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Resumen

Desde que se consiguid aislar por primera vez una monocapa de
grafeno, hace mas de diez afios, muchos materiales bidimensionales
han aparecido. Todos estos materiales pueden formar una nueva
libreria que abre paso a la nueva generacion tecnologica libre de
silicio. Las propiedades de estos materiales (grafeno, dicalcogenuros
metélicos de transicién, etc.) han sido profundamente estudiadas por
una amplia y multidisciplinar rama de la comunidad cientifica. Dichas
propiedades dependen, en gran medida, del numete capas y
tamafo del que estén formados.

Muchas aplicaciones podrian surgir si, una vez fabricado un
dispositivo, se pudiera modificar, pero desde el punto de vista
tecnoldgico y en procesos de micro o ngabricacion; una vez que el
dispositivo de iterés esta fabricado es muy dificil y costoso cambiar
Su estructura o geometria para poder cambiar sus propiedades
intrinsecas. Por esto, el tema principal de esta tesis sera desarrollar un
método que permita cambiar las geometrias de dispositivos que ya
estén fabricados de la forma més directa y menos invasiva posible.

Debido a la gran cantidad de materiales presentes, en esta tesis
doctoral se ha elegido uno en concreto, debido a sus excelentes
propiedades electrénicas y Opticas. Dicho material es elfdisude
molibdeno, perteneciente a la familia de los dicalcogenuros metalicos
de transicion. Los dispositivos fabricados poseen una geometria de
transistor de efecto campo y se realizan mediante fotolitografia de
alto rendimiento. El desarrollo de todassl procesos de fabricacion es

el primer resultado de esta tesis y que en gran medida; ha permitido la
produccion de dispositivos de alta calidad.



Una vez optimizada la fabricaciéon de los dispositivos, se empezé a
explorar los posibles métodos para podemdaar las geometrias v,

por tanto, intentar cambiar las propiedades de dichos dispositivos ya
fabricados. Para ello se utilizO una técnica que combina un haz de
electrones focalizado y pulsado con un gas reactivo (en nuestro caso
XeR). El segundeoesultado de esta tesis es el estudio de esta técnica y
la formacién de nuevas estructuras con ella. Como principal resultado,
se obtuvieron nuevos dispositivos donde el dopaje original sufria un
cambio de tipo N a P mediado, posiblemente, por un proceso d
vacantes de azufre. Este cambio en el dopaje se corroboré con
distintas técnicas de caracterizacion como: miRaman, micre
fotoluminiscencia y medidas eléctricas.

Posteriormente se aprovechoé el cambio en dopaje de la parte atacada
para fabricar homeuniones laterales de tipo NP. Esta fabricacion
forma parte de la tercera parte de la tesis doctoral. La caracterizacion
de estos dispositivos NP revelan un comportamiento de diodo, con
una fuerte fotorespuesta da luz



Abstract

Since the first isolation of a graphene monolayer ten years ago, many
bidimensional materials have appeared. These materials can form a
new library as an alternative to silicon electronics. The properties of
the materials (graphene, transition metdichalcogenides, etf have
been studied by a large and multidisciplinary branch of the scientific
community. These properties strongly depend on the number of layers
and thickness present in the material under study.

Once a device is fabricated, a Idtdifferent properties can emerge if

it will be tailored. But from a technological point of view, it is quite
difficult and expensive to modify the structure or geometry of the
device to alter its intrinsic properties. For that reason, the main topic
of this thesis would be the development of a method that allows to
tailor the geometries of fabricated devices in a directly and -non
aggressive way.

Due to the variety of materials present in the nature, this thesis will
only focus in one type. This materialn®lybdenum disulfide, which
belongs to the family of transition metal dichalcogenides and shows
outstanding electrical and optical properties. The devices have a field
effect transistor geometry and are fabricated with maskless optical
lithography. The deelopment of all the fabrication processes is the
first result of this thesis allowing the production of high quality
devices.

Once the device fabrication has been optimized, new methods to
modify device's geometries were explored. For that purpose, a new
technique was developed using a pulsed focused electron beam
combined with an etchant gas (in our case Xd@8me second result of
this thesis is the study of this technique and the formation of new
structures. As main result, new devices were obtained witthange

in the doping going from N type to P type. This change in the doping is
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mediated by a sulfur vacancy process when the etching was done. This
doping change was corroborated using different characterization
techniques as: micrk®aman, micré’hotoluminescence and electric
measurements.

After that, NP lateral homqunctions were fabricated taking
advantage of the doping change. This fabrication corresponds with the
third part of this thesis. The characterization of the NP lateral homo
junctions reved a diode type behavior with a strong photoresponse
under light illumination, and an improvement in the
photoresponsivity.
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Description of Contents

Chapter lreviews the state of the art in the fabrication of
new devices based on 2D materjals particular based on
MoS. The second section relays ¢ime MoS atomic and
band structure, which give rise to MgSemarkable
optoelectronic properties. The chapter concludes with a
overview of MoSFET.

Chapter 2is focused onthe methods and experimental
setups used in this tres, along with the most important
characterization techniques. It begins with an explanation of
mechanical exfoliation. This chapter describes the
deterministic transfer method, which allows depositing
flakes in desired positions.The following section
corresponds with the fabrication methods, in particular
lithographical techniques. The third section describes
characterization techniques, including electrical transport at
both, RT and cryogenic conditions, spectroscopic techniques
(Raman and Pland micrescopic techniqueAFM and SEM)

Chapter 3 covers the study ofa method that allows
fabricating Mo$ structures. This method is called Pulsed
Focused Electron Beam Induced Etching (PFEBIE) and is
based on the combination of @eam and an etchant gas
(XeF). First of all, the main conditions and the necessary
equipment is presented. Secondly, the parameter space is
studied. The last part of the chapter shows how PFEBIE is
used to fabricate MoS2 concept devices. It also shows how
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PFEBIE is exploited to alténe conduction channel of
thicknessvariable Mo$FETsnd fix one of the problems of
exfoliation

Chapter dintroduces PFEBIE as a patterning tool that allows
tailoring the conduction channel of MgBased FES In this
chapter, the consequences that shiechnique has over the
optoelectronic properties of MoSdevices are studiedThe
first section details the modification of the conduction
channel. The second section studies the composition of the
devices before and after the patterning via EDX
characteization and BSE imaging. The following section
relies on the modification of the electric properties after the
patterning. The last section of this chapter addresses an
optical study of the devices before and after PFEBIE.

Chapter 5describes how PFEBIE can be used to fabricate
lateral Mo$ homo-junctions. This chapter is focused mainly
on the electric properties, but first and second sections give
an overview on the new channel fabrication and the Raman
spectroscopy respectively.he third section of this chapter
studies the electrical properties before and after the
fabrication of the diodes. First, the study is carried out at
ambient conditions. Secondly, this study is extended to
cryogenic temperatures.This chapter shows how the
etching parameters can affect the performance of the
device. In addition, measurements under different
wavelengths are also performed to compare the
photoresponse and photocurrent before and after
patterning. A variable laser source is used. Additional
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optoelectronic measurements under white light were
performed, showing that the detecting performance of the
device is better after the patterning increasing its
photoresponsivity
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Chapter 1: Introduction

This chapter describes the state of the art in the fabrication of new
devices for electronic applications. It is also focused on the main
properties of molybdenum disulfide (M@S Mo$S atomic structure is
discussed. After that, a short intradtion to the different production
methods is presented, including different exfoliation techniques and
chemical vapor deposition. A brief summary to Mb&nd structure is
given, showing its semiconductor character. The optical properties are
studied focwsing on the excitonic transitions present in this material.
Finally, a discussion of the electrical propertigsressented

1.1 State of the Art

Graphene was isolated in 2004 through the mechanical cleavage of
graphite[1]. The resulting #kes were deposited onto a highly doped
silicon (Si) wafer capped with an insulating silicon dioxide,) il

and contacted with gold electrodes in a multiterminal Hall bar
geometry. These samples resulted in the first field effect transistor
measuremets [1, 2]. After that, alot of van der Waals (vdW) like
materials have appeared. These materials can be mechanically
exfoliated due to the weak interaction between adjacent layers. One
example of these vdW materials correspond with transition metal
dichalcogenides (TMDCs), thaancbe found easily in nature. These
flakes exhibit distinctive thicknegkependent variations in their
physical propertie$3-5].

This thesiswill focus on TMDCs. They have an,MX¥ucture. M
belongs to the family of transition metals (W, Mo, etc.), which have a
partially filled d sukshell, or which can give rise to cations with an
incomplete d subshell. X corresponds with a chalcogen atdpe,(Te

or S). One layer of M atoms is sandwiched between two layers of X
atoms.

TMDCs can be classified like variable bgad semiconductors
depending on their thickness. For example, Mg8es from a 1.2 eV



indirect bandgap in bulk to a 1.8 eV direct dgap in the monolayer.
This property can be exploited in optoelectronic devices, such as
transistors or detector§s-8].

The work on TMDCs is an emerging field since the discovery of
potential applications, such as flexible electronj@§ GHz detection
[10],or integrated circuits[11]. For example, TDMCs are combined
with other 2D materials like graphene to fabricate new van der Waals
heterostructures. Recent studies have shown the capability of
fabricating PN heterojunctions usingdifferent approaches like
material stacking or chemical dopifg, 12, 13. The burden of these
structures appears when involving fabrication steps like resist
deposition, chemical @mnipulation and aligning/lithography
procedures that increase the cost and the damage probability of the
RSOAOSQ& LINRLISNIASa®

For that reason, during this thesis, | have developed a method that
allows modifying the geometry of the channel of field effect
transistors based on M@Shy combining an etchant gas and an
electron beam. This method is named Pulsed Focused eBeam Induced
Etching, PFEBIE. First of all, this method will be studied on individual
flakes and will cover chapter 3. Then, the devices wilhbdified with
PFEBIE and the effects will be described in chapter 4. To fhigsh
work, the fabrication of lateral MagShomojunctions will cover
chapter 5

1.2 MoS Atomic Structure

In this thesis, Mo8s the material under study. In bulk, it can feaind

as stacked layers bound by weak van der Waals interactions. The
monolayer is formed by a sulfumolybdenumsulfur (SMo-S) trilayer
whose thickness is 0.69 nm. This monolayer is mostly founded in
nature in a hexagonal symmetry, known as-MdS [14]. In this 2H
configuration, the monolayer is made of a honeycomb sheet of
molybdenum atoms covalently sandwiched between two honeycomb
sheets of sulfur atoms in a trigonal prismatic arrangem as
illustrated in Figure 1.1a. Apart from this 2H structure, there are two
more configurations. 3R10S can be found in a rhombohedral
structure [15, 16] A metastable phase can be also present by
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intercalating 2HMoS with alkali metalg17-19]. This phase is known

as 1TMo$S and has a tetragonal symmetry. The 2H phase is the most
commonly found in nature and it has a semiconducting behavior. In
the other hand, 3R and 1T phases are not stable. For that reason, it is
difficult to produce devices based on 1T/3R MoS2 phases. 1The
phase has a metallic behavior and is used in the fabrication of metallic
semiconducting junctions or proof of concept devi{2@, 21]

Like graphene, MaS®an be obtained by mechanical exfoliation, that is
the preferred method for obtaininghe highest electrical and optical
quality flakes. This method, however, is not scalable. Liquid phase
exfoliation has proven to be a high yield and quality production
method. Nonetheless, this method produces very small flakes,
commonly below 100 nm. Talg an industrial point of view, the most
promising method for large area and homogeneous Mugs is via
chemical vapor deposition (CVI[®2]. However, this method is not
straightforward because it requires expensive CVD equipment and
optimization of the growth process that can be tirmensuming. In
this thesis, mechanical exfoliation is chosen due to its easy
accessibility, relativelyow price, and good properties and it will be
covered in greater detail in the Experiments and Methods chapter.

1.3 MoS; Band Structure

MoS band structure strongly depends on the thickng28-25]. The
conduction band valley is located at the six corners of the Brillouin
zone (K points) and at the midpoint along high symmetry Ilpsand
M-K as shown in Figure 1.1c. The same fiqals® shows that the
valence band hills are located at tingpoint as well as at the K point
where the band is split due to sporbit coupling[26-29]. In single
layers, the conduction band minimum and valence band maximum
coinciding at the K point, making it a direct gap semiconductor as
shown in Figure 1.1c. This band structure makes MaBnable band

gap material depending on the thickness, suffering a transition from
1.29 eV (961 nm) in bulk to 1.84 eV (673 nm) in monolayer as is
illustrated in Figure 1.1d.
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Figure 1.1: aMoS monolayer crystal lattice, consisting of a
honeycomb arrangement. Dashed zone corresponds to one primitive
cell. The inset shows the surrounding environment of a Mo atom in a
trigonal prismatic arrangement. Adapted frof80]. b MoS Brillouin
zone with some of the high symmetry directions. Adapted ff@si. c
MoS band structure depending on the thickness. The bulk band
structure is shown in the left inge. The indirect bandap is present
between the mK symmetry direction. The right image corresponds
with the monolayer band structure, where the direct bagdp can be
observed along the K symmetry direction. Adapted fr¢23]. d
Evolution of the bandjap depending on the thickness going from bulk
to monolayer from left to right respectivehAdapted from[25].



Figure 1.2a shows two clear resonances that candkatified in the
photoluminescence (PL) spectrum of Mo®Bhese two resonances are
established to be the direct excitonic transitions at the Brillouin zone K
point. Their energy difference is due to the sjirbit splitting of the
valence band26-29], and these resonances are known as A and B
excitons seen in Figure 1.2a. As an indirect bagapl material, PL in
bulk MoS2 is a weak phonessisted process. When the number of
layers is reduced, appreciable PL is observed, andihighsity PL is
detected in monolayer samples as observed in Figure 1.2b.

a . . . . b

MoS, monolayer

PL Intensity (a.u.)
PL Intensity (a.u.)

T T T T
550 600 650 700 750 800
Wavelength (nm)

Wavelength (nm)

Figure 1.2: aPL spectrum of monolayer MoS2 showing two
characteristic resonances. Inset shows the A and B excitonic
transitions due to the sphorbital splitting of the valence band. Inset is
adaptedfrom [29]. b PL spect as a function of the number of layers.
PL intensity is reduced when the thickness increases. Adapted from

[31].
1.4 Mo Electrical Properties

MoS is intrinsic when its Fermi level is located exactly in the middle of
the gap. When adding different dopants (N or P dopants), this level
can be moved (above or below the middle of the bayg
respectively). Many situations can affect the Maf®ping: ambient
contaminants such wus water or adsorbents, lattice defects,
contamination during transfer and fabrication processes, the substrate
the Mo$S sits upon, etc. Chemical dopants2, 32] ion etching33,

34], implantation of new specig85], are also different methods that



can vary the doping of Me&nd they will bediscussed in the next
chapter.

The Fermi level of Mg@Scan also be modulated in a field effect
transistor (FET) configuration (Figure 1.3a) by applying a gate voltage
as Figure 1.3b reveals. FET devices are semiconductor devices in which
only one type ofcarrier predominantly participates in the conduction
process. These devices offer many attractive features for-fjged
integrated circuits because they can be made from a semiconductor
with relatively high electron mobilitieglL1]. In principle, because FETs
are unipolar devices, they do not suffer from carrier storage effects
and consequently have higher switching speeds and higher cutoff
frequencies than bipoladevices[36]. Further, from a technological
point of view, it is necessary to take into account different parameters
when a FET device is fabricated. Mobility (i), ON/OFF ratio (the ratio
between the maximum and the minimum conductivity), threshold
voltage (the voltage in which the current goes from theimum to

the linear region), subthreshold swin@ghe change in gate voltage
which must be applied in order to create a one decade increase in the
output curreni) are those parameters that can determine the quality
of a device and they will be studied ietdil in the next chapter (FET
device fabrication and characterization details will be also discussed in
greater detail in the next chapter).

b 2,0 1 1 1 1

Saturation

a Vi
[~
<5

ON/OFF

Drain Current (pA)

:
1 v v
= "‘ )/
0,0 .
T T T T T T
-80 -60 -40 -20 0 20 40 60 80

Gate Voltage (V)

Figure 1.3: aBack gated FET geometty.Transfer IV FET curve for
different devices. Each curve corresponds with different doping. The
devices were fabricated by optical lithography followed by metal
deposition of Cr and Au and a liftoff process.
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Chapter 2: Experiments and
Methods

This chapter concentrates on the processes, equipment and
experimental techniques used during this thesis to fabricate and
characterize Mo§S FET devices. Mechanical exfoliation over -pre
patterned Si/SiQ substrates through a deterministic methods i
introduced. Secondlythe fabrication of FET devices is described,
includingtools, lithographic processeand frequently used techniques
to characterize the sampled=inally, different used characterization
techniques are subsequently explained, inéhgddectrical transport,
microscopiccharacterization techniques, optical measurements, and
Raman spectroscopy.

2.1 Mechanical Exfoliation

As mentioned in Chapter 1, different methods can be used to obtain
2D materials. CVD is a method that produces lasgea and
homogeneous 2D films, with a high number of defects and reduced
charge carriemobility. Flakes obtained withquid phaseexfoliation

are very small, in the nm scale. In the other hand, mechanical
exfoliation is a technigue that is in between the other ones, producing
flakesof um? areas For that reasonthe production of devices from
CVD or liquid phase exfoliated samplegjuire a lot of fabrication
steps (transference of the films, wet/dry etching, aligning, etc.). In the
other hand, the fabrication process iselatively easy to use when
producing devices from mechanibalexfoliated flakes. Apart from
that, flakes are mut purer than the films obtained with CVD, having
better electrical and optical properties. These reastogether with
inexpensive costsmake mechanical exfoliation the technique that is
used in this thesis.
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2.1.1 Transfer Method

This method is based orhé mechanical cleavage method used for
graphene in 20041]. The main difference is that this deterministic
like technique allowdocalizingthe flake in the exactly desire position.
This technique was improved by Andrés Castellanos g2]al.

Figure 2.1 shows the used materials in the exfoliation procedure. From
left to right: bulk mineral Mo§ SPV 224 Nitto tapeacquire from
Nitto', and polydimethylsiloxane (PDMS) with a protectivéyperic
layeracquirefrom the companyTELTEC

a

Figure 2.1:Necessary materials fathe preparation of devices via
mechanicakxfoliation.a BulkmineralMoS. b SPV 224 Nitto tapsoll.

c A 10x10 crhPDMSoil. A 0.5x0.5 cfpiceis used in each exfoliation
process.

Figure 2.2 shows the entire exfoliation process. The Mo&k is stick

to the Nitto tape. After that, the MoSs peeled off several times. The
thickest flakes are deposited onto this Nitto tape, which is named
mother sample. This process is subsequently repeated until the
material is observed much thinner. A piece of PDMS is cut and the
protective layer is removed. After that, PDMS is stick to the second or
third exfoliated Nitto tape (to obtain thinner materialfhepressure is
applied to ensure that the PDM3cely adheredo the material and

! https://www.nitto.com/eu/es/products/group/surface/spv_metal/017/
2 https://lwww.gelpak.com/geffilm/wf -film/
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after that, it is rapidly removed from the Nitto tape. The PDMS has
now flakes with different thicknesses. The surface of the PDMS is
exploredwith an optical microscopén order to selectthe thinnest
flakes. As the PDMS is transparent, the contrast is higher if the
transmission mode is used.

Figure 2.2:Sequence of the wholexéoliation processa Preparation

of the mother sample by peeling off several times bulk MoR\spect

of the mother sample once it has been exfoliatedl.Successive
exfoliation samples. Thinner material is observddA piece of PDMS
(grey square) onto the fourth exfoliated Nitto sample. Nikon
Microscope used to observe the resulting exfoliated flakeTypical
image obtained in transmission mode. Red circle corresponds with the
thinner flake observed in the image. Scale b&Gsim

The transfer set up is used once the flakes have been successfully
identified. Figure 2.3a shows the setup, whicbnsists 6 different
parts. A XYZ micromanipulator stagecquired from the company
Thorlabg is mounted on a magnetic base. This micrometric stage is

3 https://lwww.thorlabs.com/thorproduct.cfm?parthumber=RB13M/M
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used to mount the PDMS. The sample is placed with double sided tape
onto a stage with rotational and Xadjustment bought fromthe
company Thorlabd. The optical part consistsfca DSLR camera
acquired from the companganon adjust to a 12x zoom lens and a

HDMI TV.

Magnetic Base

12x Zoom Lens <

Sample stage
and Rotational XY stage

Figure 2.3: alransfer set up showing the most relevant featurbs.
Main steps of the trasfer process. From left to right: PDMS positioned
and adjusted over the sample. TV image of the PDMS been slowly
peeled off, where the wavefront is clearly observed (scale b#&Ois
um). The fnal image of the transferred flakento the pattern (scale
baris @ pm).

Figure 2.3b shows the main steps of the transfer process. A pre
patterned sample (to localize later the flakes) is placed on the sample
stage, ensuring flatness. The patterning was done with optical
lithography, which will be introduced laten this chapter. The sample

* https://www.thorlabs.com/thorproduct.cfm?partnumber=XYR1/M
> https://www.canon.es/for home/product_finder/cameras/digital_slr/eos_1300d/
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Is imaged with the lens system and is clearly seen in the HDMI TV. The
PDMS is mounted on the XYZ stage and is positioned over the sample.
The chosen flake is pointeout in the field of view of the camera.
Afterward, the desiregattern is focalized. The PDMS is then carefully
lowered and adjusted with the micromanipulator making the pattern
and the flake to be aligned. When the PDMS is almost touching the
sample, both pattern and flake focuses are the same. When the PDMS
is toudhing the sample, it is pressed very carefully against the sample
surface. In order to transfer the desires flake, the PDMS is slowly
peeled off, releasing the flakes and adheringerth to the pre
patterned sampleThe working principle of this techniquebased on

the viscoelasticity of the PDMS. Macroscopically and at short time
scales, it behaves as a solid, but microscopically and at very long time
scales, it slowly flows over the contact surf§8p

2.2 Micro and Nano -fabrication
2.2.1 Optical Lithography

Optical lithography, also known as photolithography, is a
microfabrication technique in which light is used to transfer a pattern
onto a substrate via a ligkgensitive polymer, known as photoresist.

The pattern icreated,either directly or with a projected image using

an optical mask By selectively exposing parts of the photoresist,
windows can be opened in the underlying substrate to make
subsequently micrabrication processes, such as film deposition
dry/wet etching

2.2.1.1 Instrumentation and Optics

In this thesis, a direct optical method is used, in which the laser
directly writes the pattern onto the photoresistin this thesis,a
Heidelberg DWL 66FEguipment is usedshown in Figure 2.4a, with a
laser excitation wavelength of 405 nm. The sample is placed in the
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interferometric stage, observed in Figure 2.4b. The laser is turned on

and off while the interferometric stage is moved. The laser focus can
be controlled via a PID sensor in optical or pneumatic mode,

depending on the sample size (pneumatic mode can only be used for
high area samples, more than 2 9m

A =]
fﬂ'i =

|
\

o iy [ write head
- 4

Short-range

Scannifig ' i !'
Axis

-
Long-range Scanning Axis

Figure 2.4: aMaskless optical laser writer equipment. Heidelberg DWL
66FS model.b XY Interferometric stage showing the movement
directions.

A general view of a photolithography optic system is observed in
Figure 2.5a. The universally accepted definition of resolution of an
optical systenj4] is that the maxima generated by one point must not
be closer than the first minima of the second point (Figure 2.5b). Using
this definition, the smallest feature that can be projected is given by

v PCQ_
v Q

2.1)
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where f is the distance from the focusing lens to the resist on the
image plane, d is the diameter of the focusing lens ant the
excitation wavelength. The resolution can also be expressed as

0 _ (2.2)

Y ==
(Vo)

where K is an experimental parameter thatlepends on the
lithography system and NA is the numerical aperture of the objective
lens used to focus the lasgg]. The M\ is a function of the anglend is
expressed as

Lo £ i Q¢ (2.3)

where n is the refraction index (n=1 for air).

The commonly accepted restriction is that the difference in path

tf SYyaadK 2F Gé2 NI & a[40Thig resribtion/nas av 2 NB U K
effect on Equation 2.2. If the resdian limit wants to be decreased,

the lens has to be very large with a high numerical aperture. This is not

possible because Rayleigh criteria tbe depth of focus would be

violated. The depth of focus is the distance over which the image will

be on focs from the image plane. The larger the lens, the smaller the

depth of focus. The Rayleigh criterion requires that

- wd WADE (2.4)

Assuming small angles, we can use that

e wa — 0 G— (2:5)
e wap p C 0 G

=
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_ (2.6)

0 0 (2.7)

Combining equations 2.6 and 2v& obtain that the depth of focus is

3
" _ (2.8)

An increase in the numerical aperture will improve the resolution as
seen in equation 2.2, but it will reduce the depth of focus. A reduction
in the excitation wavelength also causes a better resolution, reducing
the depth of focus and making the process sensitive to experimental
parameters, such as variations in the photoresist thickness. A decrease
in the focus could also increase the resaut(equation 2.1)
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Figure 2.5: &Scheme of an optical system for a focusing laser beam.
Adapted from[6] b Fraunhofer resolution limit. Adapted frof].

2.2.1.2 Photoresists

A photoresist is a lightensitive material composed by a polymer
whose molecular weight and chain length are crucial for its solubility in
certain solvents, known as developers. The photoresiss ha
photoactive compound, which, when exposed to a dose of lightdrig
than a threshold value, produces a variation in the chain length,
changing its solubility. For negative photoresist, exposure above the
threshold value causes the bonding of chains, increasing the molecular
weight and reducing the solubility. Positiypdotoresists work in the
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opposite way: exposure of UV light above the threshold value causes
chain shortening, reducing the molecular weight and increasing the
solubility.

In this thesis the used resists are AZ1505 and AZ1512HS positive
photoresist acquied from the company MicroChemic&lsThey are
deposited onto substrates by spin coating at 4000 rpm (see Figure 2.6a
for thickness vs. speed curves), followed by heating at 90 °C during 60
seconds in order to evaporate the organic solvents. The photoactive
compound isdiazonaphthoginone (DNQ) (seen in Figure 2.6b), and
the polymer is a phenol polymer commonly known as Novolak (Figure
2.6¢). Upon UV exposure, the DNQ undergoes a Wolff rearrangement
to form a ketene (Figure 2.6(J], which reacts with ambient water to
form a base soluble carboxylic acid, inducing chain scission in the
Novolak, and increasinipe solubility in alkaline developer solutions.
After UV exposure, the photoresist is developed in AZ351B developer
acquired from the companyicroChemicaldor 60 seconds. Figure
2.7a shows a scheme of the entire process for a positive photoresist.

Taking into account the discussion of the previous sections, the
minimum feature size at an excitation wavelength of 405 nm is around
500 nm for the AZ1505 resist and 1 pum for the AZ1512HS resist.

The contrast describes the ability of the resist to digtiisg between
light ard dark Figure 2.7b shows the contrast curve for a positive
resist. This curve represents the proportion of developed resist as a
function of the exposure dose in a logarithmic scdlee contrast is
defined as

P (2.9)

.. Q
II@

® https://www.microchemicals.com/products/photoresists/az_1505.html
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where 0 is the exposure dose at which the resist first begins to
dissolve (can be calculated where the tangent of the curve sat D
intercepts 1) and Pis the exposure d at which the resist is
completely dissolved.

a

-
N
4

E 10
28 + AZ® 1505
g 6 » AZ® 1512
2 \\. 2 AZ® 1518
L | - S
B : AZ® 1529

0 : ’

0 1000 2000 3000 4000 5000

Spin Speed, rpm

g ~ @@
o [ %5 %

Figure 2.6: aCharacteristic film thickness (um) vs. angular velocity
(rpm) curve for different resists. AZ1505 and AZ1512 are the resists
that have been used in this thesisyith afilm thicknessof 0.5 pm and

1.2 pym respectively. Adapted frofB8]. b Structure of DNQ molecule.
Adapted from[9]. ¢ Structure of Novolak polymer. Adapted frdit0].

d Scheme of a Wolff rearrangement process mediated by light
exposure. Adpted from[9].

The tendencyof a resist to deviate from a perfdgtvertical wall is
characterized by its contrast. For high contrast resists such as the ones
used abng with this thesis, erosion is still present (depending on the
laser intensity, focus and resist conditions), causing a tilted sidewall as
the one is observed for positive resist in Figure 2.7c. When the
photoresist is removed using different solventsaiprocess known as
liftoff, the tilted sidewall can be a problem because the accumulation
of metal and resist in the sidewalls-Methyl-2-Pyrrolidone (NMP) is
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the best solvent to remove the resist and the metal present in the
sidewalls due to its low vap pressure and high flash point (at-80
°C).

@ [ Substrate J b
(1) Apply photoresist l
[ Photoresist ]
[ Substrate ]

(2) Expose to light

1 1

[ ] 1 10 100
- Exposure Dose (m] cm=2)
[ Substrate ]
(3) Apply developer l
c
Positive Photoresist [ \

{ | Bhotoresist | ] [ Substrate ] [ Substrate J
[ Substrate Ideal Sidewall  Erosion in positive resist

Figure 2.7: aScheme of the main steps for positive resist. Adapted
from [11]. b Portion of remain resist as a function of the exposure
dose. @ and D are the characteristics to calculate the contrast.
Adapted from[9]. c Left: ideal vertical sidewall. Right: eroded sidewall
corresponding with a positive photoresist

2.2.1.3 Correlative Maskless Laser Optical
Lithography

In this thesis, a method has been developed to make photolithography
a more efficient process. The patterned substrate used to exfoliate the
material is employed to identify where the exfoliated #skare. The
pattern consists ba square matrix indicating the number of row and
column (see Figure 2.8a). Each element of the matrix has a coordinate
(given by the geometry created witElphy Multibeam softwarg.

" https:/iwww.raith.com/products/elphymultibeam.html
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When the flakes are localized via optiaaicroscopy, a photo is taken.
After that, it is necessary to correct the image (angle and size) via
software manipulation (SVG MafksWith this software correctiorit

is possible to define the same coordinate system for flakesraatrix

as seen in Fige 2.8b Subsequently, thelevice geometry isreated

with the Elphy Multibeam software as seen in Figure 2.8c.

a
0l6 0l6
076 0718

0l6
0Te

Figure 2.8: aMatrix indicating the row and the column. The circle
shows an example of the pattern (indicating row number 5 and
column number 7p Corrected image taken with a 75X objecti®zale
bar is 50 um The correction allows the image and the geometry to
have he same coordinate system.Electric contacts drawn witthe
lithographical softwareScale bar is 50 um.

Once the geometry has been created, it is transferred toDVEL66FS
Heidelberg equipment. By aligning the sample and indicating which
the matrix coadinates are, the lithography is launched. After thiie
photoresist is developed in AZ35XRveloper for 60 seconds. Then
the metal deposition is performed in a thermal evaporator. After that,

8 http://Iness.como.polimi.it/svgmarks.php#svgmarksdownload
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a liftoff process in acetone is carried out overnight, fakal by an
NMP and IPA rinse during 10 minut€sgure 2.9a shows an example

of the entire correlative optical lithography proceskhe first image
corresponds with the exfoliated flake. The second one coincides with
the optical lithography step. The finalnage reveals a totally
fabricated device, with the evaporated electrod@$is method allows
contactingas many flakes as desired as seen in Figure 2.9b, where 12
devices wereexposedn less than 10 minutes.

a

Figure 2.9: &Sequence of the correlative rakess optical lithography.
From left to right: microscope imagef the exfoliated flake Optical
image of the resulting lithographyetal depositionand liftoff. Scale
bars are 20 unib Example of a sample containing 12 devices. Scale bar
is 500 pm

The bllowing table shows a resume of all the fabrication steps in the
production of a sample.
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Step # | Description

1° Fabrication of the prgpatterned substrate with AZ1512H
resist

20 Exfoliation and optical imaging

3° Software correction and geometry

40 Resist spinning and optical lithography with AZ1505

50 Developing in AZ351B for 60 seconds

6° Cr and Au deposition in a thermal evaporator

7° Liftoff in acetone overnight and NMP/IPA rinse during
minutes

Table 1:Description of the whole fabricatioprocess

2.2.2 Gas Injection System

Once a device has been fabricated it is difficult to modify its geometry
or thickness. For that reaspm this thesisa new tailoring method is
studied to modify the geometry of a fabricated deviaed produce
specific structuregcoveredin chapter 3). For that porpoise, a gas
injection system (GIS) is employed.

Figure 2.10shows the GIS mounted inside the chamber &fIBSEM
AurigaUltra High Definition Scanning Electron Microscope (AHHM)
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acquired from Carl Zeiss It consists ba reservoir where the chemical
substance is present at a certain temperaturdt. also has a
microneedle system as will be explained in chapter 3.

eBeam GIS

Figure 2.10:Photography ¢ok inside the UHESEM chamber.

2.3 Characterization Technigues
2.3.1 Electrical Transport

2.3.1.1 Instrumentation

Electrical characterization was done via transporheasurements
under both, ambient and vacuum conditions. Figure 2.11 shows the
set up for electrical measurements carried ontvacuum conditions.

® https://www.zeiss.com/microscopy/int/products/fisseminstruments.html
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Taking that into accoung Keithley 2614B unit is us€d This system
has been wired directly to a cryostat (Optistat DN buy frdme
company Oxford Instruments) that allows working at different
temperatures (fromliquid nitrogentemperature(77 K) to 500 K).

Figue 2.11a shows the entire set uphe sample is mounted with
insulating varnish in a chip carrjeas shown in Figure 2.11Bhe
sample must be smaller than 0.5x0.5%rit is necessary to perform
wire bondingfrom the sanple electrodes to the chip carrier in order
to ensure the electrical contacfThe wires are made of goldt is
recommended to bond at least two wires per electrode because the
junction between wire and electrode is weak.

Figure 2.11c shows the cryostat tmal window which allows
performing optoelectronic measurements in vacuum conditioAs.
described in chapter 5, the generated photocurrent of the MoS
devices will be studied as a function of different wavelengths.
perform these measurements, a cougleptical set up is necessary, as
Figure 2.11dand 2.11ereveal. The optical path and components are
shown in Figure 2.11e. A white LEBDused to obtain an optical image
of the sample inside the cryostah variable wavelength laser (Fianium
Superchrome)s couplel to a cage system texcite the sampleand
perform the photoresponse measurementdhe cage system is
coupled to a spectrometer, in which the signals are collected by a fiber
coupler.

The Keithley 2614B has twamurce measure unitSMU. The SMUs
commonly used for applications requiring high accuracy and
measurement flexibility Its fourquadrant design allows it to
simultaneously source and measure both current and voltage. To
simplify the wiring, all devices measured in vacuum conditions have
one common grounded electrode.

1% https://www.tek.com/keithley-sourcemeasureunits/smu-2600bseries
sourcemeter
" https://nanoscience.oxinst.com/products/cryostafsr-spectroscopy/optistatdn
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e Sample inside cryostat
[

Beam
splitter
(x2)

Laser
source

Figure 2.11: &Cryostat set up Sample mounted on a chip carrier
Optical windowd Coupled optical setuge Schematic of the optical
path

Ambient measurements were carried out using a Keithley 4209
probe station with four SMU Four probes can be simultaneously
connected, and each of themable to produce current or voltage and
measure current and voltage at the same time. Figure 2.12a shows the
probe station system. This system has a moveat#eeo zoomoptical
microscope to observe the sample, which is mounted pIX¥Z stage.
Backgated field effect transistor measurements were carried out
using twoprobes contacted to the device's electrodes, and another
needle for the gate electrode. When dgirelectrical measurements
under light illumination, an extra set up is added to the probe station
as Figure 2.12b shows. A white light emitting diode (LED) is sat in the
back part of the probe statiofred circle of Figure 2.12cThe LED is
connected to gulse generator (TG310 3Hz Pulse Generator buy from
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TTt3) and allovs performing photoresponse measurementander
different duty cycle excitation

Figure 2.12: dmage of the probe statiorb Zoom of the XYZ stage.
Image of the stage where the LED isserved (red circleXd Zoom of
the probe station when thé&EDis emitting.

2.3.1.2 Field Effect Transistors

A field effect transistor (FET) is a device that works controlling the
current between its terminals by applying alectric field (controlled

with the gate). A FET can be described as a parallel plate capacitor,
where one capacitor plate is the gate and the other plate is the MoS

12 https://www.aimtti.com/product-category/legacyproducts/aimtg310
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device channel. Although a top gated configuration is the most
common way of fabricatiomn FET devices, the measurements in this
thesis hae a backgated configuration to simplify fabrication
processesand to allow optical characterizationThe Mo$ flake is
separated by a 285 nm Siiim from the degenerately doped silicon
gate ¢the employed silicon has a metallic behavior because its doping
makes the Fermlevel energy to be really close to the valence or
conduction band).

Figure 2.13a shows the drain to source curreg) {Is. drain to source
voltage (Vs characteristic curve of a FE$ a function of different
gate voltages. At drain to source voltages much less thargate to
source voltages, changing the gate voltage will change the channel
resistance. In this situation, the FET operates like a resistor and it is
said to be in theihear region. If the drain to source voltage is highly
increased, the ltannel changes asymmetrically and the FET is said to
be in saturation mode.

The carrier density in a FET channel induced by a gate voltageeca
expressed as

., 0 : (2.10)
€ 700 w

where q is the elementary electron charge, ¢ the threshold voltage
(an indirect measurement of the dopingf the FET conduction
channe), and Gis the oxide capacitance and is given by

- - (2.11)

GKSNEBas 6KS @I OdzdzY ,isXaeNd¥akive iperrathivilye | y R
2F (K S=3DEoAIH and d is the oxide thickness (285 ni)
For that reason, changing theharge density (changing the gate
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voltage) is equivalent to modulate the Ferlevelenergy. By settingV/
at zero the doping concentration of the channel follows
6 (2.12)

3 —] W
n

With that in mind, for ¥, < 0, i, <0 and the device will be -Noped.

For \4, > 0, > 0 the device will be-Boped. For voltages between the
threshold voltage and the inversion mode, the device is in depletion
mode (the mobile charge carriers are diffused by an electric field), and
it would have practically no current flowir{g].

The conductivity of the 2D channel is given by

p (2.12)

iR A

GKSNE °~ A& GKS NBaAaimbmity.ie 2F (GKS

Taking into account the definition of resistivity equation 2.12 can be
expressed as
£ A (2.13)

0 O
W

where L and W are the device length and width, respectively.
Substituting equation 2.10 into 2.13

0 0 6
222 4haA (2.14)
0 N

Isolating 4 and deriving with respect togv/the mobility is described as
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0 Qo
A — - (2.15)

A ks vs. \§ transfer curve at RT conditionss the observed in Figure
2.13b can be used to calculate the mobil{squation 2.15) and the
threshold voltageusing the extrapolation in the linear region method
for dluddVy [12]. For this devicethe resulting mobility i€0.5cm?V?'s®

and \Vh is -35 \.
2 ax107 . . . — b . . .
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Figure 2.13Transfer characteristic of a fabricated Md=SETat room
temperature.a lg vs. \4 curve as a function of the gate voltage bias.
Both, linear and saturation regions are observiedy vs. \{ curve for a

Vq bias of 1 V. Mobility is calculated by the extrapolation in the linear
region method (using the slope in the linear region calculated with the

black dashed line ¢ Logarithmic plot of the curve shown in Figure
2.12h ON/OFF ratio results on 10

32



Figure 213c shows the same curve in the logarithm scale. #Iss
possible to calculate the ON/OF®hich indicates the ability of a
device to shut down and not consuming current despite the applied
Vy. This ON/OFF ratio can be obtained as the ratio between the
currents in the saturation state and in the depletion state

Electrical characterization was also performed at vacuum and low
temperature conditions in the set up shown in Figure 2.11. IV transfer
characteristics were carried out from 77 K to 300 K g@ressure of
1x10° mbar. Figures 2.14 and 2.15 show an example of the electrical
characterization of a device under cryogenic conditions. Figure 2.14a
shows the characteristic behavior of a transistor. The same behavior
than Figure 2.13a is observed byyiag the gate voltage. Figure 2.14b
shows the transistor behavior under gate sweeping frd®0 V to 100

V at different temperatures. By decreasing temperature, the threshold
voltage increases, indicating that this parameter strongly depends on
temperature This behavior is also shown in Figure 2.15c, where the
threshold voltage value has an exponential dependence with
temperature. Using an electrthermal model [13], similar to the
Arrhenius equation, the threshold voltagg, ¢an be expressed as:

()]
W O Adp— (2.173)
LY

where A is an exponential factorg is the Boltzmann constant, T is the
temperature and Eis the threshold voltage activation energy.
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Figure 2.8: Characterization of dabricated MoS FET at cryogenic
conditions.a Iy vs. \4 curve as a function of the gate voltage bets
300 K and 1xI®mbar. b I4 vs. \} curve for a ¥ bias of 500 mV at
different temperatures. Threshold voltage depends on the
temperature.

Figure 2.15c shows that the exponential decay proposed in equation
2.17 is in good agreement with the experimental data. The Activation
energy results on 26 meV. This energy can be also calcdlatadthe
Arrhenius plot shown in Figure 2.15d. The Arrhenius equation can be
expressed as:
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.., Oeep (2.18)

Where B is an exponential factogplis the drain current, fis the
activation energy; K is the Boltzmann constant and T the
temperature. In this case, the activation energy is 22 meV. The ratio
EEQ A& wmMomy>X aKz2gAy3d GKFG GKS
methods are in good agreement. This energies also agrees with
previously reported tsidies[14, 15]

Figure 2.15b reveals that mobility also depends on temperature. It
decreases when decreasing temperature. In a semiconductor, the
mobility is temperature dependent. There are two types of scattering
mechanisms that can influencthe mobility of the device: lattice
scattering and impurity scattering. Lattice vibrations cause mobility to
decrease when increasing temperature. Nonetheless, the mobility of
carriers in a semiconductor is also influenced by charged impurities.
The mecharsm underneath is totally opposite to the lattice scattering
mechanism: at low temperatures, carriers move more slowly and
there is more time for them to interact with these impurities. As a
consequence, when temperature decreases, impurity scattering
increases and thus, the mobility decreases. The mobility dependence
with temperature due to impurity scattering is*F, while the
temperature dependence due to lattice scattering i€2T16]. That is

the reason why in Figure 2.15b mobility increases with temperature.
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Figure 2.5: a Temperature dependence of mobility taking into
account different regimes: impurity and lattice scattering. Adapted
from [16] b Calculated mobility as a function of temperatune a
fabricated derice Mobility increases when the temperature increases.
¢ Threshold voltage value as a functioh temperature of the sane
devicein b. 4, was obtained from the curve of Figure 2.14b. A clear
dependence on temperature is observetiArrhenius plot of the drain
current as a function of the inverse of temperature

2.3.1.2.1 Optoelectronic Properties

As Mo$is a semiconducto electrical properties depend strongly on
the light. For that reason, it is important to study how the IV
characteristics of MOSFET behave as a function of light excitation.
Figures 2.16 and 2.17 show the electrical response under light
illumination rgported by different authorgl7, 18]

Figure 2.16 shows the energy band diagram under different
illumination and gate conditions. Figure 2.16a shows the equilibrium
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condition, where the device is not illuminated and without drain or
gate bias. In this ate, the device is characterized by small Schottky
barriers at the electrodes due to the Fermi energy alignment between
the Mo$S and the gold contacts. Figure 2.16b shows the situation in
which the device is illuminated in the OFF statg IfWer than \4).

The light is absorbed and the electrbiole pairs can be extracted by
applying a bias between the source and drain electrodes. In the ON
state (\§ higher than V), thermionic and tunneling currents also
contribute to the device current, as Figure 2.18wows. Measuring in
the OFF state results on a reduced dark current. In the other hand,
measuring in the ON state results in a more efficient photocurrent
extraction and a higher photorespongE?].

a b c
source  MOS; Drain v ¢ i/Photogenerated
E -- i
¢ < carriers
g, 2o LI E, .
E, . ,
No illumination Device under bias and Device under bias and
equilibrium illumination in the OFF illumination in the ON

state state

Figure 2.16 aEnergy band diagram without illumination. Yellow zones
correspond with the gold electrodeb.Energy band diagram for¥My
under illumination. ¢ Energy band diagram for g%, under
illumination. Adapted fronj17]

The photocurrent (bn) is defined as the difference between
illumination and dark current and can be expressed as:

0 0 0 (2.19)

Figure 2.17a shows howylvaries as a function of the excitation
wavelength for a monolayer M@&ET. There is a clear change of 650
nm, near the monolayer MgSbandgap. This is obvious since the
generation needs to satisfy a basic condition, that is, the photon
energy must be greater than the band gap of the material, which is 1.8
eV (in the monolagr). Only those photons with enough energy can
promote electrons from the valence to the conduction band,
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generating the photocurrent when a voltage between source and
drain is applied.
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Figure 2.17:a Drain current as a function of different wavelengths.
The current is negligible above 700 nm due to the monolayer bandgap
at 1.8 eV (680 eV). Adapted fropd8] b Photoresponsivity as a
function of the gate voltage. In the ON state, the photoresponsivity is
higher. Adapted fronj18] c Drain current as a function of gate voltage
under light and dark conditions. The current increases in the whole
range under illumination, indicating that this mechanism dominates
over thermionic or tunneling emission. Aded from [18] d IV
characteristic at different light powers. Adapted frg8]

One of the significant parameters to determine the performance of an
optoelectronic device is the photoresponsivif®), which is calculated
using the following equation:

0 0 (2.20
v © ©
~

0

Where P is the light incident power and S is the effective illuminated
area. As Figure 2.17b R depends strongly on the gate voltage. As
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mentioned beforemeasuring in the OFF state (lower voltage values)
result in a deficient photocurrent extraction, and thus, a lower value of
R. In the other hand, the extraction of the photocurrent in the ON
state is more efficient, resulting in a higher value of R.

Figure 2.17c and 2.17d show the IV characteristic under different
illumination conditions. It will be shown in greater detail in chapter 5,
but it is important to mention how the electrical characterization
varies with different light conditions. Figure 2.17cosls how the
drain current under illumination is higher than that under dark
conditions, dominating over thermionic and tunneling currents in the
entire range. Figure 2.17d shows that the photocurrent is power
dependent. As different studies show this depency between
photocurrent and incident power is line§t7-19].

2.3.2 Yectroscopic Techniques

2.3.2.1 Instrumentation

p-Raman and {PL measurements were carried out in the fremce
set up shown in Figure 2.48The excitation source was a 488 nm Ar
laser (Models StellaPro 488/50 and Mellesriot). The input signals
were collected by a Peltier cooled silic&CCD detector (Andor
Newton), passing through a 0.5 m diffraction spectrometéth a
1200 lines per mm diffraction gratinghe laser beam is guided by a
mirror system into an invere scanning micrecope stage shown in
Figure 2.18. This stage allows, in combinatiavith a 10MHz Pulse
Generator,to acquire gPL and gRaman spectroscopy maps widss
than 500 nmof spatial resolution.100 x 100 pixel mapping were
obtained with an acqguition time of 1 second per pixel.

A scheme of the free spacset up is shown in Figure 2cl8he aser
beam passes through a line filter (Semrock MaxLine Laser Line Filter
LLO2488-25). This line filter eliminaghigher (and lower) emission
lines. The laser beam is guided through a mirror system and it is
reflected off a dichroic filter with a cutoff at 488 nm (Semrock
RazorEdge Dichroic LPRDOZBRU). After that, the reflected beam goes
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onto the sample. The emitted lighthe result of the interaction
between laser and sample), passes through the dichroic filter. Finally,
the emitted light passes through a razor edge filter (Semrock
RazorEdge LP@B8RU), filtering the small amount of Rayleigh
scattering light reflected in the sample

SRR
SN

& = o
Razor?¥ §° = L D

........

U Edge MERRERES
S [

Line filter

Sample

488 nm laser Mirror

source

Dichroic

Mirror

/
/7 Mirror
Razor Edge

Spectrometer

Figure 2.18 a Free space optical setup Piezo electric scanner used
to locate the sample and (if desired) perform spectroscopic meps.
Schematic of free space optical setup and its components

2.3.2.2 p-Raman Spectroscopy

Raman spectroscopy is an optical characterizatechnique which is
based on the inelastic scattering of light. It is used to observe
vibrational, rotational or other frequency modes in a system. When
light is scattered by matter, almost all the scattering is an elastic
process (known as Rayleigh seaittg) and the energy is conserved.
However, a small percentage of scattering correspondsntmelastic
scattering process (the scattered light has a different energy from
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incident light). When an inelastic scattering event occurs, a photon is
released.This photon can have lower (Stokes scattering) or higher

(Anti-stokes scatterig) energy than the incident one, as the scheme
shown in Figure 2.19 shows.

Virtual Iy
Energy
States = A
Vibrational
Energy States
4
3
v 2
1
1 X o
Infrared Rayleigh Stockes Anti-Stockes
Absorption Scattering Raman Raman
Scattering Scattering

Figure 2.19:illustration of the Raman processes depending on the
energy levels.

The Raman shift expressed in cthand it is given by

§ pn P _P (2.29)

% KSNEK I ¥ Rramax are the excitation and scattered photon
wavelengths respectively, expressed in nm.
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The Raman processes are related to phonons near the M and K points
of the Brillouin zone. Figure 2.20shows the phonon dispersion and
the density of states (DOS) in a sinlglger MoS. It has nine phonon
branches. There are three acoustic modes. Those that vibrgtéaire

(LA and TAwith a linear dispersion neamand the out-of-plane
acoustic mode (ZARO, 21] There are two optical modes at higher
energies, corresponding witithe excitation of zeremomentum
phonons at the K point. Nonresonant MoRaman spectra consist o
two main peaks: &, and Ay The inplane E,; mode results from
opposite vibration of two S atoms with respects to the Mo atom while
the A,g mode is assoated with the out of plane vibration of only S
atoms in opposite directions (representedtime illustration of Figure
2.2() [20]. The By mode is centered around 383 ¢hand the Aq
mode around 408 cih as seen in Figure 2.201t is important to
mention thatdue to the thickness dependency of the D@, Raman
modes arealso dependent as observed in Rige 2.2Q@ [22]. This
feature will allow identifying the number of layers as a function of the
peak position difference (PPD), 1g¢Elzg (it is a qualitative
measurement because Raman strongly depends on the optical
parameters such as focus, laser intensity, etc.).
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Figure 2.20 a Phonon dispersion and DOS in single layer MoS
Adapted from[20]. b lllustration showing the vibration of atoms for
the two main Mog Raman peaks. Adapted frojal]. c TypicalRaman
spectra for monolayeracquire in an exfoliatedMoS flake. The
excitation wavelength was 488 nm. Acquisition time was 1 second.
Apart from the characteristic peaks, Si peak can be observed at 525
cm™. d Raman spectra depentj on the number of layers. The peak
difference increases when the material becomes thicker. Adapted
from [22].
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Raman Intensity (a.u.)

2.3.2.3 p-Photoluminescence Spectroscopy

PhotoluminescenceRl) spectroscopy is a method that probes the
electronic structure of materials. Light is directed onto a sample,
where it is absorbed and photoexcitation can occur. The absorption of
photons promotes an electron from the ground state to certain higher
energylevels. The electron quickly relaxes and returns back to lower
energy levels. The relaxation of the electron to lower energy levels can
be through a non-radiative processor by a radiative process by
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emitting a photon. Light emission through this radiatiprocess is
known as PL. The process involved in MeISis described in chapter 1
(section 1.2).

2.3.3 Microscopy Technigues

2.3.3.1 Atomic Force Microscopy

Atomic force microscopy AFM is a weHknown characterization
technique that is based on the interaction of the sample with a tip
[23]. In this thesis, morphological and thickness measurements were
carried out with @ NTEGRA AFktquired from the companfMT-MDT
Instruments™>. All measurements were done in neontact mode, a
non-invasive AFM mode. The AFM lays on a Halcyonics_i4 active
isolating systm, ideal to eliminate the commomoise induced by
vibrations.HA_CNC Etalon seri@é&M tips were bought from NWMIDT
Instruments®. They have a 1.5 N/m force constant aadresonant
frequency of 66 KHz.

Figure 2.21a shows the AFM set up that has been usethgl this
thesis. figure 2.21b corresponds with an AFM image of a,Make
decored with flowers. These flowers were made via PFEBIE, that will
be described in the following chapter. It is possible to observe how the
MoS2 flake presents different terrase The left part of the flake
corresponds with a monolayer (ML) of 0.7 nm and the right side
corresponds with a 50 layhick flake (35 nm).

'3 https://www.ntmdt -si.com/products/modulaafm/ntegraii
 https://www.ntmdt -tips.com/products/view/hacnc
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Figure 2.21: 8AFM set up used for the characterization of this thesis.
AFM image a decored Mg8ake. Different terraces can be observed.
The left part of the flake presents a monolayer of 0.7 nm, while the
right side, corresponds with bulk MaS

2.3.3.2 Scanning Electron Microscopy and
Energy Dispersive X-Ray Spectroscopy

Scanning electron micscopy SEM is also a very studied
characterization technique[24]. It uses an electron beam that
interacts with the atoms in the sample producing different signals that
contain informaton about the sample composition and the surface
topography. In lis thesis an Auriga UHEEM acquiredrom Carl Zeiss

is used. The SEM is equipped with a Gas Injection System (described in
section 2.2.2), a Focus lon Beam (FIB) and a Scanning Transmission
Electron Microscope (STEM). Although SEM has these features, only
GIS was potentially used (apart from SEM imagéh different
detectors such as secondary electrons detector, backscattered
electrons detector and Hens detectoj. SEM is also equippedtivan
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Elphy MultiBeam to perform the etching of different structures as
described in chapters 4 and. Figure 2.22a corresponds with the
equipment located in the clean room. Figure 2.22b shows an SEM
image of a decored Me%$lake.

Energy Dispersive-RaySpectroscopy (EDX) is an analytical technique
used for the elemental analysis of a sample. It is based on the
interaction of a source of-Kay and the sample. The characterization is
possible in large part due to the fundamental principle that each
elementhas a unique atomic structure allowing a unique set of peaks
on its electromagnetic emission spectrum. EDX measurements shown
in chapter 4 were taken into a high definition SEM (BN bought
from the company Ca#eis$®) equipped with a Peltier cooled BD
detector (Xflash 430 from Bruker), with 30 rhdetector area, 133 eV
resolution and a working temperature of 40 K.

Figure 2.22 a Image of the UHESEM used in this thesib A
secondary electron SEM image in the decored Miteke shown in
Figure 2.21. Scale bar is 2 pm.

!> https://www.zeiss.com/microscopy/int/products/scannirglectron
microscopes/evo.html
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Chapter 3: Pulsed Focused e
Beam Induced Etching

3.1 Introduction

Transition metal dichalcogenides (TMDCSs), in particular, ,Mo&/e
attracted a lot of attention in the last years because of their
outstanding optical and electrical properties. As discussed in chapter
1, the band structure is strongly thicknedependenil, 2]. This leads

to a drastic change in its optical and electronic properties mhe
changing its thickness from bulk to monolayer.

Although singldayer Mo$ presents good optoelectronic behavior, it

is necessary to locally control it in order to produce specific devices
with emerging physical phenomerd]. Different methods to modify
these properties include inducing strah], using different substrates
[5], or even fabricating TDMCs based heterostructyiéés

It is important to ake into account that in this thesis the production
method of the flakes is mechanical exfoliation. As discussed
previously, this method produces very highality flakes[7]. In the
other hand, there is a big dispersion in the geonl factors of the
samples. The size, geometry, and thickness of the flakes are difficult to
control. For this reason, when fabricating a Mdfased device; the
performance will vary and it will be difficult to standardize the
fabrication method. In adtibn, when fabricating specific devices (i.e.
hetero/homo-junctions, covered in chapter 5) a lot of fabrication steps
are necessary. Firstly, standard fabrication is a basic condition. Then,
the second process consists of different techniques, like aligairihe
flakes, etching with a stencil mask, and so on.
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For that reason, the goal of this chapter is to show how a new
technique has been implemented to produce nanostructures in situ,
without the need of a mask, saving intermediate fabrication steps and
reducing the probability of damaging the devices.

Due to the chemical properties of MgSt is difficult to etch it with
common acids (nitric acid or sulphuric acid) or bases (KOH and NaOH)
at room temperature[8]. For that reason, this chapter will cover a
deep study of the chemicallry-etching technique, named Pulsed
Focused éBeam Induced Etching, PFEBIE. It will show the necessary
equipment and working conditions. Then, the parameter space under
study and the production of specific structures (i.e. dots, rings, holes,
etc.) will bediscussed. At the end of this chapter, it will be possible to
see how the nanopatterning is used to tailor the geometry of the
conduction channel of MGSFETs and how it could fix an apparent
problem of mechanical exfoliation.

3.1 Equipment and Working
Conditions

PFEBIE is based on the combination of a focused electron beam and a
constant flow of XeF In order to conduct the assisted etching of the
flakes, the samples are introduced in a Carl Zeiss Auriga workstation,
comprising an electron and a gas rktjen system (GIS), as shown in
chapter 2. To define the-beam positions a 16 bit per channel pattern
generator (400 MHz Raith multibeam).

The GIS consists of a nozzle system, whereby the etching gas is
expelled. The nozzle used for the Xé& placed 50 pm above the
sample that is going to be etched. It has a size of 500 um width and
500 pm height. The base vacuum at the chamber i mbar and it

rises to 10 when the Xefis flowing. The parameter that guarantees

a constant etchant pressure is thagreservoir temperature, which is

set at 10°C It prevents the gas to crystallize and it allows obtaining a
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constant gas flow. The beam energy and current are 2.5 kV and 0.24
nA respectively. The aperture size is 30 pm.

Flakes are obtained by the mechanical cleavage mefipdnce they

are deposited on the desired substrate they are introduced in a Carl
Zeiss Auriga workstation. Figure 3.1 shows the GIS coupled with the
sample. Figure 3.1a showslaw magnification SEM image of the
entire system. It is possible to observe the nozzle system, composed of
5 needles, each one specifically used for a different material. The one
in the middle corresponds with the nozzle specific for the X5
ejection. Figure 3.1b shows a zoom over the XpFobe. This Figure
shows how the probe is placed too close to the device/flake that is
going to be etched.

Nozzle System

Sample

Figure 3.1: &8EM image of the GIS nozzle system close to the sample.
Five different probes can be observedhe one in the middle
corresponds with XeFb Zoom taken in the Xefprobe. It is placed
Scale bars are 500 pm.
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3.3 Pulsed Focused eBeam
Induced Etching Parameter Space

Due to its highly oxidizing properties, Xa§ used in industry as an
etching gas for SiPrevious works have shown that XeEactively
etches Mogat highpressure condition$8]. Xek has also been used
to modify the properties of graphen®, 10}

The goabf this thesis is producing structures in situ, without the need
of intermediate steps, as previously discussed. The etching is possible
because the doeam dissociates the gas mixture present in the sample
surface. Xenon is a volatile compound that fli@gag. Due to the high
chemical selectivity of fluorine with Me$11, 12] it will etch the
flakes. There is a competition between different processes. First, the
primary ebeam directly etches a very small portion of the flake. In the
other hand, the secondary electrons could also take parhédtching
mechanism. Depending on the energy of the beam, the pear of
secondary electrons will be more prominent or not, affecting the
etching. This second case corresponds with the diffusion limit, where
the fluorine (For F) is repelled by the negattly charged secondary
electrons. The more prominent the secondary electron pear, the
higher will be the diffusion.

It is also possible to have spontaneously dissociated fluorine. In this
case, the fluorine will migrate to the areas with lower chemical
potential (the ones that are not filled with gas), etching spontaneously
the Mo$S surface.

This section will cover the parameter space of the technique. For that
reason, different arrays of dots or rings will be fabricated. The study of
the spot shape and @z when varying the parameters will give
information on the proper framework to use when designing more
complex structures.
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Figure 3.2 shows a scheme of the complete etching sequence. It is
possible to observe that the etchant gas is flowing in the chamber
while the ebeam is turned on and off. There are an important amount
of parameters that are necessary to consider and will be cover in this
section: the dwell time; the loop wait time; the number of loops and
the number of layers of the exfoliated Mpffake.

XeF, Gas ON at 10" mbar

Dwell Time
E-Beam ON
E-Beam OFF I
e
Loop Wait
Time
Time
______________________________________ >
* Dwell time: 0.1 ns — 1000 ms * Beam acceleration: 1 -15 kV
* Loop wait time: 0.1 ms — 100 ms * Number of layers: 1—n
* Number of loops: 1 — 1000000 * XeF, flux: 105 mbar

Figure 3.2Scheme of the etching sequence. TheXgts is constantly
flowing in the chamber at a pressure of 2.5%1@bar while the e
beam is turned on and off. The lower part of the figure shows a
summary of the parameter space, which will be covered in the
following subsections.

3.3.1 Probe Distance

Firstly, the distance dependence was studied. 3x3 arrays of dots were
fabricated at two different distances between the XeFobe and the
Mo$S flake. It is important to mention that the rest of the variable
parameters were maintained. Figure 3.3a shows the etching of & MoS
flake in a 3x3 array and at a prosample distane of 250 um. It is
possible to observe a holype geometry. Figure 3.3b shows an
identical array at a distance of 500 um. In this case, the geometry of
the array has changed. A Mp@&ot is observed in the central region.
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This phenomenon can be explained terms of the interacting
electrons. For a smaller distance, the Ma$ etched mainly by the
primary electrons, thus creating a helike shape. In the other hand,
for higher distances, the secondary electrons create a central pillar in
each etched strature. As Figure 3.3c shows, for higher nozample
distances; the XeFwill be dissociated by the secondary electrons. In
this case, the etching will be dominated by the diffusion of the
fluorine, while the central region will be protected.

b

Probe at 500 um
500 ms x 1 loop

a Probe at 250 um
500 ms x 1 loop

C Nozzle at 500 um ‘

Nozzle at 250 um ‘
@

Primary e-Beam

..
@ XeF,
o Sample

Pear of
secondary
electrons

Figure 3.3 a3x3 array of Mogdots at a distance of 250 um central

hole is observed in all the etched structures. At this distance,,Md5

be etched by the primary electronb.An identical array at a distance

of 500 um A central Mo& pillar is observedn this case, the etching

is dominated by the diffusion limitc Scheme of the etching
mechanism and the interacting electrons in the etching process. Scale
barsare 500 nm.
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There is also an important effect in astigmatism depending on the
nozzle distanceAstigmatism affects drastically on the etching shape
and quality. The nearer the nozzle is, the higher astigmatism. For that
reason, it is important to reach a compromise in the nozdmple
distance and the astigmatism correction. Due to that, the distathat

is used to etch the MgSvas set at 500 pm.

3.3.2 Dwell Time

This subsection will study the effect of the dwell time. For this reason,
the number of loops will be constant. Figure 3.4a shows a 10x10 array
of dots. The number of loops was set at Hach row of the array
corresponds with different dwell time, starting at 100 ms. The last row
corresponds with 1 s of dwell time. It is possible to observe that the
size of the central pillar increases when increasing the dwell time, as
shown in Figure 3b. The etched ring also increases. The pillar and
etched ring diameter scale with the dose, which is proportional to the
dwell time.

a 1loop

DT =100 ms
DT =200 ms

o

DT =300 ms

-
n
o

DT = 400 ms i (: Rl

-
o
o

DT =500 ms

@
(4

DT =600 ms

Diamater (nm)
(=2
=

a
i

DT =700 ms

»n
o

DT = 800 ms 02 04 06 08 10
Dwell time (s)

DT =900 ms
DT=1s

Figure 3.4:a Dwell time (DT) variation at a fixed number of loops. As
dwell time is increased, the size of the innelfgr and the etched ring
increase Scale bar is 1 ptm.Diameter of the interior and exterior
etched regions as a function of the DT.
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This observation could be explained again by the competition between
primary and secondary electrons. For shorter dwiefles, the etching

is governed by the primary electron beam. As a consequence, there is
practically no central pillar. For longer dwell times, the mechanism is
governed by the diffusion limit and the secondary electrons are
responsible for the etching. Fahat reason, at longer DTs more
secondary electrons participate, molecules have more time to interact
with them and the central pillar and the etching ring are larger.

3.3.3 Number of Loops

Distinct from the previous subsection, the dwell time will beedix
while the number of loops will vary. Figure 3.5 shows two experiments
where the dwell time is fixed at 100 and 500 ms and the number of
loops is modified in each row. Figure 3.5a corresponds with the
experiment at 100 ms of dwell time. For this duty ley¢€100 ms of
dwell time and 50 ms of waiting time) the etchant replenishes the
whole Mo$ surface in between cycles, and the primary beam etches a
bit of the central dot in each cycle. This phenomenon is more
pronounced when the number of loops is highand the central pillar
completely disappears. If the dwell time is longer, as shown in Figure
3.5h, the diameter of the etched region increases, while the central
pillar remains almost constant. As the DT is higher, the beam is ON
longer time. The repulsn is more pronounce and the central pillar is
protected, while the etched ring widens by increasing the number of
loops. Figure 3.5c shows the diameter of the central pillar and the
etched rings for both dwell times. It is possible to observe how for a
DT of 100 ms, the diameter of the etched ring increases with the
number of loops, while the central pillar disappears. In the other hand,
for a DT of 500 ms, the central pillar is almost constant, while the
etched ring increases with the number of loops.

Figire 3.5 also shows that the structures have an unmistakable
hexagonal geometry. There are six preferentialpliane etch
directions related to the MoSatomic structure that leads to the
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formation of six etching fronts. In this diffusion regime, the etghis

no longer isotropic and this leads to the formation of these hexagonal
shaped structures with a central pillar of Mo$he anisotropic etching
can be explained with the fact that the zgg edges in the M@S
lattice are more easily etched than thenachair edges, as previously
reported[13, 14]

a DT = 100 ms b DT =500 ms
YO 00080080000 O r:c’ﬁ o ro ~ Sloops
YO A00 0000 e 0 0 O wons
©9 000060606 0uwm 0.0 0 s
P 00000000 O AN .
‘) 90000000 0 © 0 o | 25 loops
333 D F) ‘)DD ’) 51 loops : ° ° ° = 30 loops
D jj D D "D ‘) ) ) @ 61 roops ° ° ‘ * 35 loops
eve000000e -~ o000 "
,)j/)jl))))‘) 81 loops ‘opw 45 loops

(o]

® DT 100 ms, Pillar

® DT 100 ms, Ring
A DT 500 ms, Pillar
4001 x bT500ms,Ring

*

*

Diamater (nm)

100+

A
*AAAAAAA

AR a awow o,

0 20 40 60 80

Number of loops
Figure 3.5: avariation of the number of loops at a dwell time of 100
ms.As the number of loops increases, the diameter of the etched ring
also increases, while the central pillar decreaded/ariation of the
number of loops at a longer dwell time. In this case, the diameter of
the etched region increases with the number afops, while the
central dot remains mainly constant. Scale bars are 1 um.
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3.3.4 Fly Time and Patterning Strategy

Sometimes there are some artifacts that can affect the etching of
Mo$S structures. For this reason, this subsection will cover which could
be the best strategy to perform correct tailoring of Mdfakes.

a Line by line scanning b Meander

Figure 3.6: é&Example of a line by line scanning. The first structure of
each row clearly differs from the rest of the MoS2 pillars. This is
explained by the fly time, attributed to diffusioeffects. In the
beginning, there is more fluorine at the surface, increasing the etching
in the whole structureb Meanderlike scanning. The fiyme effect is
clearly reduced and all the structures are identical. Scale bars are 1
pm.

Figure 3.6 shows twdlifferent patterning strategies. The arrows of
this Figure indicates the direction of the scanning Figure 3.6a
corresponds with a line by line scanning, while Figure 3.6b coincides
with a meandetlike scanning. Figure 3.6a clearly shows that the first
feature of each row is totally different. Instead of having a pililee
shape, the central region is completely etched. When a-thiypine
scanning is made, the beam is turned off at the end of each scanning
row. This allows the molecules to fill the whosairface. For that
reason, at the beginning of the next row, the amount of etchant gas is
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higher, and the etching rate is also higher. This effect is more
pronounced when the scanning is longer because the time that the
beam takes to go to the first poirdf the following row is higher and
the amount of gas is larger.

In the other hand, when a meander strategy is chosen (defined by the
arrows shown in Figure 3.6b), the beam is always turned. For that
reason, the total amount of XeF2 is constant and the ieigtrate is
uniform, as shown in Figure 3.6b.

3.3.5 MoS Flake Thickness

As mentioned before, exfoliation produces flakes with different
thicknesses. For this reason, it is important to study how the thickness
can affect the etching mechanism. This sectigiti cover how the
etching mechanism changes with thickness for the same tailoring
conditions.

Figure 3.7 shows an example of how the flake thickness can affect the
etching. The left hexagonal array corresponds with patterning in a thin
region of the flak (4 layers, as shown in the inset of figure 3.6). The
right MoS array coincides with a patterning under the same
conditions, in a thicker region of the same flake (around 25 layers, as
shown in the inset of Figure 3.7). It is possible to observe tha, th
thickness plays an important role. The geometry of each dot clearly
depends on the MoShickness. The accumulated charge could play an
important role. In the thinner region of the flake shown in Figure 3.7
there is not accumulated charge taking place and the repulsion
between molecules and electrons is negligible. Accordingly, the total
exposed volume will be etched, including slightly the substrate, as
seen in the central regions of the left array of Figure 3.7. In the other
hand, the right hexagonal array shows that the central pillar is present
in all the regions. The thicker part of thdoS flake accumulates
negative charge, of the incoming electrons. For that reason, the
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molecules are repelled from the central region and thus, creating the
central pillar.

M
B el e

\

Thinner

Figure 3.7.Two different arrays in the same Mpfake, with different
thicknesses. The left hexagonal array corresponds with a thinner part
of the flake (less than 10 layers). The right hexagonal array
corresponds with a thicker region (more than 10 layers). For thinner
regions, the distribution of semdary electrons is reduced and the
pillar will be etched. The inset shows an AFM image of the same
arrays, showing the height profile (taken in the dashed line region).
The thinner part has a height of 3 nm (4 layers), while the thicker part
is 18 nm heigt (25 layers). The Scale bars are 1 pum.

With that in mind, it is important to take into account that, flakes with

different thickness, can affect the etching process. It would be great if
large area and uniform flakes could be obtained, but the exfoliation
process is not the best production method for this porpoise. This
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change in thickness affects the electric performancehefdevices due

to the misalignment of the band structure. Following sections will
show how PFEBIE could be used to modify different thickness FETSs,
and how one of the exfoliation problems can be solved.

3.3.6 Dose Plateaus

As the whole section has demonstrated, there are different
parameters that can affect the tailoring mechanism. Nonetheless,
there is a dose plateau in which, for a given set of parameters (beam
kV, beam current, thickness, etc.), geometries are the same for a given
dose regardless of the duty cycle as shown in Figure 3.8.

a b c
0.1 ms x 5000 loops 1 ms x 500 loops 10 ms x 50 loops

Figure 3.8 Three arrays with different duty cycles, at a constant dose.
There is a dose plateau for a given set of parameters (thickness, beam
kV and beam current), regardless of the different duty cycles. Scale bar
IS 1 pm.

3.4 Fabrication of different
geometries

As explained in the introduction of this chapter, there is a big effort in
producing specific electronic devices. For this reason, PFEBIE could be
used to modify the geometry of M@8evices and induce new physical
phenomena. This section will show different Mo8eometries,
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fabricated with PFEBIE. Figure 3.9 shows three examples of geometry
tailoring, all of them from a previously fabricated MdSET. Figures
3.9a and 3.9b correspondvith two exotic structures in which
additional physical phenomena could appear, like changes in the MoS
phase and magnetic properties when reducing the size to tens of nm.
Recent studies show that Mg$bbons are potential candidates for
spintronics omagnetic devicegl5-18]. Figure 3.9a shows a Mp8g-

zag ribbon gsucture. Other technological applications are related to
biological operations. MgSlevices can be used as biological sensors
or for bioimaging operationgl9-21]. This biotechnology igsossible to
achieve by using M@$lots and tuning the photoluminescence of the
devices. Figure 2.9b shows a Ma®t of 40 nm surrounded by two
MoS wires. Future work could cover a deep characterization of these
devices collaborating in an interdisciplinary atmosphere.

Figures 3.9c and 3.9d shows another example of tailoring & MB%,
which is also present in chapter 4. Figure 3.9c corresponds avith
MoS FET with three different thicknesses (due to the exfoliation
mechanism). This thickness variation affects the electric performance
of the device because the density of states is not uniform along with
the material. For this reason, PFEBIE was tsedter the geometry,

as shown in Figure 3.9d. After the patterning, the device has only one
thickness, simplifying the device performance, an fixing one of the
exfoliation problems: random and variable flake thicknesses. This
particular example along wit other structures will cover chapter 4
which will focus on using PFEBIE to alter the conduction channel of
MoS FET and study the consequences that this method has over the
optoelectronic properties.
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Figure 3.9:Falsecolor SEM images of different geotries fabricated

from a Mo$ FET. PFEBIE conditions were: 2.5 kV of beam energy,0.24
nA of beam current, 30 um aperture, 250 loops, DT of 50@ Agyzag

wired structure.Scale bar i um. b A Mo$ dot of 40 nm surrounded

by two Mo$ wires. Scale bar 80 nm.c and dExample of how PFEBIE
can be used to fix the thickness variation problem of mechanical
exfoliation. In this case, the thicker regions of the FET were etched and
only one region remains unaltered. Scale bars are 2 pum.

3.6 Comparison with other
Techniques

Coburn and Wintersstablishedthe bases of bearbased etching22],
where the chemical reactions enhanced by radiation were studied.
PFEBIE is based on this kind of method. Nonethelegsesentsan
advantage related to the fabrication time. Inthe case of the
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fabrication of the devices shown in section 3.4 and in chapters 4 and 5
the dwell time ismore than two orders of magnitud®wer than in
previous studieq23]. For this reason, PFEBIE allows the tailoring of
several devices in less than 1 hour of #sbeamround. Typicallyit
allowstailoringa device in less than 2 minutes.

It is true that interacting ion beam methods also allow the fabrication
of these structures. In the other hand, PFEBIE is a matessible
technique due to the cost of the requireelquipment Most of the
cleanrooms areequippedwith an SEMIn addition, the coupling of a
Gas Injection System (GIS) like the one is described in chapter 2 is
relatively cheaper compared with the ion beam systems. For that
reason, PFEBIE is as an alternative and a cheaper tool for prototype
production.

It is also important to emphasizihat the beam energy of PFEBIE is
much lowerthan the used in ion beam etching. In our case, the beam
energy is 2.5 KeV, while the beam energy useidnnbeam etching is

in the order ofis 30 Ke\[23]; more than 10 times higher thaours.

This change in the energy could produce changes in the atomic
structure and in the chemical compositioof the sample. The
comparison with the ion beam want to remark that PFEBIE is based on
a chemical method, while interacting ion beam etching is more similar
to sputtering, that could increase the physical damagebgbility or
distortion of the lattice.

In the case of lithographlgased methods, it is true that they allow
characterization before/after material tailoring. Nonetheless, it is
important to take in mind that, everybody working in a clean room,
knows howdifficult several fabrication steps aréheypresenta huge
amountof different phases that can alter or simply destroy the device,
decreasing the fabrication vyield. Accordingly PFEBIE is a
straightforward fabrication method that clearlgimplifiesthe whole
fabrication procedure.
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3.6 Conclusions

This chapter has presented a nanopatterning method that allows
modifying Mo$ flakes. First of all, a study of the parameter space was
carried out, searching which are the best fabrication conditions. After
exploring this space, a dose plateau was found, in which the obtained
geometries did not vary regardless of the duty cycle.

Secondly, Mog areas were fabricated with high accuracy. Accordingly,
the etching parameters were optimized to improve the device
fabrication time. The dwell time is 500 ns and the number of loops was
set at 250. The last part of this chapter provides a cangon
between different bearrbased fabrication methods, in which the
fabrication time and the damage of the devices are higher than in
PFEBIE. A comparison with other clean room techniques was also
mentioned, emphasizing in the tedious sequence thatgsessary to
follow. With that, PFEBIE has been demonstrated to be a useful
nanopatterning technique that can save intermediate fabrication steps
and decrease the damage of the samples.
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Chapter 4: Tailoring the
optoelectronic properties of
Mo FETS

4.1 Introduction

As described in chapters 1 and 2, mechanical exfoliation has the
advantage of producing very higfuality flakes. In the other hand,
exfoliation does not allow producing large area films and the material
usually has many thicknesses. Due to the band gap dependence with
thickness, the electrical and optical properties strongly depend on the
number of layers present in the flake. In adiolit, it is difficult to tailor

the conduction channel once a device has been fabricated, involving
many fabrication steps and increasing the damage probability.
Accordingly, his chapteris concentrated in the modification of the
channel geometry of Mg®ased FETs with PFEBIE. The consequences
that this technique has over the optoelectronic properties of the
devices will be described, using the characterization techniques that
were described in chapter 2.

4.2 FET channel modification

Figure 4.1 shows an ample of a tailored device via PFEBIE. In this
case, the initial MoSFET had different thicknesses due to the
exfoliation process as shown in Figure 4.1a. This thickness variation
could affect electrical properties. Due to the dependency of the
density ofstates with the thickness, the electric behavior of the MoS
device will be affected strongly by the alignment of the electrode
MoS bands. The contact area between the flake and the electrodes is
different between those zones, making difficult to interpret the
transfer characteristics. In addition, optical properties will vary due to
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the thickness dependence, and optoelectronic medbars such as
photocurrent will be impossible to understand. For that reason, PFEBIE
was employed to tailor the geometry of the initial device. In this
example, the thicker part of the device was etched in a chezss
section to avoid electrical conductiyitFigure 4.1b shows the tailored
device. The thinner part of the device was tailored to allow the current
pass through.

Figure 4.1:a Initial MoS FET. A thredayer device is observed in the
SEM imageb Tailored device. The thinner part was etchedwine-
type geometry. The thicker parts of the device were etched to avoid
electrical conductivity. Scale bars are 2 ym

It was possible to observe different geometries in chapter 3. Along
with this chapter, PFEBIE will be utilized to fabricate aype
geonetries. This kind of geometry will simplify the analysis of the IV
transfer characteristics and the calculation of the FET parameters,
such as mobility, where geometrical factors are decisive.

Figure 4.2 shows another example of PFEBIE. The device was agai
tailored in a wiretype geometry. Figure 4.2a and 4.2b correspond with
SEM images of the devices before and after the patterning
respectively. In addition to SEM images, AFM was performed to study
how much the silicon and the device were etched. Figuic 4and

4.2d show AFM characterization of the device shown in Figure 4.2a
and 4.2b respectively. The insets represent the height profiles of the
sample. Before PFEBIE the device thickness is 2 nm. Taking into
account that the monolayer is 0.7 nm thi¢k], the device shownni
Figure 4.2c corresponds with a32layer flake. After the patterning,

the profile shown in Figure 4.2d indicates that on the area exposed to
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the treatment, the Si@is etched approximately 15 nm under the
exposure conditions. Moreover, the thickness bé&tremaining Mog

has increased to 5 nm after PFEBIE. This increase in height after PFEBIE
will be discussed in the following sslection.

120 120

Figure 4.2: &SEM image of the device before the patternibgSEM
image of the device after the patterning, shogim 250 nm width
channel. Scale bars are 2 pmAFM image of the device before the
patterning. Inset shows a high profile of the flake, corresponding with
a 2-3 layer thick Mogflake.d AFM image after the patterning showing
that the height has increased to 5 nm and the SiM@s etched 15 nm.
Scale bars are 4 pm.
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4.2.2 Energy-Dispersive X-ray
Spectroscopy and Backscattered
Electrons Characterization

To study the origin of the increase height shown in Figure 4.2,
energydispersive XRay EDX spectroscopy before and after PFEBIE
was performed. A variable pressure Higgfinition SEM (EVED from
CarlZeiss) was used, equipped with a Peltier cooled EDS detector,
with 30 mnf detector area 133 eV resolution and working at a
temperature of 40K (Xflash 430 detector from Bruker). The
acceleration energy was 3KV on the SEM column to make sure that the
signal comes as close to the surface as possible.

There are different signals that need tobey' I f @ T SRY [ h (NI y 3
a2 G HPHpo YS+I Yh GNIYyEaAAGAZ2Y 2F |
ndctTt YS+ YR Yh (ONryairdiazy 2% {A I

The problem that it is necessary to face is that the M transition of
gold, present in the electrodes defiden the flakes is too close to the

[ M Y2 &0 R 3w mansitichNJ ad EREX spectrum is taken in a
MoS FET like the one is shown in Figure 4.2, the signals will be mixed,
showing the indicator from gold in the Mo or S magss Figure 4.3
represents Figure 4.3b corresponds with the Au transition mapping of

a Mo$S FET. It is possible to observe how this signal is mixed in Figures
4.3c and 4.3d, where the electrodes are identified as Mo and S
respectively.

For that reason, Figure 4.4hows the EDX chaaterization of an
exfoliated Mo$ flake over a S6iQ substrate without gold electrodes.
Due to the lateral resolution of the equipment, a simple structure was
fabricated, as shown in the SEM imagd-wjure 4.4.
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Figure 4.3: &SEM image of a MoS2 FET. The dashed line represents
where the Mo$ flake is.b Au M transition mapping of the FET. It is
possible to observe only the electrodes] " G NI yaiAdizy 27
flake is not observed. The gold electrodes appear as Mo, as a
congquence of the Au M transition shadowing the real sigda¥, "

transition of S. The thickest part of the Mdke is detected. Again,

the electrodes appear as S, due to the Au signal mixing. Scale bars are

6 um.

Hgure 4.4 shows the EDX spectra befored) and after (blue) the
patterning. Normalization was made taking into account the silicon
peak, which supposedly does not vary between steps. The Siamdo
S are within error exactly the same after the patterning with no
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signatures of additional fluarated compounds or bproduct
materials. The inset of Figuredd. shows a small variation in tf&and

Mo intensities between before and after steps. This variation could be
attributed to changes in the total amount of MgBaterial due to the
etching praess rather than ifts chemical compositiorThere isalso a
variation in the carbon peaksa consequence ofarbon deposition
when performing SEM characterization.

5 T - —
(0] —— Before PFEBIE
— After PFEBIE |

Normalized Counts %
w

0+ r r r 7
00 05 10 15 20 25
Energy (KeV)

Figure 44. a EDX spectra before (red) and after the patterning (blue)

showing the characteristic transitions of carbon, oxygen, silicon,
molybdenum and sulfur.b SEM image of the initial flake SEM image

after PFEBIELYh (NI YAAGA2Y 27T oK o0oBNI2ZWHBA il KBY
of S after the patterningi[ " OGN} yaAdGAz2y 2F a2 06STF2N
[P ONXyaAdA2y 2F hgh | FHSWRAKS2 I BT S{
the patterning.iYh ONI yaAldA2y 27F jCiAidz2 RKBHNI YifK S
transition after the paterning, showing that there is no presence of

reaction byproducts. Scale bars are 4 pum.
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Figures 4.4d to 4jdrepresent the trangion mappings of S (Figures
4.4d and 4.4e), Mo (Figures 4.4f and 4.49), Si (Figures 4.4h and 4.4 i)
and F (Figure 4j Thesetransitions happen at the same energy and
they are the same between before and after steps. It ipanant to
remark how Figure 4j4&hows that after the patterning there was not
fluorine indication, demonstrating that fluorinated compound or
reaction byproducts do not redeposit during the etching proceSBX
characterization reveals that the height increase shown in Figure 4.2d
could be attributed to redeposited Mo or S species. In case the
material would be redeposited, it would have a similar grarncture

than the previous one and it is not possible to observe any change by
EDX.

Additional backscattered electrondBSEimages before and after the
patterning were taken in a device similar to the one shown in Figure
4.2. BSE detector also gives imf@tion about the compositin of the
material. Figure 4.5hows BSE SEM images of a device before and
after the patterning. It is possible to observe that the contrast remains
equal between before and after steps, indicating that the composition
of the devces did not change.

Figue 4.5 a BSE SEM image of a device before PFBESE SEM
image after the patterning. The contrasts remain equal between steps,
indicating that there is no change in compositiomwithin the
experimental error Scale bars are|8n.
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4.3 Electrical Properties

In this section, the consequences that PFEBIE has over the electrical
properties will be discussed.

Figure 4.6shows optical images of the device under study in this
section before and after PFEBIE.

Figure 46: a Optical image of a MoS2 devideHDR optical image of
the same device after PFEBIE, showing a 250 nm narrowing. Scale bars
are 15 um.

Figure 47 shows room temperature characteristics of the device

shown in Figure &.before and after the patterning. Thielue curve

corresponds to the initial device, wheretype doping is observed,

with the threshold voltage at90 V. This initial characterization agrees

with the behavior of natural Mo$ due to the presence of Re

impurities which are present in Me#inerals, providing good type

doping[2]. After PFEBIE the threshold voltage value of 2 V indicates

GKFGO GKS RS@A OS Qaed Re&adfing ghoreKintriisico SSy NI
This change in doping is attributed to the nerposed regions, where
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the current is flowing through. This wiabibe only possible if a XgF
fraction spontaneously dissociates when free radicals interact with the
surface, causing sulfur etching.

Different studies have reported a semiconductor to metallic phase
change in Mog devices under plasma treatmerB]. Due to the
metallic character of the 1T Me®hase[4, 5], it would not show any
gate response in the electrical characterization shown in Figure 4.7a.
In this case, under gate sweeping, the device is still clearly showing a
field effect response, displaying the characteristic behavior of the
semiconducting 2H phase.

In the initial device, the saturation, GBIFF states can be clearly
identified. Nonetheless, after PFEBIE the saturation state is not clearly
observed because it is beyond the gate voltage measuring range. This
makes comparison hardetween before and after devices. It is
important to mention that there is a decrease in the current after the
patterning. The initial device is in the pA range, while the patterned
device is in the nA regime. This is a consequence of a decrease in the
channel width in an order of magnitude after the patterning, which
should reduce the current to approximately 10 % its initial value. The
initial device® @nobility is around 2 cr V! -s!, within the typical
values for these device$, 7] After PFEBIE, it was reduced to 0.39
cn V! .s'. The reduction in mobility is caused by changes in the
geometry of the channehnd maybe, due tdhe creation of defects
when the etching was done. The ON/OFF ratio of the device before
the patterning was 10 After PFEBIE, it was not possible to calculate it
because the saturation region is not obged.

Electrical measurements werperformed in 10 different samples,
before and after the patterning. Figure 4.7b shows the threshold
voltage value in all samples before and after PFEBE. It is possible to
observe that 90 % of the devices suffer a change frowomed
towards intrinsic oreven lightly pdoped manifesting a tendency in the
electrical behavior. The mechanism is not totally clear, but a possible
hypothesis to that tendency is that sulfur vacancies are created when
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XekF; etches the desired zones due to high chemical selectofitthe
gas[8-10]. Some groups have studied the interaction of TMDCs with
ion beams, observing the creation of vacancidd, 12] which
supports the hypothesis. It is knowhat sulfur vacancies are a strong
p-dopant due to their acceptor charactd2] and charge transfer
mechanisms in sulfur deficient Mp§L3, 14] making this process a
plausible scenario.
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Figure 47. a RT transfer characteristics of the MoBET shown in
Figure 4.4 before (blue) and after (pink) PFEBIE. The threshold voltage
shifts indicate a variation from-type doping to intrinsic doping after
PFEBIE. yV/varies from-90 V to 2 Vb V4, variation of ten different
devices before and aftehe channel width modification.
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Figure 4.7b also shows that before PFEBIE it is present a larger
dispersion in the threshold voltage. The mean value pb¥fore the
patterning is ¥, =-47 + 30 V. After the patterning it isgV=-7 £ 20 V.

This is mosthattributed to differences in shape, number of contacted
layers or total area covered by the metallic contacts, all of them
parameters impossible to control with accuracy with the exfoliation
method. For that reason, it is complex to determine a standard
conduction channel in the fabrication procedure. The power of PFEBIE
resides on controlling the channel width and its geometry. After the
patterning, the channel can be standardized. In this thesis, all the
channels in the after devices are 250 nm wide Fagure 4.8 shows.
This clearly reduces the dispersion after the patterning procedure.
However, there is diversity in the geometrical factors after the
patterning. These factors affect the semiconducting gap and thus the
FET characteristics after the patténg still had dispersion.

Figure 48: SEM images of the devices shown in Figure 4.5b. Baale
are 500 nm.
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With that, PFEBIE has been demonstrated to be an effective technique
for modifying the width of MogSbased FETs. As a consequence, the
doping of the devices has changed, suffering a shift frortype
towards intrinsic or even 4qype doping. This change in doping is
possibly mediated by a sulfur vacancy mechanism. In subsequent
sections, the effect of PFEBIE over the optical properties and the
relationship of sulfur content or doping with these properties will be
studied.

4.4 Optical Properties

Optical properties, such as PL and Raman, are strongly dependent on
the doping leve[15-17]. Accordingly, this section will cover the optical
characterization of the devices before and after PFEBIE.

4.4.1 Raman characterization

As chapter 2 described, Mgp8as two characteristic Raman modes,
which are thickness dependent. Thég&node correspondsvith an in
plane shear mode of Mo and S atoms and it is located approximately
at 380 cnt. The Ag mode corresponds with an out of plane vibration
of sulfur atoms and it is located around 410°tfn8].

Figure 4.9 shows Raman intensity maps before and after the
patterning in the device shown in Figure 4.6. Figures 4.9a and 4.9b
show the Ay and I':lzg Raman intensity mappings before PFEBIE
respectively. Figures 4.9c and 4.9d shows the same mappings after the
patterning, where the 250 nm narrowing is observed. Both peaks are
present after the patterning, indicating that the chemical composition
of the device has not been substantially altered. The inset of Figures
4.9a and 4.9c shows an optical image of the M&E&T to better
discern the mappings. As mentioned before, the channel was
patterned in a crosdar shape to avoid electrical conductivity out of
the 250 nm wire.
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Figure 49: a Aigintensity map before PFEBIEset shows an optical
image of the deviceb Elzg intensity map before PFEBIEA4intensity
map after PFEBIEiset shows an optical image of the device after the
patterning.d Elzg intensity map after PFEBIE. The 250 nm narrowing is
observed. Both peaks are still present, indicating that the composition
did not change substantially. Scale bars are 2 pum.

Figure 4.10 represents the peak position difference (PPD) mapping
between the Ezg and the Agpeaks. Figure 4.10a corresponds with the
mapping before the patterning and Figure 4.10b shows the same
mapping after PFEBIE. The dashed marks shown in Figure 4.10b
indicates where the patterning was done. Due to fitting parameters, it
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is difficult to observe the 250 nm narrowing as shown in Figure 4.9. An
increase of 2.5 cthin average is identified (see spectra of Figure
4.10). This increase is observed in the unexposed regions. This is only
possible if XeFspontaneously dissociates in th® zones, changing the
Raman signal. Previous studies have shown that-dimd¢r Raman
modes vary as a function of the sulfur contefit7], an intrinsic
property of defective systems. The increase in PPD supports the
hypothesis of sulfur vacancy creation when the etching is done,
coexisting with the electrical measurements.

PPD map after
patterning

PPD map before
patterning

Peak Position Difference (cm)
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Figure 410. a PPD mapping before the patterning. The spectrum

below has been taken in a point of the flake. It shows the average
value of the PP PPD mapping after the patterning. Dashed marks

represent where the 250 nm patterning was done. An increase of 2.5
cm* is identified (average taken from different points). The spectrum

corresponds to the same point that in a. Scale bars are 2 um.
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Figures 4.11a and 4.11b represent the evolution of thg fill width

at half maximum (FWHM) mapping before and after PFEBIE
respectively. An increase from 4 ¢hio 6 cm’ is detected. The same
behavior is observed for the;fpeak, which is represented in Figure
4.12. In this case, an increase from 7.5 to 9'dm observed. This
increase in FWHM indicates defect creatid®, 19] which can also
explain the reduction in mobility shown in section 4.3.

E',, FHWM map E',, FHWM map
before patterning after patterning

Figure 411 a E',y FWHM map before the patterningy E',y FWHM
map after the patterning. The 250 nm narrowing can be intuited in the
central region of the flake. Due to fitting parameters, it is not as clear
as in Figure 4.7. An increase from 4 to 6'ds10bserved. Scalears

are 2 um.
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before patterning
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FWHM (cm™)

s 6 7 8 9 10 5 6 7 8 9 10

Figure 412: a A, FWHM map before the patterning. Ay g FWHM map
after the patterning. An increase from 7 to 9.5 ¢iis observed in the
entire flake. Scale bars are 2 pm.
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4.4.2 PL characterization

As described in chapter 1, PL resultstao characteristic features

that appear as a consequence of the band splitting due to-spit
coupling, the A and B excitonic transitions. Figure 4.13 shows PL maps
before and after the etching process. In those maps, the electrodes
are observed as dker horizontal bars. The metallic character of the
electrodes produces a higher Rayleigh scattering of the laser in those
zones, increasing the background signal in those regions. It creates a
ghost image of the Au electrodes, coming from a background
difference.

Figures 4.13a and 4.13b correspond with the intensity maps of the
MoS A and B excitonic transitions respectively before PFEBIE. Figure
4.13c corresponds with a PL spectrum, showing that the B transition
occurs at 625 nm and the A transition, at 675 nm. Figures 4.13d and
4.13e display the same features after PFEBIE, wheee260 nm
channel is observed. In this case, Figure 4.13f reveals that the excitonic
transitions occur at 615 nm and 662 nm for the B and A excitons
respectively, this is approximately a 10 nm bgieft.

The relative intensity of those transitions alsoadlges after PFEBIE.
The initial device shows ag/lly ratio of 0.71, wheregland | are the
intensity of each transition. After PFEBIE, this ratio is 0.8. This change
in the intensity ratio could be attributed to the observed changes in
doping, in good agement with previous studie$l4, 20] where
doping over Mo$ devices result in a more intense PL spectrum
because of the floping effect.
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Figure 4.B: PL maps before and after PFEBIB. exciton PL mapping
before PFEBIbB. B exciton PL mapping before PFEBIEL spectrum
acquired before the patterningd A exciton PL mapping after the
patterning. e B exciton PL mapping after PFEBIE. The 250 nm width
narrowing can be clearly observefdPL spectrum after PFEBIE, where
a 10 nm blueshift is detected. Scale baase 2 um

4.5 Conclusions

In this chapter, the consequences that PFEBIE has over the
optoelectronic properties of MoSdevices have been studied. PFEBIE
has been demonstrated to be a tool that allows tailoring devices
geometries after lithographical fabrication without the need of a
stencil mask, saving fabrication steps and contaminants.

The AFM characterization shows &ange in height after the
patterning. EDX and BSE SEM characterization reveals that after the

85



patterning the composition of the device is exactly the same. For that
reason, the change in height indicates that there might be some
redeposited Mogover thesurface of the device.

Electrical characterization displays a transition frortype doping
towards intrinsic or even {4ype doping after PFEBIE. A study of 10
devices has been carried out, showing that there is a clear tendency in
the mechanism. The mechsm underneath is sulfur vacancy creation
after the etching process. This hypothesis is supported by Raman and
PL spectroscopy. PL suffers a béidft of 10 nm after PFEBIE and it
also suffer a change in the relativg/lA ratio due to the doping
mechansm when sulfur vacancies are created. Raman mappings show
a change in FWHM and PPD to higher values after the patterning, a
characteristic feature of sulfur vacancy and defects creation.

Thereby, PFEBIE could show the viability of tailor the electric mhav
once a device has been electrically characterized. Next chapter will
show the possibility of exploiting the doping mechanism to fabricate
lateral homaojunctions based on MgSa task tremendously important
for nextgeneration electronics.
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Chapter 5. Fabrication of
Mo p-n Homo-junctions via
PFEBIE

5.1 Introduction

The pn junction has become a fundamental electrical component
since its discovery 80 years afid. It is the basic building block for
modern semiconductor devices, including bipolar transistors, diodes,
photodiodes, light emitting diodes or solar cells. This kind of devices
can be created by joining two semiconductors of a differenietyan
n-type semiconductor containing an excess of electrons anetygp®
semiconductor with an excess of holes. As a result, an intrinsic electric
field at the junction interface is created and it can be used to rectify
currents.

In bulk, the conventiongb-n junction is created by chemically doping
two different regions of the crystal forming a 3D junction. If the
dimension of the semiconductor is scaled down, by passing from 3D to
2D materials, new possibilities appear (i.e. due to the thickness
dependerte of the TDMCs bandgap). Figure 5.1 shows an example of
the different junctions architectures based on 2D semiconductors.
Junctions based on 2D materials can follow two architectures: a
vertical junction, in which the materials are stacked together and
lateral junctions, in which the materials are joined at the same plane.
Farther, it is important to mention that depending on the material
composition the junctions can be classified as heferactions, in
which the forming materials are different and horunctions when

the forming material is the same.
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Figure 5.1: é&Examples of 2D based hetejnctions. Different colors
represent diverse material® Different examples oD based homo
junctions. In this case, the material is always the same. Thered taul
thickness dependent junctions, chemically altered junctions or even
junctions formed by overlapping the material with changes in its
intrinsic doping. Images adapted frgaj.

In general, the fabricationf these devices is complex. For that reason,
Figure 5.2 shows different examples of the convoluted fabrication of
p-n junctions, where a lot of intermediate steps are necessary. There
are a lot of things to keep in mind when fabricating 2D material based
junctions. First of all, it is important to remind that due to the
exfoliation process the flakes are irregular and not always is easy to
align them. Secondly, despite achieving the transfer process, there are
a lot of involved fabrication steps (resistmissition, lithography, wet

or dry etching, chemical doping, etc.) that can damage the devices.



Cr/Au
n
280nm SiO,
p-Si
b Graphene WSe,  h-BN
SFG Drain \

Figure 5.2:a Formation of a MoS2 junction via chemical doping.
Successive lithography processes are necessary in order to fabricate
the electrodes and aligngnthe flakes. In addition, chemical doping
(represented by the pink drop) is necessary to form the jinction.
Adapted from[3]. b Scheme of another type of kero-junction. In this
case, a graphene seffipating gate is necessary. In addition, an
aligning procedure is necessary to fabricate the Graphat8e-hBN
junction Adapted fronf4]. ¢ An easier way of fabricating a 2D TDMC
based junction. Nonetheless, several fabrication steps are necessary.
Adapted from[5].
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Due to all these problems, this chapter will show how PFEBIE could be
used to easily fabricate Mg&ateral homejunctions. Chapter 4 shows

the effect of PFEBIE nampatterning on the optical and electrical
properties of Mog FETs. A change fromtype doping towards
intrinsic or even gype was observed. The change was observed also
in the nonexposedregions, a mechanism only possible if a XeF
fraction spontaneously dissociates over the remaining Md®nnel.
Accordingly, this change in the unexposed regions will be exploited to
modify the doping of a part of the M@Shannel, while the other
regionwill not be modified, and thus creating therphomajunction.

5.2 p-n Channel Fabrication

Previous studies show how it would be possible to selectively change
the doping of a Mogchannel with different techniquef3, 6]. Again, |
would like to remark how difficult and timeonsuming is fabricating
these structures. Refereec[3] corresponds with the illustration
shown in Figure 5.2a. The initial device is fabricated by electron beam
lithography and evaporation of first, the Cr/Aleetrode and second,

the Pd electrode. Afterward, exfoliation ofBN over the MoSflake is
necessary to protect a region of the Mo$hannel. Finally, the
unprotected Mo$ region is doped via AuClin the case of Nipane et

al. [6], the fabrication of the device is easier. Even so, they need to
cover the Mo$ device with resist and make an extra lithography
process, previous to the doping treatment.

PFEBIE allows fabricating a lateral hestroicture from an ntype
transistor in only one step. As described in chapter 4, there is a change
in the remaining channel due to the spontaneous dissociation of XeF
over the nonexposed regions. For that reason, by selectively etching a
part of the Mo$ channel,it would be possible to conveniently modify
the doping of only a region of the entire device. Figure 5.3 shows the
fabrication of a pn homojunction. Figure 5.3a corresponds with the
original device, where supposedly astype behavior will be observed
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(as subsequent sections will be described). Figure 5.3b represents the
tailored device after PFEBIE. In this image, the upper part of the
channel will remain #iype, while the doping of the lower part of the
MoS channel will move towards -fype. As descrigd in chapter 4,

this is possible if there is a change in the remaining lower channel due
to the spontaneous dissociation of %eF

Original device Jlil Tailored device

N-type channel

N-type channel

Figure 5.3: &0riginal device. IV transfer characteristics shown in the
electrical characterization section reveal aftype transistor behavior
due to the nature of mineral MgS Scale bar is 20 uni Tailored
device. The upper channel will remairtype while the doping of the
lower channel will move towards{ype. Scale bar is 2 pm

In chapter 4 it was possible to obsenret the change in doping after
the patterning is not always from-type to ptype. For this reason, the
performance of the tailored device would change as a result of the
doping level of the channel (that it is impossible to control due to the
exfoliationprocess).

During this chapter, the geometry of the tailored devices is going to be
the same. Figure 5.4 shows two more examples of the fabrication of
this kind of structures, demonstrating again the reproducibility of
PFEBIE.
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Figure 5.4Examples of twalevices before and after the patterning.

Initial deviceb Same device than the shown in a, after the patterning.
Again, the same structure than Figure 5.3b is observed. The upper part
will present the same doping, while the lower channel will change its
doping.c Another example of an initial Mg8evice.d Tailaed device.

The same doping mechanism is expected. The white shadow around
the device in ¢c and d is a consequence of SEM observation. Scale bars
are 2 um.
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5.2.1 Raman Spectroscopy

Although it is not the main scope of this chapter, Raman spectroscopy
was performed in a tailored MoSdevice like shown in Figures 5.3 and
5.4. Figure 5.5 represents the Raman mappings of the device shown in
Figure 5.5a. Figure 5.5b represents the mapping that corresponds with
the silicon peak at 520 c¢f The dashed line represts where the
narrowing was done. As expected, the signal is more intense in the
silicon regions and in those zones where the device was etched. In this
device, the etched region is wider than the remaining channel. For
that reason, is not possible to ofxwve the tailored channel as shown

in Figure 4.7. Figures 5.5¢ and 5.5d represent thgaRd the Ay peak
mapping respectively of the device after the patterning. As reported in
chapter 4, both peaks are still present, indicating that the device has
not been chemically altered.

Optical properties such as Raman, PL or electroluminescence (EL)
depend strongly on the electrical parametdis 8]. Future work could
cover the study of these properties as a function of electrical
characterization. Theryostat will be crucial for that porpoise. The
optical window of the cryostat allows performing optoelectronic
measurements. For this reason, it is necessary to implement the
optical set up shown in Figure 2.11e. In the optical path, it is necessary
to connect a fiber coupler to the spectrometer. This fiber coupler will
allow collecting the Raman signal, generated from the interaction of
the laser source and the sample. At the same time, electrical
characterization will be possible to perform and a comglstudy will

be achieved. This point would be crucial in further studies of the MoS
p-n homajunctions, where the optical properties play a very
important role[9-11].
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Figure 5.5: &5EM image of the MoS2 lateral hojumction. b Raman
mapping at 520 cri (silicon signal). The scissoring is obseredsl,
Raman mapping after the patternind.A;g Raman mapping after the
patterning. Both, Eg and Ag peaks indicate that the device has not
been chemically alterece Raman spectrum of the Me&teral home
junction.Eyq peak is localized at 385 émTheA  peak is localized at

407 cm. Silicon peak can be observed at 425'ciBcale bars are 2
pm.
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5.3 Electrical Properties

This section will cover the study of the electrical properties on the
Mo$S lateral homeojunctions.

5.3.1 RT Characterization

Figue 5.6 shows the electric characterization of the device shown in
Figure 5.3, carried out at ambient conditions. As previously reported,
the intention is creating a lateral horqanction by tailoring half of the
conduction channel. Due to the creation of [fsm vacancies (as
discussed in chapter 4), a change in the doping will occur. For this
reason, one region of the device will remain equal, since the tailored
part will change its doping, creating a lateral hojoaction.

Figure 5.6a corresponds with thelectric characterization of the
device at different gate voltage biases, before the patterning. Figure
5.6b corresponds with the RT transfer characterization of the FET
Mos, device before PFEBIEy, V6 -10 V [12], indicating an rype
doping. The calculated mobility3s7 cn? - V* - s*, within the standard
values previously reportefd.3].

After the nanepatterning, the device shown in Figure 5.3b was
electrically characterized again. In this case, measurements under
illumination were performed in the setup shown in Figure 2.12.

Figure 5.6¢c shows the RT characteristic of the MigSice after PFEBIE
under darkness (bludéine) and illumination (red line) conditions. A
change in the IV characteristic is noticed. After PFEBIE, a-tjipele
behavior is recognized. Under darkness conditions, the direct state is
observed at 60 V. Essentially, there is no current flowing inmdlierse
direction until-90 V, which is the breakdown voltage. An increase in
the direct region is observed under white light illumination. The
characteristic voltages are one order of magnitude higher than in
previous reportg14]. This could be attributed to the etching process,

99



compared with pristine devices. The etching parameters were
aggressive enough to ensure the formation of the new channel. 500
loops with a dwell time of 500 ns were used. In thetrgections, the
parameters will be reduced with the intention of creating the channel
with a minor quantity of defects.

Figure 5.6: a Sourcedrain IV curves before PFEBIE. Electric
characterization corresponds with the device shown in Figure ®h3a.

Id vs Vg curve before the patterning in the same devcéd vs Vd
characterization after PFEBIE under dark and illumination conditions. A
diodetype behavior is observed, clearly identifying the direct and the
avalanche states. These regions depend on tlhunihation state.d
Same curve represented in logarithm scale.

There are two important parameters to characterize the performance
of a diode: the current rectification ratio and the ideality fac{a#,

15]. The first one is defined as the ratio of reverse and forward states
at the same sourcedrain bias. This factor strongly depends on the

value of the gate voltagfl5], going from 1 to 1®depending on the
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