinks is less than 2¢%/#,

indicating a quasi-quantized conductance through the single GNC.

In Figure 5.3(a) we plot the conductance G in function of the Fermi wavenum-

ber Wkr where W is the width of the GNC and kr is the Fermi wave number,
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just after the HMDS treatment (black line) and when the effect of the treat-
ment start to disappear (red line). We neglect a small additional contribution
due to the localized trap states that would slightly modify the relation be-

tween n and k.
a b
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FIGURE 5.3: (a) Conductance (G) as function of the Fermi wavenumber kr

with (black line) and without (red line) the effect of HMDS.b) Conductance

(G) (black line) and transconductance (d{fv—GkF) (blue line) of the GNC in e?/h
unit versus Wkr.

Figure 5.3(a) shows that the experimental conductance achieves an al-
most constant value when Wkr < 4 and a nonzero minimum value of the
experimental conductance. These two facts are attributed to the residual
doping in the graphene flakes, which prevents from achieving a zero car-
rier density experimentally. Accordingly, we cannot reach values of kr be-
low a minimum cutoff arising from the residual doping density ng. From
the linear fit of the conductance we find kCF”t_Of f = /g = 42x10°m™1,
with ng = 5.5x10%m 1. After the minimum cutoff wavenumber, the lin-
ear behavior of the conductance with kr is typical of ballistic system and this
dependence changes when the effect of HMDS starts to disappeatr, so the mo-
bility decreases and the ballistic regime is no longer satisfied.

In Figure 5.3(b) we plot the zoomed conductance (black line) in %/ unit

as a function of the dimensionless magnitude Wkr. The quantization is very
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clear even if the separation between plateaus does not correspond exactly
with the value of the quantum conductance. The plateaus appear in the min-
ima values of the transconductance (dG/(dWkg)), that is shown in the same
graph with the blu line. Results of Figure 5.3(b) are similar to those predicted
by Ihnatsenka and Kirczenow [105] who found plateaus in nanoconstrictions
conductance and attributed them to the quantization due to the finite length
of the GNC and in which small imperfections could lead in variation of the

quantized value.

5.3 Transport measurements on Graphene Nanocon-
strictions (GNCs) fabricated by cryo-etching in

encapsulated graphene

As previously stated, the use of lattice-matched h-BN layers was a great
leap forward into high-quality nanostructures, allowing for the fabrication
of much higher mobility devices with intercalated graphene [82]. Electron
transport properties of samples of encapsulated graphene show signatures of
quantum conductance in form of kinks [88, 106]. Yet, the effect of roughness of
the structure due to the intrinsic dielectric behavior of the h-BN film and the
lack of control in the edge-definition of the heterostructures (of paramount
importance to reduce edge scattering) have been detrimental for the appear-
ance of well-defined plateaus of conductance. The problem of edge-definition
and high roughness values was partially overcome thanks to the definition of
GNCs with exfoliated graphene on hydrophobic silicon oxide substrate with
the use of HMDS [100, 101]. As we said in the previous section this method
increases the graphene mobility for a fair period of time after its treatment.
The results reported in the previous section and as well in Refs. [101], show

quantized conductance at zero magnetic field. This quantization appears,
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once more, in form of kinks. This procedure represents a promising compro-
mise between relatively high mobility and very good edge-definition (rough-
ness of the order of 1nm), but improvements on the etching definition in

higher mobility and more stable graphene GNCs are necessary.

The fabrication process started from heterostructures of h-BN/graphene /h-
BN and the details of fabrication can be found in section 3.1.3. It is important
to highlight the role of cryo-etching technique used during the fabrication
process.

This technique was commonly applied for bulk three-dimensional materi-
als has been used in quasi-2D structures achieving an unprecedented control
of the edge-definition. It was successfully implemented in silicon-based de-
vices, where it was possible to control and define low-roughness sidewalls,
observe the absence of sidewall scalloping[107], and generate samples with
a high aspect ratio and cleaning[108] in nanometric-size structures[109]. The
extension of the cryo-etching technique to graphene allowed us to built NCs
with very low sidewall roughness.

We focus the attention on a h-BN/graphene/h-BN constriction of a few
hundreds of nm width W. Figure 5.3(a) shows a tilted SEM micrograph of
a typical NC in encapsulated graphene defined by cryo-etching. The lat-
eral width of this NC is W ~ 206 nm and the length is L ~ 200nm. The
inset shows the SEM micrograph at higher magnification, in which the sand-
wiched structure (h-BN/graphene/h-BN) is colored in sky blue. A standard
4—probes configuration to perform the electronic characterization at low-temperatures
is sketched in the figure, where a pseudo-dc (13 Hz) current of 5nA was in-
jected/collected from the outer contacts while the voltage drop was mea-
sured by an in-phase lock-in preamplifier closer to the constriction (the con-
tacts are gold colored for better clarity). The result of a typical measurement
at T = 3.1K is depicted in Figure 5.4(b). The conductance in units of e?/# is

displayed as a function of the normalized back-gate voltage AV, = V, — V',
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V¢ being the value of the voltage at the CNP. The conductance is directly
obtained by the measured contactless resistance as G = 1/R. The typical
mobility in our best devices is ¢ =~ 150000 cm?/Vs at room temperature, as

shown in the previous Chapter 4.

0 T T T T T
-15-10 -5 0 5 10 15
200 nm AVg (V)

FIGURE 5.4: (a) Tilted SEM micrograph of an encapsulated graphene NC with

lateral width W ~ 206nm and length L ~ 200nm including an schematic

view of the electronic setup. The inset shows an enlarged view where the

hBN/graphene/hBN heterostructure is colored in sky blue, the SiO, substrate

(partially etched) in violet and the contacts in yellow gold. (b) Conductance as

a function of the normalized voltage AV, = V, — V¢ for the same NC measured
atT =3.1K.

The very good definition of the graphene NCs is qualitatively visible in
the SEM micrograph shown in Figure 5.3(a). However, in order to get a quan-
titative analysis of the edge roughness, AFM measurements were performed
in our samples. We have used a Nanotech AFM instrument operating in con-
tact mode. Figure 5.5(a) displays the AFM image of the whole NC. The edge
and the corresponding contour profile within the square marked in panel (a)
are shown in Figure 5.5(b). The AFM images reveal the excellent definition of
our graphene NC and, in particular, the smooth sidewall. The contour plot

(black line in Figure 5.5(b)) is taken 15nm under the top hBN flake (with a
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FIGURE 5.5: (a) AFM image of the graphene NC with W = 206 nm. (b) Contour

plot taken from the square highlighted in panel (a), at 15nm from the top of the

nanostructure. (c) Enlarged view of the contour plot, where the dashed lines indicate
the values used to estimate the edge roughness.

thickness of about 15 nm) in order to assess the actual size and roughness of
the NC. The average edge roughness can be estimated by zooming in this
profile and then a roughness around 2nm is obtained (see Figure 5.5(c)).
This value is not far from the edge roughness estimated in lower mobility
graphene NCs on HMDS[101], namely without h-BN, where the value was of
the order of 1 nm. Our measurement represents the first quantitative estima-
tion of the roughness observed in encapsulated graphene nanoconstrictions

as well.

In Figure 5.6(a), the conductance of 206 nm encapsulated graphene as
function of the Fermi wave number kf for the hole side (V, — V; < 0) is
shown. The quantization steps are clearly developed for forward and back-
ward currents (black and red line). The small shift in the red line is due
to the residual gate doping but it does not affect the slope (proportional to
the transmission parameter t). A linear fit of the conductance as a function
of Wkr shown in Figures 5.6(a) and 5.6(b) leads to transmission parameters

t = 0.865 and t = 0.863 for the hole and electron sides, respectively. These
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FIGURE 5.6: (a) Conductance in units of ¢2/h versus the Fermi wavenumber kr for
forward and backward currents at the hole side, showing well-defined plateaus of
the conductance. The transmission parameter f is obtained from the linear fitting of
the conductance (in units of ¢? /) as a function of Wkp for the (b) hole side (t = 0.865)
and (c) electron side (t = 0.863). The width of the constriction is W = 206 nm.

values are very close to each other. Furthermore, they are closer to unity than
the value previously reported in [88]. From the normalized gate voltage AV,
we can obtain the carrier density n and therefore the Fermi wavenumber
krp = y/mn. Due to the presence of residual doping in our NC, we cannot
tune the carrier density below a minimum value 1y ~ 3.3 x 10'° cm~2 exper-
imentally, and accordingly Wkr could not be tune below a threshold value
Wk = /tng W ~ 6.7 for the holes side. It is also apparent the larger resid-
ual carrier density in the electron side, yielding a threshold Fermi wavevector
k% ~ 65 x 10°m™1. In our sample the hole-side region (AV, < 0) is always
better resolved than the electron one (AV, > 0), where the ballistic behaviour
starts at higher back-gate voltage due to the residual charge density.

Thanks to the accurate profile obtained with AFM measurements, we are

able to study also the real edge roughness in our simulations based on a tight
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binding model.

Figure 5.7(a) shows the conductance G as a function of Wkr measured
at T = 3.1K (red line) and the theoretical conductance (blue line) from our
tight-binding simulations with the same edge roughness obtained from the

AFM measurements (Figure 5.5).

We note the good agreement of the experimental and simulated conduc-
tance as well as the linear dependence on Wkp, characteristic of ballistic
transport above a threshold value Wk}. The transmission parameter ¢ is
estimated from the linear fit of the conductance when Wkr > WkY using
Equation (5.2). It is worth stressing the remarkable agreement of the slopes
obtained from the theoretical and experimental conductance curves, yielding
the transmission parameter t = 0.9. This value is close to the fully trans-
mitted carrier regime f = 1, in contrast to the t ~ 0.6 given in Ref. [88]
for a graphene NC with a comparable width of W = 230nm that was not
defined by cryo-etching. This result, supported by the remarkable agree-
ment with theoretical calculations using realistic profiles of the edge rough-
ness, is a clear indication of ballistic transport due to the very high mobility
and smooth edges that arise from the novel use of the cryo-etching proce-
dure in their preparation. The estimated value of ¢ in our structure is also
significantly higher than the one obtained in much narrower NCs of width
W = 100nm produced by means of a HMDS treatment [100, 101] and re-
ported in the previous section. In these samples, low-roughness edges are
generated mainly due to the fact that the etching process on a single layer
graphene is more controllable and a clean edge on a single layer of material
is easier to attain than the one obtained on a thicker encapsulated graphene
nanostructure. In that case, the corresponding transmission parameters are
significantly lower than the ones found in encapsulated graphene NCs de-

fined by cryo-etching.
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FIGURE 5.7: (a) Comparison of simulated and experimental
conductance of a GNC of width W = 206 nm. (b) Conductance
(red line) and transconductance (blue line) as a function Wkr

measured at T = 3.1 K. Solid black a

rrows show the position of

the plateaus of conductance separated by 2¢2/h and matching
integer values from G = 10e?/h onwards. (c) Evolution of G
as a function of Wkr at different temperatures. The curves have
been horizontally shifted by a factor 2.5Wkr for clarity. (d) Tem-
perature dependence of the transconductance as a function of
Wkr. Black solid arrows represent the value of the plateaus of
conductance in units of ¢ /h at T = 3.1 K, matching the position
of the minima in dG/d(Wkp).
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A closer inspection of the conductance G (red line) and the dimension-
less transconductance dG/d(Wkg) (blue line) versus Wkr is shown in Fig-
ure 5.7(b), signaling the second goal of this work. The plateaus of quantized
conductance are clearly observed at regular intervals of Wkr, corresponding
to equally spaced marked minima of the transconductance. The quantization
of G is also very clear after reverting the direction of the current. Up to six
plateaus appear at values of the conductance of G = 10, 12, 14, 16, 18, 202 /h,
hence the jump between neighboring plateaus has been found to be 2¢2/h.
This value matches the theoretical estimation by Guimardes et al., where the
conductance of a graphene NC where W ~ L is quantized into well-defined
plateaus separated by 2¢?/h[110]. Thnatsenka et al. put forward electron-
electron interaction and boundary scattering as the major responsible for the
appearance of plateaus separated by 2¢?/h instead of 4e2/h, [105] as it would
be expected in ideal nanoribbons with perfectly smooth edges where both
spin and valley degeneracy are preserved [89]. To the best of our knowl-
edge, this is the largest number of plateaus of conductance observed in sin-
gle layer graphene samples that have been have been physically narrowed
down into nanoconstriction-shape to date. While in bilayer graphene it is no-
ticeably easier to confine carriers due to the presence of an already existing
gap and hence plateaus of conductance are easier to achieve[37, 90], shaping
electrostratically the conductive region into a constriction[37, 89] allows to
narrow-down the constriction further into a few tens of nm wide structure
and to diminish the number of channels responsible of electric conduction.
Our approach becomes a good compromise to achieve almost fully transmit-
ted structures with smooth sidewalls where a systematic experimental study
of NCs having differing widths may developed. In Figure 5.7(c) we present

the temperature dependence of the conductance (takenat T = 3.1, 7.5, 10, 15
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fabricated by cryo-etching in encapsulated graphene

and 25K), where the curves have been shifted by a factor of 2.5Wkr for clar-
ity. The presence of the plateaus is clear and they are noticeably visible be-
low T ~ 10K. They start to smear out at higher temperatures until they are
completely washed out at T = 25K. Such a temperature dependence of G
can be better studied by inspecting the dimensionless transconductance as
presented in Figure 5.7(d). The amplitude of the periodic oscillations of the
transconductance as a function of Wkr decreases by increasing temperature
and finally disappears above T = 15K. A similar threshold temperature for
the vanishing of the conductance quantization was very recently found in bi-
layer graphene constrictions[90]. This behavior differs markedly from other
non-desired effects, such as localized charge carriers, that disappear at higher

temperature.

5.3.1 Graphene constriction defined with Orion Nanofab He-

lium Ion Microscope

Even if nanometric size is achieved through electron beam lithography, the
technique is limited by the well-known "proximity effect". This effect basi-
cally is a ‘charge’ effect due to the backscattering of electrons and comports
unwanted exposition area that limits the resolution. In graphene devices the
use of PMMA is probably the best choice but the maximum achieved resolu-
tion is not enough for smaller size features (lower than 50 nm).

For this reason in September 2017, during one of my PhD stay at Zeiss
SMT in Peabody (USA), we defined the nanoconstrictions/nanoribbons on
graphene samples through the Orion Nanofab Helium Ion Microscope. This
is a special microscope with Helium Ion as beam, in this way there is no
proximity effect and the resolution of the equipment is sub-nanometric for
imaging and sub-10nm for definition of materials. In comparison with a stan-

dard FIB (Focused Ion Beam), where the Ion is typically Gallium, the use of
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Helium is much less invasive for the specimen.

The definition of nanoconstrictions and nanoribbons through this tech-
nique is reported in the SEM images of Figure 5.8. In particular in (a)(b)
encapsulated graphene constrictions of ~30 nm and ~ 60 nm and (c)(d)
nanoribbon of 85 nm and nanocostriction of the same size on the exfoliated
graphene on SiO, are reported. In spite of the incredible nanometric defi-
nition, after the definition of the nanoconstriction/nanoribbon, the devices
became high resistive or stopped to work. We found main reasons. The first
one is the necessity to improve the last process (i.e. reduction the exposition
time), the second problem could be related with the transport of these frag-
ile samples. A possible solution for the future, it consists in changing the
order of fabrication steps, defining the nanoconstriction/nanoribbons before

the etching for the "side"contacts and the deposition of the contacts.

FIGURE 5.8: Sem images of : (a)(b) Nanoconstrictions in encap-

sulated graphene of ~30 nm and ~ 60 nm, (c)(d) Nanoribbon

and nanocostriction of ~ of 85 nm in graphene on SiO, with
HMDS treatment.
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5.4 Conclusion

Starting from the HMDS treatment graphene nanoconstrictions, that rep-
resent a good compromise between good mobility and high edge defini-
tion[111], we pass to a novel implementation of the cryo-etching method,
which we used for fabrication of high quality encapsulated graphene nanocon-
strictions. The main advantage of the method is an unprecedented control of
the edge definition and reduced roughness. The latter enabled us to fabricate
high-mobility hBN-encapsulated graphene nanoconstrictions with well de-
tined, sharp and extraordinarily smooth edges. These systems have been
characterized by the standard AFM imaging techniques and then the ob-
tained data on the realistic geometry was used in the large scale theoreti-
cal transport calculations. Results of such modelling agree very well with
our experimental measurements and suggest that the transport in the sys-
tem is almost fully ballistic. In particular, both the predicted and measured
values of the transmission parameter are as high as t = 0.9. On the other
hand, the size quantization is clearly manifesting itself as a ladder of several
equally 2¢?/h-spaced plateaus of conductance at temperatures up to T = 10
K, confirming the high quality of the samples. We claim that the cryo-etching
technique paves the way to study truly-ballistic-high-mobility encapsulated
graphene-based nanostructures where definition of the edges and the control

of the scattering processes are crucial.
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Chapter 6

Magnetotransport Measurement on
InAs/GaSb double quantum wells
(DQWs)

As shown in Chapter 4, graphene is an ideal candidate to study QHE and
FQHE due to its incredible properties. In 2005, Kane and Mele [112], start-
ing from a earlier model of Haldane [76], proposed in graphene a new state
of the matter: the Quantum Spin Hall State. The Quantum Spin Hall Effect
(QSHE) is characterized by quantized spin-Hall conductance and a vanish-
ing charge-Hall conductance without the presence of magnetic field, there
is no breaking of the time reversal symmetry and Helical edge states (Two
states with opposite spins) counterpropagate at a given edge. Unfortunately
graphene has a weak spin orbit coupling and only through the application of
a large magnetic field is possible to observe properties [113] analogous to the

ones of the quantum spin Hall (QSH) effect.

In recent years, new electronic materials, topological insulators (TIs), have
been attracting increasing interest thanks to the possibility of hosting new
exotic states of matter [114][115], including QSHE. Among many TIs, the

InAs/GaSb double quantum wells (DQWs) are of particular interest, as they
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can readily be integrated within current semiconductor processing technolo-
gies. In this material system, the top of the valence band of GaSb is 0.143
eV higher than the bottom of the conduction band of InAs [116]. Due to the
quantum confinement effect, the alignment of Ey (the lowest electron sub-
band in the conduction band) and Hj (the highest hole subband in the va-
lence band) can be tuned by varying the wells’ thickness (an alternative way
is represented by application of an electrical field [117]). For a given thick-
ness of the GaSb QW, the bilayer is a conventional semiconductor provided
that the thickness of the InAs QW is sufficiently small to keep Eg above Hj
[118]. Above a critical thickness of the InAs QW, a quantum spin Hall (QSH)
phase is realized [119] due to the inversion between the electron and the hole
ground levels. Recently new signatures for the inverted phase in InAs/GaSb
were studied [120][121] as well as edge transport in the trivial phase [122].
However, little is still known about the transport properties at the critical
thickness, which corresponds to the phase boundary between the normal in-

sulator (NI) and the QSH insulator.

Here we report transport measurements on InAs/GaSb samples in dif-
ferent regimes (normal, critical and inverted regime). In particular in the
critical sample, we observe a narrow and intense maximum (~500 k() in
the four-terminal resistivity in the charge neutrality region, separating the
electron-like and hole-like regimes, with a strong activated temperature de-
pendence above T = 7 K and perfect stability against quantizing magnetic
tields. We discuss several mechanisms for that unexpectedly large resistance
in this zero-gap semi-metal system including the formation of an excitonic

insulator state.

More than 50 years ago, Mott made a seminal observation on the anomaly
at the transition from a metal to a semiconductor [123]. Later on, Knox and

co-workers [124] developed this idea and argued that, if in a semiconductor
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(which at low temperature is insulating) the binding energy (EB) of the ex-
citons exceeds the energy gap (Eg), the conventional insulating ground state
would be unstable against a new phase, dubbed excitonic insulator, which
originates from the formation of an exciton condensate. The low tempera-
ture behavior of the conductivity for an excitonic insulator was theoretically
predicted by Jerome and co-workers [125] and many other studies, both the-
oretical and experimental, have been performed afterwards [126, 127, 128,
129, 130, 131, 132, 133, 134, 135, 136, 137, 138, 139, 140]. Although exper-
imental evidence on the existence of this unusual insulating state has been

reported [129], no completely conclusive results have been obtained so far.

6.1 8-Band K - P Calculation of InAs/GaSb Double

Quantum Wells

An 8-band k - p method was employed to calculate the band structures of
these DQW samples, using the Hamiltonian and basis functions of Ref. [141]
and considering the strain effect resulting from the lattice mismatch between
the GaSb substrate and each individual QW layer 2.

In the following, we briefly describe the 8-band k - p numerical method
utilized in the main text to determine the critical thickness d. of the InAs
quantum well (QW) and to calculate the energy bands of Figure 6.1(a). It
shows the structure of the InAs/GaSb double quantum well (DQW) sam-
ples, where the growth is along the [001] direction (defined as z) of the GaSb
substrate.

In our calculation, we used the Kane Hamiltonian and the corresponding
basis functions of Ref. [141], considering the quantum confinement along z.
The k; in the Kane Hamiltonian is thus replaced by a momentum operator,

while the in-plane momentum k, and k; still take continuous values because



Chapter 6. Magnetotransport Measurement on InAs/GaSb double
118
quantum wells (DQWs)

0.3
(a) InAs (2 nm) cap layer (b) E1 E2 E3
AISb (50nm)
GaSb (5 nm)

double quantum well .
InAs I d } 4 02

s
L NI
AISb (50nm) 3
i}
GaSb (2.4 c H1
A?Sb 224:::% } X10 superlattice W o1E 3
© SH
GaSb (1000 nm) overgrowth layer Ho @l
0.0 L
0 5 10 15 20

d (nm)

FIGURE 6.1: (a) Schematic structure of the InAs/GaSb DQW samples. (b) Evolution
of the electron and hole subbands as a function of the InAs thickness d, calculated
using the 8-band k - p method. The critical thickness d,, corresponding to the bound-
ary between the normal and inverted band structures, is found to be d. = 10.03nm.

of the translational invariance. Following the envelope function theory [142],
the wave function ¥ (r) can be expanded in terms of the envelope function F;,

and the Bloch function U}, of the nth spinor:

T(r) = ZFn(r)un(r) (6.1)

where F, = e*¥+k £, (z) and U, is assumed to be independent on the
material of each layer. Within the framework of k - p theory, the envelope
function can be determined by solving a set of coupled differential equations.
We assume that all the band parameters are discontinuous at each interface,
which is described by the piecewise function along the growth direction and
take the limit of zero temperature. We employed an axial approximation by
replacing the second and third Luttinger parameters with their average in

the Hamiltonian.

In addition to the quantum confinement effect, we considered the strain
effect due to the lattice mismatch between the GaSb substrate and each indi-
vidual QW layer, using the strain Hamiltonian that is described in Ref. [143].
Here, since the QWs are grown along [001] direction, we also assumed a bi-

axial strain. In this case, the off diagonal elements of the strain tensor matrix
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ap—a

are zero and the diagonal elements are €yy = €, = =

and €;;, = _E_ﬁexx/
where gy and a are the lattice constants of the substrate and layer material

respectively, and Cy; and Cj, are the stiffness constants.

In order to solve this set of coupled differential equations, f,(z) is ex-
panded in plane wave basis. The wave function of the sth subband can then

be written as:

where L is the total thickness including the thickness of the DQW and the
top and bottom AlSb barriers, and k,, = 4. Such expansion implies that the
wave function is continuous across each interface. The plane wave expansion
also helps to reduce the coupled differential equations to a more straightfor-
ward eigenvalue problem, which can be solved numerically although the size

of the matrix increases to (8(2N + 1))2. In our calculation, we use N = 20.

Finally, following the formalism described above, we calculate the band
structures of the InAs/GaSb DQWs (sandwiched between two 50 nm AlSb
barriers) as a function of the InAs thickness d. The GaSb QW is fixed at 5-
nm-thick, while the thickness of the InAs QW varies from 0 to 20 nm. In
Figure 6.1 (b) we plot the low-energy subbands of the DQW at the I' point as
a function of d, with the energy of the bottom of the conduction band in InAs
being set to zero. The critical thickness d., corresponding to the boundary
between the normal and inverted band structures, is found to be d. = 10.03
nm. The band parameters used in our calculation have been taken from Refs.

[141][143][142][144] and summarized in the Table 6.1.
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H Band Parameters InAs GaSb AlSb H

E, (eV) 0.417 0.812 2.386
E, (eV) -0.417 0.143 -0.237
Ep (eV) 215 270 187
A (eV) 039 076 0.676

A (e€V nm?) -0.18 -0.09 -0.004

T 281 231 257
Y2 -0.093 -0.842 -0.116
Y3 0.607 0.458 0.664
anm 0.6058 0.6096 0.6136
C1» (GPa) 452.6 402.6 4341
C11 (GPa) 8329 8842 876.9
. (eV) 5.08 75 45
1, (eV) -1 0.8  -14
b (eV) -1.8 20 -135
d (eV) 36 47 43

TABLE 6.1: Table with the summary of the band parameters

6.2 Anomalously large resistance at the charge neu-

trality point in a zero-gap InAs/GaSb bilayer

In Figure 6.2(a) we plot the evolution of the calculated band structures of the
InAs/GaSb DQW for at three different d values of the InAs QW thickness d,
corresponding to the normal, critical and inverted regimes.

We found that for d < 10 nm, Eg > 0, signaling a normal semiconductor
band structure, while for d > 10 nm, Eg < 0, indicating the band-inverted
regime of the DQW InAs/GaSb. Atd = d. =10 nm (critical thickness) we ob-
tain Eg = 0, which corresponds to the boundary between the normal and in-
verted band structures. Recent cyclotron resonance infra-red measurements
in magnetic fields [145] confirmed our assignment of these three regimes. In
Figure 6.2(b), we report also the schematics energy of band profiles [118] of
the samples in the three conditions. In Figure 6.2(c) we plot the four-terminal
resistance measured as a function of gate voltage (V) in three typical sam-

ples, for which where the InAs QW thickness is 9 nm (sample A), 10 nm
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FIGURE 6.2: (a) Band structures of the InAs/GaSb DQWs calculated using the 8-
band k - p method (see previous section) for three typical configurations: (left, sam-
ple A) d = 9 nm, (middle, sample B) d = 10 nm, and (right, sample C) d =13 nm.
(b) shows schematic band profiles for samples A-C, respectively. Ej is the lowest
electron subband in the conduction band and Hj the highest hole subband in the
valence band. Er is the Fermi level, at the charge neutrality point. The shaded inset
in the middle panel shows the opening of the energy gap (A) due to the formation
of an excitonic insulator phase. (c) displays 4-terminal resistance as function of gate
voltage, measured at T = 500 mK, in samples A-C, respectively. The gate voltage is
normalized so that the gate voltage at the CNP is zero (Vy = V, — VNP, Hall Bar
configuration of the measured samples in the inset of the bottom figure, in which
W = L; = 250um, L, = 500um
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(sample B), and 13 nm (sample C), respectively. All the samples have a Hall
Bar geometry, with L1 = W = 250um, L, = 500um, as shown in the inset of
Figure 6.2(c). The CNP peak was centered in each sample at V, = —0.60V
(sample A), Vo = —0.53 V (sample B), and V, = —0.70 V (sample C) and in
the Figure 6.2(c), the gate voltage is normalized so that the CNP corresponds
toVy =0V

In all three samples a resistance peak, centered at the CNP, separates two
highly conductive regions associated to positively (Vy < 0V) and negatively-
charged carries (Vy > 0V). The sign of the carriers in the two regimes was
confirmed by Hall measurements at a finite magnetic field. Most strikingly,
for d = d. = 10 nm, where the electron and hole subbands are degenerate
(middle panel of Figure 6.2(a) and a semi-metal phase is expected, the 4-
terminal resistance reaches an overwhelmingly large value ~ 530k() in the
CNP (Figure 6.2(c), the middle panel). Measurements with both constant
current and constant voltage bias were carried out to confirm the value of
this resistance peak. In contrast, in d = 9 and 13 nm DQWs, where the band
gap is either positive or negative, the resistance in the CNP assumes smaller
values: in the normal regime (Figure 6.2(c), the left panel), the resistance
at the CNP is 400 kQ), while in the inverted regime (Figure 6.2(c), the right

panel), the resistance is ~ 60 k(2.

6.2.1 Temperature Dependence

By comparing our experimental data with previous studies, we propose that
such high resistance state in our critical thickness sample is probably due to
the formation of an excitonic insulator phase.

First, we observed that the maximum value of Ry, shows very weak tem-
perature dependence at low T (see Figure 6.3(a)). We note here that this

low temperature saturation behavior is different from the insulating state at
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FIGURE 6.3: (a) Longitudinal resistance Ry, as a function of gate voltage Vg for
different temperatures (40mK-20K) at B = 0T, measured in sample B. (b) maximum

A
of Ry in the CNR as a function of 1/T. The red line is a fit to R(N? ~ e%s7, obtained
for the data at T > 7K, which provides the estimation of the energy gap A reported
in the text. The inset shows the temperature dependent data of R¢NP at various

magnetic fields.
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the charge neutrality point (CNP) in the single layer graphene[146]. On the
other hand, this weak temperature dependence seems to be a generic feature
in InAs/GaSb heterostructures [147][148][149][150], whether in the normal,
critical, or inverted band regimes. The exact origin of this anomalous tem-
perature dependence is not understood and requires more detailed studies.
The high-T regime (T > 7K) is properly described by an activated behavior
RENP ~ eﬁ. The best fit of Ryy, shown in Figure 6.3(b), gives an estimated
energy gap A = 2.08 & 0.10 meV. Temperature dependence measurements
of RCNP were also carried out in sample A and sample C, and the results
are shown in Figure 6.4. The energy gap in normal semiconducting sample
A (= 3.3 meV, see Figure 6.4(b)) is quite different from that found in other
normal semiconducting InAs/GaSb bilayers. For example in Ref. [118] the
authors report an energy gap of ~ 0.5 meV, which is value is six times smaller
than that measured in our sample. On the other hand, the value of the Ry,
peak at low temperature reported in Ref. [118] is one order of magnitude
larger than ours. The physical origin for these discrepancies is not known at
present and more detailed studies are under course. For our inverted sample
C (d = 13 nm), similar to normal sample B (d = 10 nm), the temperature de-
pendence is weak at T < 1K. Ryy only becomes strongly activated at higher
temperatures of T > 5K. Using the Arrhenius fit (Figure 6.4(d)), we deduce

the energy gap of 3.1 meV'.

6.2.2 Perpendicular and parallel magnetic fields dependence
Perpendicular Magnetic Field

In Figure 6.5 we plotted the longitudinal resistance Ry as a function of the
gate voltage in the presence of a perpendicular magnetic field for samples in

the three regimes.
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FIGURE 6.4: (Temperature dependence (a) and Arrhenius fit (b) for sample A. The
data for sample C are shown in (c) and (d), respectively.

While for both the normal insulator (a) and inverted (c) samples the CNP
resistance increases by increasing the perpendicular field, in the critical sam-
ple (b) exhibits an unexpected decrease of the CNP resistance up to 2 T. This
result could be explained in the frame of the excitonic insulator phase. We
estimated a value of 2 meV for the excitonic binding energy in the critical
sample as we will report in section 6.5. From the effective masses of InAs and
GaSb we have obtained an estimation for the energy band displacements of
2 meV per Tesla. So the observed decrease in resistance value at the CNP for
the critical sample (see Figure 6.5 (b)) could be just due to the excitonic phase

breaking that should fade out below 2 T.

Parallel magnetic Field

In Figure 6.6 we show the measured longitudinal resistance (Ryy) as a func-
tion of the gate voltage (V) in the presence of a parallel magnetic field for the

NI sample d = 9 nm (a), the critical sample 4 = 10 nm (b), and two inverted
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FIGURE 6.5: Longitudinal resistance versus gate voltages at 0.3K
from 0 to 3 T perpendicular magnetic field for the normal insulator
sample InAs(9nm)/GaSb(5nm) (a), the critical sample 10/5 nm (b)
and an inverted sample 13/5 (c). Notice the decrease of the CNP
resistance at low magnetic fields up to 2 T for the critical sample
whereas in the other two there is always a systematic increase.

samples (c) and (d) with d equal to 11 and 13 nm, respectively.

In the CNP, a very strong dependence on the parallel magnetic field ap-
pears in the inverted samples whereas it is missing in both the NI and the
critical sample. The strong dependence on the parallel magnetic field was
expected for an inverted phase [151], so that these data support our theoreti-

cal calculations of the respective band structures.

Phenomenological method

Another method for identifying the three different regimes was proposed by
Biittner et al.[152] few years ago. These authors showed that the crossing

point of the lowest Landau levels for the electron and heavy-hole sub-bands
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FIGURE 6.6: Longitudinal resistance in parallel magnetic field.

Normalized magnetoresistance W versus gate volt-

ages in the presence of different parallel magnetic fields for the

NI sample (a), critical (b), and two inverted samples (c) and

(d). While the NI sample InAs(9 nm)/GaSb(5 nm) and critical

sample (10/5 nm) shows almost no parallel magnetic field de-

pendence in the CNP, samples (11/5) nm and (13/5 nm) show

a strong field dependence, characteristic of inverted band con-
figurations.

reveals the sample regime; at strong enough perpendicular magnetic fields
(BL > 2T), a clear plateau in the CNP separates the v = £1 QH states, and
its boundaries, where the magnetic field is strictly an integer number, can
be marked by continuous line. From the crossing of these two lines one can
identify the system regime. For an inverted system (Eg < 0), the crossing
point (B.) should appear at positive magnetic fields (B, > 0T) while for a
normal insulator band structure (Eg > 0) should appear at negative magnetic
tields (B, < 0). Finally, for the critical sample (Eg = 0) we should find the

crossing point at zero magnetic field (B, = 0T).

In Figure 6.7 it can be observed that our data confirm very well these
expectations; in particular, in Figure 6.7(b) we plotted our data for sample B

(the critical thickness sample). The crossing point at B, = 0T demonstrates
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FIGURE 6.7: Hall conductivity (0yy) at 300 mK at different perpendicular magnetic

tields. The blue and red lines, defined by the boundaries of the plateau in the CNR

in sample cross at B < 0T revealing a normal insulator regime for sample (9/5 nm)

(a); in sample (10/5 nm) cross at B, ~ 0T revealing a zero gap sample (b); finally in
sample (13/5 nm) cross at B, > 0T, indicating an inverted regime.

the realization of a zero-gap system, so that the above experimental results

are very consistent with our tight-binding simulations.

6.3 Critical sample

In Figure 6.8(a) we plot the longitudinal (¢yy) and Hall (0y,) conductivities,
measured at B=7T and T = 100 mK.

Quantized plateaus at filling factors v = 1 and v = 2 (as well as at
all higher values in the standard integer Quantum Hall sequence, here not
shown) are clearly developed for both electrons and holes. In the vicinity of
the CNP, an additional plateau at 0y, = 0 is observed; a similar quantized
plateau was reported for an inverted InAs/GaSb sample in Ref. [153], as
well as for a degenerate HgTe quantum well in Ref. [152]. In Figure 6.8(b),
we show the two-dimensional density of charge carriers for electrons n and
holes p as a function of Vg. The experimental points (red and black open cir-

cles) were obtained from the position of the integer quantum Hall plateaus
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(c) Normalized magnetoresistance (Ryx(B))
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at several different magnetic fields, while the continuous lines are linear best
tits. The lines of the fits cross at Vg =-0.55Vand at ngp = pg = 1.1 - 1010¢cm =2
(which corresponds to the CNP condition n+p = 0). We note here that the
obtained electron and hole densities at the CNP are the lowest reported, in-

dicating a high quality of our sample. Figure 6.8(c) shows the normalized

Ryxx(B)—Ryx(0)

Rux(0) ) in the CNR at T = 100 mK: zero magnetore-

magnetoresistance (
sistance is observed up to B = 7 T. Such stability under quantizing magnetic
field extends also to its temperature-dependence, as shown in the inset of
Figure 6.8(b). Indeed, we observed little differences between the data col-
lected in the range 0T < B < 7T. These observations strongly differ from
those reported for the insulating state at the CNP in Ref. [153], where a huge

magnetoresistance accompanied by strong B-induced strengthening of the

T-dependence was reported.

6.4 Inverted sample (/=13nm)

A TI (topological insulator) is an electronic material with a bulk gap like an
ordinary insulator but they have conducting states on their edges or surface
[114]. In this section we report transport measurements on the inverted sam-
ple d = 13 nm, in which typical features of the topological phase appear. In
Figure 6.9(a) the logarithmic longitudinal resistance versus the gate voltage
at B= 0T and T = 50mK is shown.

Apart of CNP, that is located in ~ —0.8V, two secondary peaks appear
around ~ —1.5V and ~ —0.5V in the hole and electron regions respectively.
Similar experimental signatures of the inverted phase were find in [120][121].
The reason is due to the Fermi Energy Er that resides in the valence band
(dark green in left side of the CNP) or in the conduction band (light blue in
the right side of the CNP) (see inset of Figure 6.9(a)). This peculiar behaviour

of the longitudinal resistance are a signature of high quality samples [154]
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configuration).

and interpreted as influence of the energy-dependent density of states on

Pxx-

The strong decay of the CNP and the disappearance of the two secondary
peaks with the temperature (Figure 6.9(b)) is also a signature of a possible

hybridization gap [120].

In Figure 6.9(c) we report the local (black line) and no local measurement
(red line) on the inverted sample with the configuration that is shown on
the right of the graph. Electrical transport experiments in local and non-
local configurations and the presence of an edge current proved the first

realization of the QSH (Quantum Spin Hall) effect in band-inverted HgTe
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quantum wells [10][155]. Only some years later the same effect has been re-
cently observed in the InAs/GaSb double quantum well (DQW), a tunable
2D electron-hole system [118].

In Figure 6.10 we report the trasversal resistance with the sweep of the

magnetic field, for different gate voltage in the electron (a) and hole (b) side.
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FIGURE 6.10: (a)(b) Trasversal resistance as function of the magnetic field for differ-

ent value of the gate voltage in the electron (a) and hole (b) region. (c) Trasversal

conductance versus gate voltage at different value of magnetic field (d) Colour map
of the longitudinal resistivity as function of magnetic field and gate voltage.

A linear behaviour and very defined plateaus appear at the right side
of the CNP. The left side instead shows a no-defined behaviour and only at
higher magnetic field (B > 2T) the sign of the resistance assumes the correct
value. In a trivial regime, carriers on either side of the charge neutrality point
are either purely electron-like or hole-like, giving rise to a Ry, that is linear in
B, in either case. The inverted regime, on the other hand, involves an over-
lap of electron-like and hole-like carriers near the charge neutrality point,

giving rise to a Ry that is non-monotonic in B [122]. In fact at gate voltage
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lower than the charge neutrality a non-monotonic behavior, that indicates si-
multaneous transport of electron- and hole-like carriers (Figure 6.10b). This
peculiar behaviour due to the hybridization of the gap is visible sweeping the
bottom gate voltage for different values of the magnetic field. Meanwhile the
‘electron side’” shows very well quantized values, in the "hole side” a mixed
regime is evident especially for low magnetic field. In Figure 6.10(d) there
is the coloured map of pyy. Observing the map pyy as a function of V, and
B we find close to the CNP in the electron side, a Landau fan similar to an-
other inverted sample measured in [120] (see highlighted region in Figure
6.10(d)). This modulation of pyy is caused by a modulation of energy gaps
in the Landau level spectrum and they are another features of the inverted
sample. For higher value of the gate voltage instead the minima of py, are

evident, defining the different filling factor.

6.5 Discussion

The main result of this Chapter is the observation of an unexpectedly huge
resistance peak in the charge neutrality region in a sample where the Ey and
Hj subbands almost perfectly touch each other at k = 0, and a semi-metallic
state is nominally expected. Based on this observation, we propose that that
the large resistance in the CNP in our critical sample is probably due to the
formation of an excitonic insulator phase. When the Fermi level is tuned to
the CNDP, excitons will form by the attractive Coulomb interactions between
residual electrons and holes, whose densities are vanishingly small. At the
critical thickness d., the band energy gap is almost zero and, thus, smaller
than the exciton binding energy Ep, realizing the condition Eg < Ep. As
predicted more than 50 years ago [123], the excitons under this condition
condense, giving rise to an energy gap, which is responsible for the large

resistance peak in the CNP. Away from the critical thickness, for d < 10
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nm, a normal gap Eg > Ep appears (see Figure 6.1(b)). For d > 10 nm,
the energy band structure becomes inverted. Due to strong interactions be-
tween electrons and holes, a mini gap (A) is formed at a finite k. At the band
edges, the two types of carries coexist. As a result, Ep is much reduced [136].
Consequently the condition Eg < A prevents the formation of exciton con-
densation. Furthermore, the value of 41¢a2 reached in our critical thickness
sample also supports the formation of an excitonic insulator phase [136], be-
ing a, the Bohr radius. Using the values quoted in Ref. [156], i.e., effective
mass of m, = 0.023mg for electrons in InAs and m;, = 0.33mg for holes in
GaSb, and an effective dielectric constant ¥ ~ 15, the calculated Bohr radius
is a, ~ 36.9nm. With ny = 1.1-10%m =2, 4nga> ~ 0.6 < 1, condition at
which an excitonic condensed phase was shown to be thermodynamically
stable [136]. The existence of an excitonic insulator phase in the critical sam-
ple is consistent with recent theoretical calculations [157], where the excitonic
insulator phase is shown to be stable for samples with zero band gap and
strong inter-layer interactions. Recently in a theoretical study of the charge
transport in two-dimensional disordered semimetals by Knap et al.[158], it
was found that electron and hole puddles, due to smooth fluctuations of the
potential, are responsible for a large resistance peak in the CNP measured
in HgTe QWs by Olshanetsky et al. [159] First, we point out that the HgTe
QW structure considered in Ref. [159], 20 nm wide, is far from the critical
thickness of 6.3 nm in the HgTe QW [152]. As a result, the conduction and
valence bands overlap is much greater than the gap estimated in our critical
sample. Second, in Ref. [159] the authors found that the resistance at the
CNP increases monotonically with decreasing temperature (Figure 3 in Ref.
[159]), a behavior different from what we have observed. Ry, shows rela-
tively strong magnetic field dependence in Ref. [159] at the temperature con-
sidered, which, again, is very different from our observation. Recent work,

did not found enhancement in the resistance at the charge neutrality point
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[154][160] however the presence of enhancements is markedly dependent on
the distance from the critical regime. Finally, in a recent work on InAs/GaSb
double-quantum wells [16], the authors also reported on the observation of
an excitonic insulating phase, by gating the residual electron and hole den-
sity at the CNP towards the diluted regime, which is naturally realized in our
nominally zero-gap system. Notably, the activation gap as measured in their

most diluted regime matches our value of A.
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Chapter 7

Conclusion and future perspectives

This thesis starts with a detailed description of the Clean room facilities. The
development of the equipment of the Clean Room occupied the larger time of
tirst two years of my PhD studies. In the CR of the University of Salamanca
is possible to fabricate different type of devices, even if it was built with a
special predisposition for 2D materials devices. For the future, the installa-
tion of an equipment for dielectric film deposition as atomic layer deposition
(ALD), sputtering or a chemical vapour deposition (CDV) could improve the
completeness of the CR. In the past I missed the possibility to deposit di-
electric especially when I worked with CVD and epitaxial graphene . In fact
when I tried to replace a conventional dielectric film (SiO;, Al,O3, HfOO;)
with a resist film (PMMA[61] or Hydrogen silsesquioxane (HSQ) [161]), 1
found different technical problems, since it was very easy to have cracks and
instability with PMMA or having difficulties with the treatment for HSQ.
The fabrication methods for devices based on graphene and other 2D ma-
terials represent a very important part of this thesis work so they are also
reported in detail. The transfer methods and the fabrication processes (EBL,
dry etching, annealing, evaporation) for the realization of "side contacts"have
a special role for the fabrication of high quality devices. We described differ-
ent fabrication processes for devices with different 2D materials (graphene
with or without encapsulation in h-BN, epitaxial graphene, CVD graphene,

MoTe;, MoSe;). More complex devices, multi-(>4)-layers heterostructures
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for vertical transport [162], the realization of a controlled angle between two
flakes of graphene with well defined orientation [163], as well devices with
different TMDs heterostructures [164] can be achieved in Salamanca in the

next future.

Regarding the study of the QHE at room temperature, the difference be-
tween encapsulated and no-encapsulated graphene are evident, but we need
a more detailed analysis of all the very large data set. In particular it could be
necessary a more systematic study on nature on the zero-Landau level, since
the behaviour of the zero-level is very different at high magnetic field [165]
and high temperatures. In future a larger number of samples of graphene
with different substrate could be done for a more quantitative understand-
ing of localization in QHE on graphene at high temperature.

For the GNC, we showed how the new cryo-etching method used in [111]
reduces the roughness for the definition of the constriction, achieving quan-
tization and real ballistic transport very close to the ideal one. It will be inter-
esting to study different geometry configuration of nanoconstrictions [110],
multiconstrictions transport in ballistic regime as well graphene nanocon-
strictions of few nanometers [86] not still achieved into the ballistic regime.
For this last aim new test with the Orion NanoFab Helium Ion Microscope
can be a possible (even if not easier) solution. The high control on the charge
carrier thanks to a well defined channel, makes GNC also an ideal candidates
for Terahertz detection [166]. Fabrication and characterization of Terahertz
detector based on encapsulated GNC is a purpose for the next future.

The last chapter on InAs/GaSb quantum wells was in reality my first
work as PhD student. The comparison between the topological phases in
InAs/GaSb quantum wells and graphene nanostructures was one of the in-
triguing initial aim of this thesis. Even if this purpose did not fulfill for the
lack of good InAs/GaSb samples, especially with the hybrid gap, we were

able to study samples in different band configuration, observing different
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magneto-transport properties and measuring a possible exotic excitonic in-
sulator phase in the critical sample. We are still working on TIs, actually
in my group there is another PhD student that is researching on topological
phases of different materials (Pbg 775ng 23Se). For the future we will also con-
tinue to study graphene devices and nanostructures with the same purpose,
since helical states were theoretically predicted [167][168] and QSHE [169]

and magnetic edge states [170] were recently observed in graphene devices.
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Appendix A

Resumen

La tesis empieza con una descripcion de la Sala blanca de Salamanca y de su
equipamiento, instalado durante los primeros afios de mi doctorado. Sigue
una detallada explicacion de los procesos de fabricacion de dispositivos en
grafeno y otros materiales bidimensionales. En particular el sistema de trasfer-
encia y la realizaciéon de contactos de borde tienen un rol fundamental en
la realizacién de dispositivos de alta calidad. En nuestros dispositivos de
grafeno encapsulado en nitruro de boro hexagonal hemos observado efecto
Hall cuantico (QHE) a temperatura ambiente bajo la aplicacion de altos cam-
pos magnéticos. E1 QHE en nuestros dispositivos de alta movilidad tiene car-
acteristicas diferentes del QHE en dispositivos de grafeno de baja movilidad.
Hemos también estudiado el transporte balistico y casi balistico en constric-
ciones de grafeno con media y alta movilidad. En particular en las constric-
ciones de mayor movilidad hemos introducido un método de definicién de la
constriccion a bajas temperaturas, por la primera vez aplicado a dispositivos
de grafeno y que nos han permitido obtener bordes con muy baja rugosi-
dad. Esto ha permitido obtener un comportamiento balistico cerca del ideal
y la observacién de cuantizacién de la conductancia. En la dltima parte de
la tesis reportamos medidas de transporte en pozos cudnticos de InAs/GaSb
con diferente configuracién de bandas (aislante, invertida y critica). En la

muestra critica hemos encontrado una resistencia longitudinal anormal que
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hemos justificado con la posible formacién de un excitén en bajas temperat-

uras.
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Appendix B

Conclusiones y Perspectivas

Una descripcion detallada del equipamiento de la Sala Blanca de Nanotec-
nologia de la Universidad de Salamanca se presenta al comienzo de la tesis.
La instalacion y el desarrollo del equipamiento de la Sala Blanca ha ocupado
larga parte del tiempo en los primeros dos afios de mi doctorado. En el es-
tado actual en la Sala Blanca es posible fabricar diferentes tipo de dispos-
itivos, aunque la sala fue construida con una especial predisposicién en la
realizacién de dispositivos bidimensionales. Para el futuro, la instalacién de
algtin equipo para deposicion de dieléctricos (deposicién de capa atémica
(ALD), pulverizacién catédica o deposicién quimica de vapor (CVD)) podria
aumentar mucho las posibilidades de fabricacion.

La fabricaciéon de dispositivos basados en grafeno y otros materiales 2D
representa un importante parte de mi trabajo doctoral. La trasferencia de
los materiales 2D y el resto de proceso de fabricacion (litografia electrénica,
ataque fisico, recocido y evaporacién) tienen un rol muy importante para
la realizacién de dispositivos de alta calidad. En la tesis hemos describito
diferentes procesos de fabricacién para los diferentes materiales 2D usados
(grafeno con y sin nitruro de boro hexagonal, grafeno epitaxial, grafeno de
diselenurio de molibdeno y ditelurio de molibdeno). Para el futuro pen-
samos realizar dispositivos con heteroestructuras con més de cuatro capas
para el trasporte vertical, dispositivos con dos capas de grafeno con cierta ori-

entacion fijada asi como dispositivos basados en heteroestructuras con otros
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materiales 2D.

En el Capitulo 4 hemos estudiado el efecto Hall cudtico (QHE) a altas
temperaturas y altos campos magnéticos sobre dispositivos de grafeno en-
capsulado y no encapsulado en nitruro de boro hexagonal. Las diferencias
en las medidas son evidentes en particular en la naturaleza del cero nivel de
Landau. Para el futuro un numero de dispositivos mas grande y variado po-
dria ser atil a completar el trabajo realizado y asi tener una comprensiéon mas

cuantitativa de la localizaciéon en el QHE en grafeno a altas temperaturas.

En el capitulo 5 hemos estudiado constricciones de grafeno balisticas y
quasi balisticas y hemos describito una nueva técnica de ataque en frio para
definir las constricciones sobre grafeno encapsulado en nitruro de boro hexag-
onal con muy baja rugosidad. La definicién es tan buena que comportamiento
balistico de dichas constricciones estéd cerca del ideal. Seria interesante es-
tudiar para el futuro constricciones con diferentes geometrias, trasporte en
multiconstricciones o en constricciones de pocos nanémetros, donde todavia
no se ha conseguido un comportamiento balistico. Para esta tiltima finalidad
la utilizacién del Orion Nanofab que usa d4tomos de helio para definir con
resolucién muy alta las nanoconstricciones de grafeno, serfa la solucién mas
congenial. Constricciones de grafeno encontrarian también una aplicaciéon
como detectores para el terahercios y este es otro nuestros ojetivos del prox-

imo futuro.

En el dltimo capitulo hemos estudiado sistemas de InAs/GaSb pozos
cuanticos que han sido en realidad mi primer trabajo como estudiante de
doctorado. La comparacién de la fase topoldgica en estos sistemas y na-
noestructuras de grafeno ha sido el propdsito inicial de esta tesis. La falta
de dispositivos de InAs/GaSb, especialmente en la fase hibrida, ha limitado
mucho las intenciones iniciales, pero hemos sido capaz de observar difer-

entes propriedades de magnetotransporte en estos sistemas con diferentes
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configuraciones, asi como observar un posible nuevo estado exético exciton-

ico en la muestra critica.






147

Appendix C

List of publications
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Gates GrapheneFET for Detection of Terahertz Radiations" subm. to

NanoLett.
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