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flf wereto live the life twice.
| would like to be a tree.
Standing in the dust firmlyithout happiness and sadness.
A half of my body will be sleeping in the earth peacefully.
A half of my body will be dancing with the wind joyfully.
A half of my body wilbe providing green shade for passésswillingly.
A half of my body will be bathing in the sunshine warmly.
So quiet and proud 0
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ABSTRACT

ABSTRACT

Two-dimensional (2D) semiconductors, iaittd bythe isolation ofgraphene in 2004,

have drawn a great research interest thanks to their remarkable mechanical, electrical,
optical, and optoelectronic properties. Their layered structure, originating from the
strong inplane covalent bonds and weaklt-of-plane van der Waals interactions,
allows such materials being stable with atomically thin geometry. Thanks to the
ultrathin ~ nature  and  danglirgpndfree  surface, various advanced
heterostructurebased devices with superior performance have besmodstrated
without being hampered by thelattice mismatch, which make them as promising
candidates for future narelectronic and optoelectronic applications. As novel 2D
members from Il VIA semiconducting group, Gallium selenide (GaSe) and Indium
sdenide (InSe), are barely explored but recently both reach exciting promise in theory
achievements and application research. Thanks to their unique electron band
structures and strong lightatter interactions, they both are sensitive to external
stimuli, which can be advantageous for certain applications but also brings drawbacks
for others, thus motivates the goal of this thesis that exploring how the environment,
light and strain play roles on the properties of these materials.

Two dimensional materialare especially sensitive to the environmental atmosphere
and to external stimuli due to their layered structures and large stwfaokuime

ratio. Thus, in the first part of this thesis, the interaction between air species and thin
GaSe and InSe flakesat been discussed. Thin GaSe can be degraded completely
after being exposed in the air for several days, during which macdomicrescope
surface morphology evolution, chemical composition variation, and-ilaceced
degradation, as well as how it lesatb the photodetector breakdown as a function of
exposure time in air have been fully presented. On the contrary, thin InSe shows a
different environmerd interaction mechanism the performance of InSe
photodetector can bsignificantly modified and even reachng a longterm stable
behavior in airwithout obviously changing the surface morphology and crystal lattice.
Both these observations are related to the interaction between air spaxi®s &nd

H,0) and the defect®(g.selenium vacancies) ithe materials. The failure of GaSe
photodetedrs can be attributed to a fulansformation from crystalline GaSe to
amorphous G#s by air species, while the performance variation of InSe devices
may be related to the passivation of selenium vacancibe isystem. Based on these

understandings, both losigrm stable photodetectors based on thin GaSe and InSe
1]
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have been realized using hexagonal boron nitrieBNhencapsulation protectidifor
GaSe)or controllable air exposuigr InSe)

Thanks to thelanglingbondfree surface of 2D semiconductors dhddeterministic
transfer methodsyne can fabricate punean der Waals (vdW) metakemiconductor
interfaces without direct chemical covalent bonditigat typically leads t@hemical
disorder and Ferrevel pinning (FLP) This kind of vdWmetalsemiconductois

thusan ideal system to study the Schottky junctions. The defects passivation effect in
InSe introduced by air species not only can modify the material properties but also
reduces the fermi levgdinning at the metadhSe contact interface. Various Schottky
contact based on thin InSe with different van der Waals electrical contacts have been
investigated. The Schottky barrier height at the interfaces ein8a, PiinSe and

InSe Gr (graphite) araletermined to be approximately 460 meV, 540 meV and less
than 100 meV, respectively. Taking advantage of the large contact barrier difference,
the transport properties of Schottky diodes based on engineered asymmetric van der
Waals contacts of thin InSendluding AulnSeGr and PinSeGr, have been
investigated.

Thedanglingbondfreenature of the surface of 2D materials leads to high mechanical
resilience against mechanical deformatidhis has motivated a whole sfibld of
research focused on usingechanical deformation to tune the electronic properties of
2D materials. Thanechanicalproperties of GaSe and InSe were barely explored at
the moment of the elaboration of this thesis and thus to decide to measure th& Young
modulus of InSe to access isuitability in strain engineering applicationgsing
buckling metrol ogy met hod, t he Youngos
determined to be 23 £5 GPa, which makes thin InSe one of the most flexible 2D
materials. Subsequently, the biaxial strain biitg of thin InSe, including
piezoresistanceeffect, band gap modulation, and strain engineered optoelectronic
devices has been discussed. Interestingly, it is further demonstrated that how the strain
tunable band gap can be exploited to tune the speotsponse of InSe
photodetectors.

This thesis demonstrates the great promise of 2IAl semiconducting materials,
especially GaSe and InSe, for future electrical and optoelectronic applications. These
results, on the one hand, reveal the important obl&raps induced by defects in
tailoring the properties of devices based on 2D materials, on the other hand, show the

reliability of electronic and optoelectronic properties of van der Waals Schottky
\Y,
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contacts, which are both attractive for different aggilons, such as strain
engireering and flexible electronics
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RESUMEN

RESUMEN

La investigacidh en semiconductores bidimensionales (2D), iniciada con el
aislamiento del grafeno en 2004, ha atrado un gran interé de la comunidad cienfica
gracias a sus notables propiedades mecaicas, elé&tricas, @ticas y optoelectraicas.
Su estructura en capas, que se origina a partir de los fuertes enlaces covalentes en el
plano y las déiles interacciones de van der Waals fuera del plano, permite qo® dich
materiales sean estables con una geometd atdnicamente delgada. Gracias a la
naturaleza ultrafina y la superficie libre de enlaces desapareados, se han demostrado
varios dspositivos avanzados basades heteroestructuras con un rendimiento
superior an verse obstaculizados por diferencias entre sus paranetros de red, lo que
los convierte en candidatos prometedores para futuras aplicaciones nanoelectrdicas y
optoelectrdnicas. El seleniuro de galio (GaSe) y el seleniuro de indio (InSe), como
nuevos mieraros 2D del grupo de semiconductoresMIA apenas explorados,
prometen emocionantes descubrimientos tegicos y en investigacid aplicada. Gracias
a sus estructuras electréiicas y sus fuertes interaccionesidteria, ambos son
sensibles a los esthulosxternos, lo que puede ser ventajoso para ciertas aplicaciones
pero también presenta inconvenientes para otras, por lo que motiva el objetivo de esta
tesis que es explorar cano el medio ambiente, la luz y la tensid juega un papel en las
propiedades de e materiales.

Los materiales bidimensionales son especialmente sensibles a la atmd&fera ambiental
y a los esthulos externos debido a sus estructuras en capas y su gran relaci
superficievolumen. Asi en la primera parte de esta tesis, se ha discuado
interaccid entre las especies atmosféicas y las laninas delgadas de GaSe e InSe. Los
copos de GaSe se puede degradar completamente despué de haber estado expuestos
al aire durante varios dis, durante los cuales la evolucid de la morfologa de la
macro y micresuperficie, la variacid de la composicidh quhica y la degradaci
inducida por I|&er, asicomo la forma en que GaSe fotodetectores se terminan
descomponiendo con la exposicid al aire se ha presentado. Por el contrario, copos
delgados de InSenuestran un mecanismo de interaccidn ambiental diferente: el
rendimiento de fotodetectores de InSe se modifica significativamente, incluso
alcanzando un comportamiento estable a largo plazo en el aire, sin cambiar de forma
evidente la morfologa de la swgrficie y la red cristalina. Ambas observaciones esta
relacionadas con la interaccidn entre las especies presentes en el aire (por ejemplo, O

y H;0) y los defectos (por ejemplo, las vacantes de selenio) en los materiales. El fallo
VIl
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eletrico de los fotodeectores de GaSe puede atribuirse a una transformaciin
completa de GaSe cristalino a £5a amorfo por especies de aire, mientras que la
variacidn de rendimiento de los dispositivos InSe puede estar relacionada con la
pasivacidn de las vacantes de selenin el sistema. Sobre la base de estos
conocimientos, tanto los fotodetectores esmbh largo plazo basaden GaSe
delgado como en InSe se han realizado utilizando proteccidh de encapsulacidn de
nitruro de boro hexagonal BN) (para GaSe) o exposicidn dare controlable (para
InSe).

Gracias a la superficie libre de enlaces desapareados de los semiconductores 2D y los
méodos de transferencia determinista, se pueden fabricar interfases
semiconductemetal de tipo van der Waals (vdW) puras, sin enlacesleotes
directos que normalmente conducen al desorden quhico y la fijacidn del nivel de
Fer mi (AFer mi l evel piningo FLrmetaltipopEst e
vdW es, por tanto, un sistema ideal para estudiar las uniones Schottky. El efecto de
pasivacidn de defectos en InSe introducido por especies atmosfé&icas no solo puede
modificar las propiedades del material, sino que tambié reduce la fijacian del nivel
de Fermi en la interfaz de contacto métede. Se han investigado varios @utos de
Schottky basadogn copos delgados de InSe con diferentes contactos elé&tricos de
van der Waals. Se ha determinado que la altura de la barrera de Schottky en las
interfaces de AUnSe, PiinSe e InS&Gr (grafito) es aproximadamente 460 meV, 540
meV y menosde 100 meV, respectivamente. Aprovechando la gran diferencia de
barrera de contacto, se han investigado las propiedades de transpalitelate
Schottky basadogn contactos asiméricos de van der Waals disefados de InSe
delgado, incluidos AUnSeGr y PtInSeGr.

La naturaleza libre de enlaces desapareados de la superficie de los materiales 2D
también conduce a una alta resiliencia mecéanica contra deformaciones mecéica. Esto
ha motivado todo un sutampo de investigacidh centrado en el uso de la
deformacin mecdica para ajustar las propiedades electrdnicas de los materiales 2D.
Las propiedades mecaicas de GaSe e InSe apenas se haldn explorado en el
momento de la elaboracith de esta tesis y por tanto se decidio medir el mdaulo de
Young de InSe para delrasobre su idoneidad en aplicaciones de ingenied de
deformaciones. Utilizando el méodo de metrologd de pandeo, el mdulo de Young

de InSe se determina experimentalmente en 23 +5 GPa, lo que hace que el InSe
delgado sea uno de los materiales 2D nexifiles. Posteriormente, se ha discutido la

Vil
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capacidad de sintonizacidn de deformacid biaxial de InSe delgado, incluido el efecto
piezoresistivo, la modulacidh de banda prohibida y los dispositivos optoelectraicos
de ingenied de deformacit. Curiosamesntse demuestra adem& cdno se puede
aprovechar la banda prohibida sintonizable por deformacid para ajustar la respuesta
espectral de los fotodetectores InSe.

Esta tesis demuestra el potencial de los materiales semiconductores\aB, Il
especialmente (@& e InSe, para futuras aplicaciones elé&tricas y optoelectrdicas.
Estos resultados, por un lado, revelan el importante papel de las trampas inducidas por
defectos en la adaptacid de las propiedades de los dispositivos basados en materiales
2D, por otrolado, muestran la fiabilidad y reproducibilidad de las propiedades
electrdnicas y optoelectrdicas de los contactos Schottky tipo van der Waals, que son
atractivos tanto para aplicaciones, como la ingenied de deformacid y la electrdnica
flexible.
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CHAPTER 1

INTRODUCTION

While the research on thredgimensional (3D) materials runs in

parallel with the development of human society, research on
two-dimensional (2D) materials can be tracedckdo only 80 years ago.

In this chapter, the history including rising and development of 2D
materials will be firstly discussed. Subsequently, a brief introduction of
the stateof-the-art on 2D materials research, especially focusing on 2D
gallium seleni¢ (GaSe) and indium selenide (InSe), consisting of
Isolation, characterization, and their device applications. In the last part,

the motivations athe research carried oum this thesis will be stressed.



INTRODUCTION

1.1 The rising of 2D materials

1.1.1 From bulk materials to 2D materials

Anything made up of matter with one or several elemental constituents is termed as
materials’ If a solid state material has three spatial dimensions with nzaales
(typically larger than 100 nm), we usually refer to it as a bulk or tHimensional
(3D) material. Within 3D materials, 8 crystalline materials are those whose
constituents (atoms, ions or molecules) are arranged in a long range ordered
microscopic structure, forming a crystal lattice that extends in all direétidhs.
properties of 3D crystals are mostly determined by the crystal lattices parameters
and/or constituent periodic arrangements.
In the case of materials which have at least | dimension in the sub ~100 nm scale
they can be called low dimensional materials or nanomatérfais. research field of
nanomaterials was envisioned by Richard P. Feynmanvw t he tal k ent i t |
plenty of room atFromhhis pdng hahomatarialsi can exisdis 9 .
zeradimensiorl (0D), onedimensiorl (1D) and twedimensioml (2D) forms> as
shown inFig. 1-1. Zercdimensioml (OD) nanomaterials, the first type of discovered
nanomaterials, refer to the materials wherein all the dimensions idne the
nanoscale (smaller than 100 nm). The most common examples of 0D nanomaterial are
nanoparticles and fulleren©nedimensioml (1D) nanomaterials, were explored 6
years later after the discovery of OD nanomaterials in 1981d can be defined as
nanomaterials with two dimensions in nanoscale (smaller than 100 nm), and the third
dimension is beyond nanoscale. This leads to ndaé@eshaped nanomaterials, such
as nanotubes, namods, nanobelts and nanowifesTwo-dimensioml (2D)
nanomaterials exhibit plal&ke shapes and they present thicknesses smaller than 100
nm? 2D nanomaterials include nanofilms, nanolayers, nanomembranes, nanosheets
and nanocoating.
Interestingly, it is not only size but also dimensionality itself that determinesiatater
properties. This particularly applies to the case of sp2 carbon materials: 3D graphite,
2D graphene, 1@arbonnanotubes and 0D fulleren®¥sAll these materialexhibit
very different properties: as the dimensions of the materials decrease, the electronic
band structures change from continuous bands towards discrete levels. Also, when it
comes to analyzing the chronological order of the findings of the different
dimensional forms of a given materials, the case of the carbon is a representative
2
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examples: graphite has been known since tiectury and has been widely used in
industry for steemaking, as brake lining or as dry lubricant in some other devices.
But it was not until 1985 when the discovery of fullerenes greatly expanded the
number of known carbon allotropes and furthermore suggested the existence of its 1D
form, carbon nanotube, which was first demonstrated in $99lthough the
theoretical studies of graphite as starting material, it was not until 2004 ignatiste

were able to isolate a monolayer graphene sheet for the first'tifftee recent
blossoming of graphene literature evidences not oslpaisic scientific interests but

also its potential technological impdétActually, two dimensional materials are
expected to have a significant impact on a large variety of applications, rargimg f
electronics to gas storage or separation, catalysis, high performance sensors, support
membranes and inert coatings, just to mention a few of them.
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~500 years ago : 2004 1991 1985

Fig. 1-1. Classifications of materials according to their dimensionality (top), energy
band diagram (iddle) and their representative species (bottom). 3D: Graphite; 2D:
Graphene; 1D: Nanotubes; OD: Fulleren&&®

When the dimensions of materials shrink to the nanoscale, classical properties are not
applicablebut they enter the world of quantum mechanicshe qualitative changes

3
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in physcal and chemical properties, such as reactivity, are connected to the ratio of
surface atoms or molecules with respect to the total number of atoms/molecules
forming the materials. The difference in properties of nanoscale materials in respect to
bulk matrials can be mainly attributed to two reasons:

1, Increase in surface area to volumeéNanomaterials have a relatively large surface
area as compared to the same mass of materials produced in larger form. This makes
materials more chemically reactive andfeets their mechanical and electrical
properties.

2, Quantum confinement**® In nanomaterials, electronic energy levels are not
continuous as in the bulk but are discrete. This is due to the confinement of the
electronicwave function in one, two or three physical dimensions of the materials and
accordingly it can be classified as 1D, 2D or 3D confinement. This quantum effects
can strongly change the behaviors of matter at the nanoscale affecting the optical,
electrical ad magnetic behaviors of materials, which are significantly different from
their bulk counterparts. For instance, seffect properties can be observed, such as
surface plasmon resonance in metal nanopartitlegjantum confinement in
semiconductor particles and superparamagnetism in magnetic nanomatétials.

In addition to the common characteristics of general nanomaterialslitwemsional
materials also possess certain special characteristics thanks to their unique structure
features. First of all, most 2D materials areasedl based on layered van de Waals
bulk crystals in which there is no covalent bonds between the layers along their
thickness orientationF{g. 1-2),'° thus the fabricated 2D materials both can reach
atomically thin sizes without breaking the-ptane lattice periodicity and have a
naturally passivated surface. On the one hand, the ultrathin mdttirese materials
introduces quantum confinement in the vertical direction leading to large
thicknessdependent band structure tunability and strong -igatter interactions in

the ultrathin (< 10 layers) regime. On the other hand, the dangling bandurace
accompanied by the van der Waals interactions allows stacking different 2D materials
beyond the constraint of crystal lattice mismatching, in order to realize novel artificial
it is more advantage to combine with the stat¢he-art micre, nane processing
technology than OD and 1D nanomaterials. Based on the above mentioned
characteristics, 2D materials, as a novel and isolated materials system, can both bridge
the property advantages of nanomaterials and macroscopic 3D bulks, indicating
various promising applications in the future world.
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Dangling bonds No dangling bonds

0000

3D materials 2D materials

Fig. 1-2. The surface of 3D materials (left) and 2D materials (right) with and without
dangling bonds?

1.1.2 The development of 2D materials

During the first decades of the ®@entury, the existence of twdimensional
materials was a highly debated issue in the physics commuihgyguestion vinether

a strictly twedimensional (2D) crystal can exiswas first raised by Peierls and
Landau?®® They demonstrate that, in the standard harmonic approximafion,
thermal fluctuationswould destroy longrange order, resulting in melting of 2D
lattices at any finite temperature. Furthermore, Mermin and Wagner proved that a
magnetic longange order could not exist in one or two dimensions and tiaggr
extended the proof to crystalline order in ZBometry?>?® Importantly, numerous
experiments on thin filmshowed agreement with the thetical prediction finding

that below a certain thickness of dozens atbmic layers, the films became
thermodynamically unstablérénd tosegregate into island or decompose) unless they
constitute an inherent part of a thidienensional (3 system (such as being grown
ontop of a bulk crystal with a matching latticéy°

Significantly, materials science had a major breakthrough in 2084en Novoselov

and Geim isolatedhe first singlelayer 2D material, graphene, through Scotch tape
exfoliation of graphite. The importance of this achievement was rewamd2d10,

with the Nobel Prizdor both their contributios. However, the physical structure of
graphene- a single lger of carbon atoms densely packed in a honeycomb crystal
lattice is still puzzling. On the one hand, graphene appears to be a strictly
two-dimensional material, exhibiting such a high crystal quality that electrons can
travel micrometer distances withowtcattering. On the other hand, perfect
two-dimensional crystals cannot exist in the free state of 2D space, according to both
theory and experimesnt®>2>%°3% Actually, a detailed analysis of the 2D crystal
problem beyond the harmonic approximation has led to the conclusion that the

5
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interaction between bending and stretching {amyelength phonons coulth
principle stabilizeatomically thin membranes through their deformation in the third
dimensior®* The following studies by transmission electron microsc¢pgM)
revealed that these suspended one dtook carbon sheets are not perfectly flat (see
left panel inFig. 1-3). In fact,they exhibit intrinsic microscopic roughness such that
the surface normal varies by several degrees andfqlane deformations reach 1

nm in amplitude. The observed corrugations in the third dimension may provide
subtle reasons for the stability of twiamensional crystals, which are further
confirmed by atomistic Monte Carlo simulations based on a very accurate interatomic
potential of carbor?

Fig. 1-3. The crystal structure models of a suspended graphene flake (left) and
monolayer Mo$ (right).

In genera] this important discovery came dig backroundof a continuous ongoing
guestraisedthe semiconductor industgommitteeto search for new semiconducting
materials, engineering techniques and efficient transistor topologies to extend

i Mo or e 6isan émgriwadb observationpointed outin 1960s by Gordon Moore

which claimed that the number of transistors on a complementary
metatoxides e mi conduct or ( CMOS) mi croprocessor
performance, would approximately double evédymontls3** In fact, to enhance

the density and performance on the chiphe semiconductor industry has been
shrinking down the conventional CMOS transistdos hanometer regini&™*

However, during théast decades, the performance gains derived due to dimensional
scaling @wn have been severely offstie tothe detrimental shothannel effects

(SCE) which cause high OFstate leakage currents (due to loss of effective gate
contol over the charge carriers in the semiconducting channel and inability of the

gate to turn the channel fully OFF) leadingléoger static power consumpticemd

heat dissipation, whichintroducedi re i mplicati of¥ withor Moor
continueddownscaling (sublO nm regime), the SCE effect will get far worse and

even statef-the-art CMOS transistor architecturésuch as MuGFET, UTHETS,

6
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FIinFET, etc) designedd enhanced gate controllabiliyould face seious challenges

in minimizing the overall power consumptiofhus an urgent requiremeihatfinds

an appropriate transistor channel matewdlich allows for a high degree of gate
contol at these ultrahort dimensiondias been introducéd®" In theory, based on

the <characteri st g Bchhhnnegd, Fopiowmbrh iyl
(toxtsooyWooy) ¥4y, in Which tox andtseny are the thicknesses of the gatdde and
channel,and (ooy and Uy are their respective dielectric constatftsaturalultrathin

channel materials can help mitigate SCE in wdtaled FETSs, thus enabling enhanced
electrostatic gate control and carrier confinement versus 3D bulk semicondtictors.
From this point, graphene has been thoroughly researched for its remarkable
properties, such as 2D atomically thin nature, extremely high carrier mobility,
supeior mechanical strength, flexlky, optical transparency, and high thermal
conductivity, whichcan be useful for a wide range of dewvitssign and fabricatiors

Though graphene allows forexcellent gate controllabilitythanks to its innate
thickness, a majodrawback of grapheneish e absence of an el ectr
nature a neceswmy attribute any material must possess to be considered for
electronic/optoelectronic device applications, which means a graphene transistor
cannot be ¥YUdrned AOFFO.

1200

<«—— Application to Lubricant (1929) q

1000 - Demostration of High-performance |
an_) <«—— Application to HDS Catalyst (1943) Single-layer MoS,Transistor 'r'
% 800 4 Synthesis of Inorganic Nanotubes !
o <«— Identification of 3R Polytype (1957) & Inorganic Fullerene Discovery of Direct Bandgap
o 600 in Single Layers
.
) .
o) Application to Cathode Identification Isolation
g 400 for Lithium lon Battery of 1T Polytype of 2D Atomic Layers
=z

200 A

0 T T T T T T T T T

T
I U (I I N SR S
Year

Fig. 1-4. History of molybdenum disulphéresearch for last 50 years (198@14)>°

Gr a p h e meodiagsnsotivatedto the search for alternative materials with similar
yet complementary properties, which promote the emergence ajeadatalogue of

2D layered materials ranging from insulators to semiconductors and Méfdle

to the natural availability and environmental/ambient stability, MeBown by right

panel inFig. 1-3), as theifst isolated monolayer 2D semiconductor, has been one of
the most popular and widely studied materials by the research community, as

witnessed in the exponentially rising number of publication on this subjdégin
7
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1-4.°° The bandgap variability, together with high carrier mopilimechanical
flexibility, and optical transparency, makes 2D M@Stremely attractive for practical
nane and opteelectronic device applications on both rigid and xifie

9,5863
platform:.
s 13 14 15 16
The zoo of 2D materials
B C N
4 5 6 7 10 Si| P|S
Ti | V Ga | Ge | As | Se
Zr | Nb | Mo Pd In | Sn | Sb | Te
Hf | Ta | W | Re Pt Pb | Bi
transition metals | I post-transition metals | | metalloids | | non-metals I | chalcogenides
Graphene hBN ;
family Graphene ‘white graphene’ BCN Fluorographene Graphene oxide
' ' Metallic dichalcogenides:
- Semiconducting NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
= dichalcogenides:
chalcogenldes MoS,, WS,, MoSe,, WSe, MoTe.. WTe
zs, ZrSezz B oen Layered semiconductors:
GaSe, GaTe, InSe, Bi,Se, and so on
Micas, Hydroxides:
BSCCO MoO,, WO, Perovskite-type: Ni(OH),, Eu(OH), and so on
LaNb,O,, (Ca,Sr),Nb,0,,,
it ) Bi,Ti;0,,, Ca,Ta,TiO,, and so on
Layered TiO,, MnO,, V,0,, ot
Cu oxides | TaO,, RuO, and so on e

Fig. 1-5. The zoo of 2D materiaf§:®°

One very important factor for the initial rapid development of the 2D materials field
was the natural abdance of graphite and M@8s common minerals/materials. After
the initial studies, luckily it was discovered that also other layered materials could be
synthesized and studied in the uithen regime. Other important families of layered
materials includehe transition metal dichalcogenides (TMDCs)g( WS, MoSe),
certain metal halides(g, Pbb, MgBr,), and oxidesd.g, MnO,, M0oQ;), perovskites
(general form ABQ), layered II}VIAs (.9, GaS, InSe), and-VIAs (.9, SnS,
SnSe) materials, layexd silicates (clays, micas) and also elemental layer materials
(e.g, black phosphorous, silicene, antimonettéy. In addition, the insulating
hexagonal boron nitride {BN) system is another important layeredtenal, one
isostructural with graphite, but exhibiting very different properties. Currently, around

500 different layered materialgve been identified, and a schematic description has
8
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been shown irfrig. 1-5.

1.2 Isolation of thin vdW materials and their properties

1.2.1 Preparation of 2D materials

Until now, many methods have been employed to prepare sengemultilayer 2D
nanomaterials. The tepown methods, which rely on tlexfoliation of layered bulk
crystals, include the mechanical cleavage method guoatliphase exfoliation method.
Examples of bottmrup approaches are CVD growth and wet chemical synthesis
these four different types of method will Biscussedn the following context.

. Mechanical exfoliation

Generaly, there & two kinds of mechanicalrinciples to exfoliate layered bulks into
2D (mone or multi-layer) forms,i.e., by the application of normal force and lateral
force. One can exert normal force to overcome the van der Waals attractions when
peeling two bulk layers apart, such as microhamical cleavage by Scotch tdpé’
Taking advantage dayered bulks selfubricating ability in the lateral direction, one
can also exert lateral force to promote the relative motion between two beik.la
These two mechanicgrinciples are illustrated ifFig. 1-6, which are perquisite for
the production of 2D flakes.

I Inormal force shear force

agmentation ‘
— B _

Fig. 1-6. The mechanism of mechanical exfoliation: mechanical cleavage and liquid
exfoliation®’

A second process that can happen during exfoliation is the fragmentation effect. On
one hand, it can reduce the lateral size of 2D flakes, hwisicnot desirable for
fabricating largearea 2D flakes. On the otheand, it can facilitate exfoliation,
because smaller bulk particles are easier to exfoliate than larger ones thanks to the
smaller collective van der Waals interaction forces between the layers in these
particles. In the following, in terms of the above twwmechanical routes, the
micromechanical cleavage and liquid exfoliation techniques are discussed.
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The micromechanical cleavage technique is a conventional method to fabricate thin
flakes by exfoliation of layered bulk crystals, using Scotch tapeRiged-7).° The
original idea of this technique is to apply mechanical force via Scotch tape to weaken
the van der Waals interaction between the layers of bulk crygithlgut breaking the
in-plane covalent bonds of each layer, hence peeling off singliew-layers of 2D
crystals.

D D
B ams g

c d

Fig. 1-7. Micromechanical cleavage of 2D cryst3ls.
In 2004, Novoselov, Geim, and -@gorkers first successfullysolateda singlelayer
graphene nanosheet from graphite by using the micromechanical cleavage
technique™! Later, the same group demonstrated the extension of this technique for
the exfoliation of other ultrathin 2D nanomaterials, includinBNy MoS;, NbSe,
and BbSnCaCuO,, from their parent layered bulknaterials® Since then, this
method has been widely usedfabricatevarious kindof ultrathin 2D nanomaterials.
The exfoliated nanosheets range from TMBg{ TiS,, TaS, TaSe, MoSe, WS,
WSe, MoTe, ReS, MoW1xS,, ReS,Seux, etc.)*®’ topological insulator €.g,
Bi,Tes, Bi,Se, and SbTes) % CulnkSs® BPE*®" antimonené® and metal
phosphorous trichalcogenidesd, MPS: M = Fe, Mn, Ni, Cd, and Zn) to-BN .8
Theoreically, this method is capable of producing all kinds of ultrathin 2D
nanomaterials whose bulk crystals are layered compounds.
Although the micromechanical cleavage technique has many advantages, such as
wide applicability, high crystal quality, clean sacé, and larger lateral size of the
obtained flakes, there are still several disadvantages that restrict its practical
application in its current form. First, the production yield and rate of this technique
are quite low, which makes it difficult to fulfithe demand for various practical
applications, higtyield and largescale production. Then, the size, the thickness and
the shape of the produced ultrathin 2D nanomaterials are difficult to control because
the exfoliation process is operated manually Hands, which lack the precision,
controllability, or repeatability.

10
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Layered bulk crystalslso could be exfoliated into ultrathin 2Degimein liquid if

proper mechanical forces are applied on the layered bulk crystals dispersed in liquid
media. Sonicatioms the simplest and most common mechamuoalhodthat has been

used for the exfoliation of layered bulk crystals into ultrathin 2D nanosheets in liquid
media, as shown ifig. 1-8a. The key factor for achieving efficient exfoliation of
layered bulk crystls is matching the surface energy between the layered bulk crystal
and the solvent systenihis simple and effective method wast developed in 2008

by Col emandéds group for the ¥xtiich heithert i on
need any complicated equient nor expensive chemicalsving pavel a way for

the highyield and largescale production of graphene at low cost in liquid phase.
Besides graphene, in 2011, Colemad aoworkers further extended this method for
exfoliation of otherlayered bulk into 2D nanosheets, including MgSVS,, MoSe,

NbSe, TaSe,, NiTe,, MoTe, -BN, and BjTes. Both the experimental and theoretical
results suggested that the good matchinghefsurface tension between the layered
bulks, not only thechoice of solvents, is also a key factor for the efficient
exfoliation® The solvent is also important in stabilizing the exfoliated nanosheets and
prohibiting their restacking and aggregating as illustrate@ign 1-8a. To further
promote the production rate of the sonication based liquid exfoliation and reeet th
requirement for industrial applications, several optimized liquid exfoliation strategies
have been developed, such as shear force assisted liquid exfdidtidon

96,97

intercalationassisted liquid exfoliationHg. 1-8b), ion-exchangeassisted liquid

exfoliation Fig. 1-8c),”%2 oxidationassisted liquid exfoliatio’>'%*and seletive
etchingassisted liquid exfoliatio’>%”

As mentioned the above, the liquid exfoliation supports an efficient way for 2D
nanosheets fabrication, while there are several disadvantages for this method. First
the yield of the singkdayer nanosheets in the exfoliation suspension is typically low.
As known, some of the extraordinary properties of 2D nanomaterials only can be
observed in its singlayer form. Recently, Claual Backe and ceworker
demonstratedthat the high efficient nanosheet semdection and/or monolayer
enrichment can be achieved using cascades centrifugation m&tt®etond, the
lateral size of the produced nanosheet is relatively small due to the fragmentation
effect. Third, for the sonication in agueous polymergstient solution, the residual
polymer/surfactant absorbed on the exfoliated nanosheets is undesirable for some
further applications, such as electronics, optoelectronics, eleatiatysis, and energy
storage. Last the sonication process may induce sorfeetsleon the exfoliated

11
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nanosheets, which will affect the properties of the exfoliated nanosheets.

Sonication {‘ ;
—_—
Q Time

z B
’

Time Good solvent
—
Poor solvent

Intercalation

g ¢ © Exchange {
(3 ¢

Fig. 1-8. Mechanism of liquid exfoliation. Sonicatieassisted liquid exfoliation (a),

ion intercalatiorassisted liquid exfoliation (b), ieexchangeasssted liquid

exfoliation (c)*®®

e
-
-
e
e

Agitation
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., Chemical vapor deposition (CVD) growth
CVD is aconventionaltechnique for thdabricationof high-purity materials or thin

films such as W, Ti, Ta, Zr, and Si films on substsat’ Currently,as te key step for

the production of single crystal silicon, C\ias beenidely used for many modern
technologies, suchsaelectronics and solar cell devi¢ésDuring the past decades,
CVD method has also been continuously developed and recognizecekeble and
powerful technique for producing a large number of ultrathin 2D nanomatefiais.

a typical process, ehpreselected sulbates aremountedin a furnace chamber, and

one or more gas/vapor precursors are cycled through the chamber, in which the
precursors can react and/or decompose on the surface of sub$iratehis case,
ultrathin 2D nanosheets can be obtained on the substrate with proper experimental
growth window parameters® In some growth processes, catalysts need to be used in
the reaction process, for example, for growing grapf€n 2006, Somani and
co-workers first demonstrated the growth of thick multilagesphene from camphor
pyrolysis on a Ni substrate by the CVD technidtfedlthough te grapheneealized

in this work is about 30 layers, it proved the possibility for the growth of sigle
few-layer graphene by the CVD technique. Inspired by this work, many efforts have

12
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beensparedto optimiz experimental conditions to achieve thewtio of single or
few-layer sheets. Beton and-emrker achieved the growth of singleyer graphene

by CVD method on polycrystalline Ni film deposited on the $8Dsubstraté** Note

that the Ni film here not only acted as the substrate to support the growth of graphene,
but also as the catalyst to facilitate the nucleation of precursors to form graphene
sheets. Ruoff and ew@orkers demonsaited the growth of largarea singldayer
graphene film up to 0.5 mm aropper foil by the CVD methodsing methane and
hydrogen as gas sourceslt is worth to point out that the precursors, substrates,
catalysts, temgrature, and atmospheres are among the key factors in determining the
structure features of the final graphene products in CVD growth. Bydimag those
experimental parameters, the controlled growth of graphene with tunable layer
number, crystallinityand lateral size can be achieved on different substrates with
different precursors by the CVD technigidéLikewise, CVD can be extended for the
growth of many other 2D nanosheets on various substrates, such-B&s h
nanosheets® topological insulators e(g, Bi,Se),***?° metal carbide$?>!??
silicene, borophene, and antimonéfig®

Not only the aforementionedraphenenanosheets, singler few-layer TMDs also

have beerachievedby the CVD technique on various substrdt@sAlthough the
growth of TMDs can date back to the 1980%/ the growth of ultrdtin 2D TMD

flakes was only achieved a few years ago. In 2012, Li andvariers first
demonstrated the growth of fdayer MoS nanosheets on insulating substrates by
the thermal decomposition of ammonium thiomolybdates that wasodifgd onto the
substrées with a subsequent sulfurization using sulfur vapbig.( 1-9).**®
Alternatively, the CVD growth of largarea fewlayer MoS nanosheets was achieved

by sulfuization of Mo metal film by sulfur vapor, in which the Mo film was
previously deposited on the Si®ubstrate using an electronic beam evapotéator.
The size andhickness of the film can roughly be tuned by controlling the size of the
substrate and the thickness of Mo metal film. TMOs and transition metal chlorides
(e.g, MoO; and MoCk) can also be used as the Mo sources to produce; MoS
nanosheets by the CVD tethue™***** Up to now, many ultrathin 2D nanosheets of
TMDs, including Mo$, WS, MoSe, WSe, ZrS, ReS, MoTe, etc.r**'** and also
some alloyed TMD nanosheets.d, MoSxSex.x, MoW1,4S,, and WSSe.x)

have been grown by the CVD technique from different precursors at different
temperatures on various substrates under different atmosphePe.

13



INTRODUCTION

dip-coating 1st anneal 2nd anneal
Ar
ArlH; or Ar+S
1 Torr 500 Torr
500°C 1000°C
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(NH4)2MoS4
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MoS; @ 5 v
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= € D
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Tem
on sapphire on Si0,/Si on Si0/Si

Fig. 1-9. Schematicliustration of the CVD method grown of Meghin layer on
insulating substrat&®

The CVD technique allows researchers to prepare ultrathin 2D nanomaterials with
high crystal quality, high purity, and limited defects on certain substrates with
controllable size and thickness More importantly the electronic properties of
ultrathin 2D nanomaterials, such as graphene and TMDs, are approaching those of
mechanicallyexfoliated thin layers. Therefore, ultrathin 2D nanomaterials grown by
the CVD technigue are also promising candidates for the fabrication of
high-performance electronic and optoelectronics devices. Unlike the low yield and
low production rate of the micneechanical cleavage technique, CVD is capable of
producing materials in industry scale. It is believed that CVD technique is a promising
method with potential to produce ultrathin 2D nanosheets in industry applications for
electronics and optoelectronicddowever, the CVD method still has some
disadvantages at its current form, for example ultrathin 2D nanomaterials grown by
the CVD technique are always deposited on the substrates, needing to be transferred
to other substrates for further investigation applications. The CVD technique
normally needs high temperature and inert atmosphere, leading to relatively high cost
of production as compared to the solutlmased methods.

Wet-chemical syntheses
Wet-chemical synthesealso are good choices for the preption of ultrathin 2D
nanomaterials in high yield and larger amotiht>*Wet-chemical syntheses represent
all the synthetic methods that rely on the chemical reactions of certain precursors at
proper experimeat conditions conducted in solution pha¥tBecause of their
powerful controllability, wetthemical syntheses have been considered as a class of
conveniemt and reproducible strategies for the preparation of ultrathin 2D
nanomaterials with controlled size and thickness, which are potentially scalable for
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industry applications. Particularly, wehemical syntheses have been widely used for
preparing variousiortlayer structured ultrathin 2D nanomateritiigt are unable to

be realizedby top-down method$>? The synthesized 2D nanomaterials can easily be
dispersed in organic or aqueous media, which make them very suitable forsvariou
applications. Wethemical syntheses can be also used for the synthesis of ultrathin
2D nanosheets with layered structural feattitebinlike all of the methods discussed
above, there are no general principles underlying eacltcheshical synthesis method.
One wetchemical synthesis method could be as different from the other. To classify,
hydro/solvothermal synthesis, zWiented atichment, selassembly of nanocrystals,
2D-templated synthesis, hotjection method, interfacmediated synthesis, and
onsurface synthesis are a few routines and a brief summary as follows.

The hydro/solvothermal synthesis method is a typicalahemicé synthesis strategy,

using water or organic solvent as the reaction medium in a sealed vessel, in which the
used reaction temperature is higher that the boiling point of the soNathen the
reaction temperature of the closed system is heated above the boiling point of the
solvent system, the solvent will be autogenerated in high pressure to promote the
reaction and improve the crystallinity of the-synthesized nanocrystals. Dou and
co-workers employed this method for the synthesis of ultrathin 2D transition metal
oxide nanosheets, including TGZnO, Ca0,4, W03, F&O,4, and MNnQ, by using the
poly(ethylene oxide)i poly(propylene oxide)i poly(ethyene oxide) (P123) and
ethylene glycol as surfactants in ethalélLater, Xie and caworkers reported the
preparation of fewayer defectrich MoS nanosheets by a facial hydrothermal
method with the assistance of excess thiotfedhe 2Doriented attachment is
another typical wethemical synthesis ntead used for the synthesis of ultrathin 2D
nanomaterials, in which adjacent nanocrystals are connected with each other and
fused together to form singt@ystalline 2D nanosheets by sharing a common
crystallographic facet to eliminate the high energy faeetd interface$? In 2010,

Weller and ceworkers developed this method for the synthesis of PbS nanosheets
from tiny PbS nanocrystafs’ Impelled by the development of nanocrystals synthesis
and surface modification technologies, sederbly of nanocrystals has been
developed as one of the efficient ways to create nanoarchitectures with inner
nanocrystals in ordered and steady manner, in which presynthesized nanocrystals
spontaneously organize with each other by noncovalent interactimisas van der
Waals interactions, electrostatic interactions, and/or hydrogen bnidshas been
demonstrated that the assembly of ddwmensional nanocrystals, such as
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nanoparticles and nanowires, is a promising strategy to prepare ultrathin 2D
nanomaterials. And Acharya and-eworkers prepared an ultrathin 2D PbS nanosheet
via the coalescence of PbS nanowirdslemplated synthesis is an effective strategy
for growth of anisotropic nantsictures, which refers to the use of the presynthesized
nanomaterials or bulk substrates as templates to confine/direct the growth of specific
nanostructure$>’**'For instance, by using the GO nanosheet asl&mhang and
coworkers achieved the growth of hexagonal clpaeked (hcp) Au square
nanosheet with size between 200 and 500 nm and thickness of ~2% Tine
hotinjection method, initially developed by Bawendi and-vaarkers for the
synthesis of cadmium chalcogenide nanocrystalis a very attractive approach to
prepare mondispersed colloidal nanocrystals with uniform size, shape, and high
purity. As a typical example, a singl@yer CdSe nanosheet was synthesized using this
method by heating the reactants of Cd@hd Se powder in a mixture solution of
octylamine and oleyhaine!®* The interfacemediated synthesis method is another
typical wetchemical synthesis method used for the synthesis of ultrathin 2D
nanomaterials, especially for metal coordination polymerssY@®ad polymers. In
2011, Schlier and cavorkers first achieved the synthesis of siAiglger CP
nanosheet at the water/air interfa€&The onsurface synthesis method has been
developed as a promising way for the synthesis of ultrathin 2D COF nanosheets fro
monomers on solid substraté&®’In a typical process, the monomers for a certain
COF were casted in the surface of a solid substrate, which then reacted into COF
nanosheets through the polymerization prockssto the surface confinement of the
solid substrate. As a typical example, Lei andwvakers first developed this method

for the singlelayer iminebased COF on the highly oriented pyrolytic graphite
(HOPG) surfacé®®

1.2.2 Electrical, optical and mechanical properties

Two-dimensional (2D) materials are crystalliibms with large ratio between their
lateral size¥ 1 € m) hickness (<t1 nm). The structdrlattice of bulk layered
crystals, which facilitates their exfoliation to 2D layers, originates from the strong
in-plane covalent (or mixed ionikcovalent) bonding andrelatively weaker
out-of-planevan der Waals (vdW) interactismvith typical binding energies of 470
meV/atom:°® The electronic transpgrite., conductivity in layered materials is much
more efficientwithin the layersi(e., in the plane perpendicular to the stacking axis)
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thanit between the layers, typically by 3 or 4 oslef magnitude in natural M@S
bulks!®® This is due to the strong charge carrier loaion within the individual
layers and simultaneous transport of charge carriers through multiple 18\lerthe
situation of 2D material regime the inplane conduction is dominant by band
transport, while the owutf-plane caduction reduced due to the large interlayer van
der Waals gapvhich does not allow a good hybridization of wave functions between
different layers. A large number of layered materials with diverse properties based on
the elements have been highlightedFig. 1-10 were gradually exfoliated in 2D
form.®* In this part, a general discussion will be focused on the electrical, optical and
mechanical properties of these 2D materials in a point of viegommdensed matter
physicsempbying graphene and TMDCs asamples.

Crystal structure of 2D materials

a) i g E :?
3.35A ; E%:
M

142 A

b)

5.46 A

graphene

molybdenum disulphide ® Mo 2H phase 1T phase

Fig. 1-10. Crystal structures of various 2D materials. a) graphene. b) black
phosphorene. c) MeSd) Two different stacking sequences of TMDCs.

Monolayer graphene and hBN awxeot examples of 2D crystaishich all the atoms
are arranged in a hexagonadtize andoccupyng the same latticgplane Fig. 1-109).
Other singleelement 2D materials such as phosphorene fmrokledstructures with
the atomsarrangedacross more than one plariég 1-10b). Monolayer TMDCs are
three atoms thick and comprise of aArvkX (X = S, Se, Te; M = Mo, W, Retc)
sandwichgeometry(Fig. 1-10c and d) with either trigonal prismatic or octahedral
coordination of the metal atoh The d orbitals of Matomsand the p orbitals of X
17
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atoms facilitate their covalent dnding within an M) monolayer, the atoms are
arranged in a hexagonal pattern when viewaézhg the caxis direction, and the
individual layers are held by the weak vdW forces. Importantly, all the accessible
orbitals of M and X at the basal surface are ingdlin the intralayer bonding, leaving

only the highenergy antibonding orbitals for interlayer or external bondthgs

result in a complete absence of dangling bohdsThe metal coordination and
stacking order between the individual layers defines the phase or the polytope of a
TMDC (Fig. 1-10d). Common phases are 1T, 2H or 3R, where, 3 defines the
number of XM-X sandwiches per unit cell in the ¢ axis direction and T (tetragonal),

H (hexagonal), R (rhombohedral) denotes the crystal symiiétijhe phase
determines the properties of TMDG%., M0oS; exist either as 2H or 3R, which is a
thermodynamically stable or metastable semiconducting phase with a bulk and ga
of ~1.2 eV, or as 1T, which is a metastable metallic phase. The 2H and 1T phases can
be transformed to one another by simple gliding of the atomic planes, demonstrated
by an in situ electron microscop¥,or by chemical modificatioh’> The coordination

of the M atoms is a trigonal prismatic in the 1H and 3R phases and octahedral in the
1T phaseFig. 1-10d).*"*

. Electronic, optical, and mechanical properties of 2D materials

Band diagrams describe the electromitucture of solids, whose multitude of
electronic state lead to continutlike bands of allowed energy levefsSdids can be

classified based on their electronic structure as metal, semimetals (with an overlap in
energy between their valence band (VB) and conduction band (CB)), semiconductors

and insulators (with a-4 eV and > 4 eV band gap between their VB and CB,
respectively). Graphene, thanks to its zZeamd gap semiconducting nature and a

|l inear dispersion of <charge <carriers near
occupies a unique position amongst other 2D materials. This resultarious

interesting physical phenomena such as relativisticlike charge carriers,
wavelengthindependent light absorption, Klein tunneling, and ah&rt’’
Conductivity () of graphene is intrinsically high due to the high charge carrier
mobility (¢) in graphene, and it is readily tuneable through charge carrier demsity (
according tall = n e, svheree is the elementary charggig. 1-11a demonstrates this

ambipolar natte of graphene in the vicinity of the Dirac potht’®

The charge carrier mobility of semiconducting 2D materials is strongly dependent on
factors such as temperature, number of layers, substrate, chargedi@splocalized

states, defects, device geometry, contacts, and external efeittimduced charge
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carrier polarity. Thusintroducinglarge discrepancies in the literatueportsabout

the electronic transport of mon@nd fewlayer MoS with the mobiity values
ranging over 6 orders of magnitude, between 0.03 and 34000 'sth’®!"*'® The
mobility generally increasesipon the increasednumber of layers in TMDC
FETs/%1%21833lthough exception to this have been reported and attributed to the
interlayer resistanc€*'® The charge carrier density depends on the intrinsic and
extrinsic doping levels, electrical field, adénsity of traps levels and recombination
centers. The typical values of #£@m? can besignificantlyincreasd to 10 - 10"

cmi? by ionic top-gating using polymer or ionic liquid&® Mobilities of graphene and
group 5 TMDCs arsummarizedn Table 1
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Fig. 1-11. Electronic, optical, and mechanical properties of 2D matefia[g:179-1829

As schematically shown iRig. 1-12a 2D semiconductingnaterials also experience
strong enhancement of the Coulomb interactions among charge carriers and defects

thanks to the quantum confinement and significantly reduceilectric
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screening® % As a resultof this effect longlived excitons and trions witkpatial

extent of several nave beembserved in monacand fewlayer TMDCs!%*'% Their

binding energiese.g, ~320 meV for excitons in WSand ~20 meV for trions in

MoS,, 119 which are several times higher than those in bulk, imply high thermal

stability of these quasiparticles at nmdemperature. Biexcitons with a binding energy

of ~52 meV have also been recentiportedin the emission spectra of monolayer

WSe at high exciton densiti€S® These resultsvhich were previously only observed

in exotic systems such as aqium wells at low temperatur€*®® open new

experimental avenues for studying many body physical phenomena

Table 1: charge carrier mobility in graphene and TM

D’lé%l70,179,183,186,1@)3

2D materials Mobility (cm?V*s™)
Bulk (> 10 layers) Monolayer

Graphene 10000 > 140000
2H-MoS, 60- 200 > 200
2H-MoSe 160- 250 50
2H-MoTe, 40 -
2H-WS, 20-100 0.2
2H-WSe 120- 150 30-180
1 T0Te, 6000- 44000 20- 21000

Table 2: Band gap evolution of TMDCY" 189202971 |ndirect band gag, Direct band

gap
2D Band gapeV)

materials Bulk Tetralayer Trilayer Bilayer Monolayer
2H-MoS; 1.23 1.41 1.46 1.59 1.89
2H-MoSe 1.09 - 1.34 1.46 1.57
2H-MoTe, 0.93 1.00 1.02 1.05 1.08
2H-WS; 1.35 1.47 1.53 1.73 1.98
2H-WSe 1.2 1.42 1.45 1.54 1.66°

1 TWTe, Semmetal/metal (~0.5 eV overlap between W 5d and Te 5p bani

The strong interlayer coupling and quantum confinemertoduced bythe strong

hybridization between d orbitals of the M atgfis*°®?® further resut in

thicknessdependentlectronic band structusan most 2D materialsHigs.1-11b-d

and 1-12b). For exampleas shown irFig. 1-11d, bulk group 6 2HTMDCs possess

an indirect band gap of 0i91.4 eV, originating from the transition between the VB

maximu m

( VBM)

at t h

e @

point

t o

t he

CB mini

and K points'®?™ This indirect transition is strongly affected by the presence of

neighboring layerbecause of h e f

act

t hat

t he

VBM

states

20

n

n



CHAPTER 1

a linear combination of the d and p orbitals ofdtbmsand X atomsand that the

involved holes and electrons have Ewwut-of-plane masses. In contrast, the smallest
direct band gap, which is lagin size than the indirect one, originates from tke d
metal orbital transitions at t4%%*®ke (and Ko
direct transition remains almost unaffected by the interlayer interalsécause the M

d orbitals are nested inside theNkX sandwich and the holes and electrons at the K
(Kd) point ha vobplaneumads thanifreeteleatrdffeAs a result, the
indirect band gap is strongly dependent on the number of layers, while the direct one
is not Fig. 1-11d). These changes amanifested by energy shifted in the TMDC
photoluminescence (PL) spectra showikig. 1-11b. Importantly for optoelectronics,

this band structure evolution is accompanied by an enormous increase of PL intensity
in monolayer TMDCs in comparison to thickayers as shown iRig. 1-11¢ 87188205

For the group 6 TMDCs, the band gaps increase with the increasing size of transition
metal atoms and decreasing size of chalcogen atoms, regardless of tHitkiéss,

as shown inTable 2, whereas the VBM and the CBM increase with the increasing
size of both M and X%3%'® Furthermore, the direct band gap comprise of two
excitonic trangions, A and B, at energies between 1.1 and 2.4 eV, originating from
the transition between the spinbit split VBM (indicated inFig. 1-11d by magenta
circles) and doubly degenerate CBM at the
observed at highenergies (2.5 4.8 eV)?*2?1*21% Dye to a greater overlap between

the outer orbitals of larger atontbe size of the B energy splitting increases with

the increasing size of tomsand Xatoms(Table 3).%'%4%1°1 T-\WTe, is an exception

to this due to its perfecdgompensated sermetallic character with a small overlap
between the W 5d and Te 5p orbitals due to the distorted octahedral coordination
discussed earligf®?*

Table 3: A and B exciton in bulk TMDC&3-204217.219

2D materials Bulk exciton energy (eV)
A B 0A-B
2H-MoS, 1.88 2.06 0.18
2H-MoSe 1.57 1.82 0.25
2H-MoTe, 1.10 1.48 0.38
2H-WS, 1.96 2.36 0.40
2H-WSe 1.62 2.19 0.57

The absorption spectrum of TMDCs is well matched to the solar spectrum and more
than 95% of the sunlightan be absorbed even impolycrystalline films of

submicrometer thickness, much thinner than the current photovoltaics stafitard.
21



INTRODUCTION

Theoreticalcalcultions and experiments indicdteat a TMDCmonolayercan absorb
~5% - 10% of sunlightequalto as much as 50 nm Si or 15 nm GaAs, and are able to
generate about ten timedarger photocurrent”’ However, due to the complex
electronic band structure of TMDCs, their absorption/reflectance is strongly
dependent on the wavelength of the incident fght!°?*?as can be seen in the
differential reflectance spectsbhownin Fig. 1-11f. In contrast, graphermaonolayer
canabsorb~2.3% of light, a value, solely defined by the coupling between light and
the relativisticlike electronsin graphene, and independent of wavelength in the
visible rangeé??® The wavelengtispecific transmission/absorption scales linearly with
the number of layers for most thin 2D materials but this proportionality breaks down
in thick crystals®’#?®* The absorption coefficient between tigrared (R) and
nearultraviolet (UV) is typically on the ordeof ~1¢* i 10° cm® and is generally
larger for the Wbased than Mdased TMDC$!>?#1%219222224 pyrthermore, the
equivalent absorption coefficients of monolayer Ma8d graphene arei23 times
higher than thieof ther bulk counterpart$*
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Fig. 1-12. Quantum confinement and reduced dielectric screening in 2D maférials.

Mechancal properties of 2D materials have also been studied extensively. Monolayer
MoS, canwithstandstrain up to 11%, deformations updeveral tens of nm without
broken and hasYo u n g 6 s thatostampaunable to that of ste@deeFig. 1-11g

and h).’*%?% Such strength and elasticity makes it edifor applications where
sturdiness as well as flexibility isoth required. Ripples and wrinkles, which are
known to form in 2D materials due to the localized strand differing thermal
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expansion coefficient of the 2D material and substrate, were predicted to grow in size
with temperature and decrease the size of the band gap in’fdBese ripples have
typical height of I 25 nm, periodicity of 4G 300 nm, and have been shown to be
correlated with changes in the surface potential and ch3rg&trong,
thicknessdependent piezoelectricity, for the odd number of layers only, alss
observed in mono and fewlayer MoS with the strongest effect and ~5%
mechanicato-electrical energy conversion efficiency observed in monofaer.
Frictional properties of MoSwhich are related tsurface oxidation, moisture, and
temperatur@lsohave been studidoecause of its use as a lubric&itMoreover, he
melting temperature of mofXD crystals generally decreases with the decreasing
thickness, and, while sulfides and selenides tend todrethermodynamically stable
thantellurides &nd most metallic) TMDC%>%°

1.3 The advances of 2D GaSe and InSe

Group i VI compounds MXY' (M = Ga, In; X = S, Se, Te) are one class of
important 2D layered materials and are currently attracting increasing interest due to
their unique electronic and optoelectronic properties and their great potential
applications in various other fields. ndlar to 2D layered transition metal
dichalcogenides (TMDs), MX"' have the significant merits of ultrathin thickness,
ultrahigh surfaceéo-volume ratio, and high compatibility with flexible devices. More
impressively, in contrast with TMDCs, '\K"' denonstrate many superior properties,
such as thicknesasdependent direct band gap electronic structure, low mass
conduction band electrons and high carrier mobilitiype electronic behaviors (rare

for TMDCs), high charge density, strong second harmoaiemtion (SHG), and so

on. These unique characteristics allow for hggitformance device applications in
electronics, optoelectronics, and optidere, the following text will be employed for

the discussion of the advances of 2D GaSe and InSe fromspeeta of crystal
structure, crystal fabrication, properties and applications.

. Crystal structure

Both GaSe and InSe alayered IIFVI semiconductors that consist of covalent
bonded stacks with top and bottom layers of Se and two layers of Ga or In thaes in
middle,i.e., in the sequence of SeaGaSe and Sén-In-Se, with a lattice constant
of a=b = 3.74 for GaSe and.0 A for InSe, respectivel§****?Fig. 1-13 shows
the schematic representation of tipital hexagonal structureshe covalent bonded
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layers, named tetdayers (TLs), are held together by a weak interaction of the vdwW
force, implying possibility of existence of 2D GaSe and InSe layers. The stacking
sequence of the TLs both determinesbgtypes of GaSe and InSe crystals. There
are three most important classifications for GaSe crysta8aSe, UGaSe, and
2GaSe”*®* Among them, >GaSe has a 3R stacking sequence, belonging to
non-centrosymmetric space group ofgCwith the lattice constant of ¢ = 23.92

Both b-GaSe and)GaSe are hexagonal symmetric with a 2H stacking and the lattice
constant of ¢ = 15.9%, which belong to the space groups ofsDand Dsp,
respectively. Similarly,four polytypes are defined a, U 9, and i for InSe
crystals®®*2®” which are all layered structures. Among thémphase and-phase are

two common forms of InSe. Fdr-phase, each primitive unit cell contains two
guaternary layerd,e., 8 atoms. However, in the unit cell ophasethere are three
layers of Sdn-In-Se monatomic sheets (12 atoms), with lattice parameters of ¢ =

24.961A.

Fig. 1-13. Schematic of crystal structure @GaSe andllinSe. a) Side view. b) Top
view.

Crystal fabrication
Both GaSe and InSe bulks can be hatcally exfoliated to monoand fewlayer
geometry using the Scotch tape method thanks to their layered stacking structural
features. Monolayer GaSe was firstly experimentally obtained in 2012 byet ate
via the mechanical exfoliation methd.After the exfoliation of monolayer GaSe,
many methods have been emm@dyto grow these ultrathin crystals. The vapbase
mass transport (VMT) method was firstly reported to prepare -Enege atomically
thin GaSe layers on insulating substrates in 2013 byet al, asillustrated inFig.
1-14,% where thin GaSe layers can be obtained in triangle, truntasedle, and
hexagonal shapes on the S&dibstrate. The shape of the fabricated 2D flakes can be
tuned by the distance from nucleation sites to the source. However, it is difficult to
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control the growth process because it is very fast. Then 2ha@l. proposed the
controlled synthesis of highuality single and multilayer GaSe crystals on flexible
transparent mica substrates via the van der Waals (vdW) epitaxy miétAodl Li et

al. also used this method to grow GaSe layer$ wieferred orientation in graphene

to fabricate vdW heterostructuré$ Besides the aforementioned chemical deposition
methods, some physical methods also have been employed to grow 2D layered GaSe,
such as molecular beam epitaxy (MBE) and pulse laser deposition (PLD) methods.
Yuanet al.reported layeby-layer growth of 2D GaSe ontgpe Si substrates by the
MBE method®* And later, the 2D GaSe nanosheets also were prepared by highly
pure Ga and Se via higemperature process in a higacuum system through PLD
technique?*®

Fig. 1-14. Largearea atomically thin GaSe layers synthesized on insulating substrates
using VMT method (a) anthin GaSe layers in triangle (b), truncated triang)e §¢nd
hexagonal (d, e) shapes on the SiGbstraté>®

a) InSe powder &

er
\nSe monolay woe A

™ sioysi Quart®

b)

5 min 10 min 20 min
Fig. 1-15. PVD setup (a) and images of atomically thin InSe on,/SiGsubstrate (b, c,
d).244

As for InSe, the first 2D flake was obtained by Garry W. Muwtdal. using
mechanical exfoliation meod from the bulk singlerystal ingot in 2013* Since
then, most of the experimental investigations have been carried out based on
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mechanical cleavage method, which provides kyglality 2D InSe nanosheets. Four
years later, Zhibing Yanet al. reported that wafescale synthesis dbInSe thin film
has been achieved on $ISi substrate byLD techniqué“® In 2018, Jiadong Zhou
et al. reported the successful synthesis of monolayer InSe by physical vapor
deposition (PVD) Fig. 1-15.***Very recently, single and f
are produced, with lateral sizes ranging from 30 nm to a few micrometers and
thicknesses from 1 to 20 nm|lnise shegl equoirg
i n 2 pr olplisanRetronid yal.>*’ obtaining stable dispersions with a
concentration as high as 0.11 g.L.Zhongjun Liet al. also reported the results of the
synthesi zed photoel ectrochemi cal-phagePEC) t vy
exfoliated 2D In® nanosheets dispersidits.

Properties and applications
Bulk GaSe has an indirect band gaipabout 2.1 eV and a direct band gap of only
about 25 meV highéf? When GaSe comes to 2D geometry, éhextronic band gaps
trend to be getting larger upon the decrease of thicki®$se band gaps of mono
and btlayer GaSe are reported to be indirect and have a value of 3.001 eV and 2.426
eV, respectively, as shown fig. 1-16, calculated from the DFFESEO06 functiorf>*
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Fig. 1-16. Electronic band structure of monolayer (a) andyitgb) GaSé>*?>*
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Fig. 1-17. Schematic of GaSkased bottonrgated FET (a), room temperature output
(b) and transport (b) characteristics efype GaSebased FET>?

Following the roadmap of graphene and Md® GaSe flakes have also been used in
trang st ors as the channel materi al . Il n 2012,
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mechanically exfoliated monolayer GaBased bottorgated FETs by using 500 nm
SiO, as gate dielectric, as schematically shownFig. 1-17.*°2 The output and
transport characteristics are shown in panel b and c,atesgg, which indicate a
p-type behavior with an on/off ratio of 10The mobility was calculated to be about
0.6 cnfv’s?, which is much lower than that of its bulk counterpart (~218/ts?),

and is comparable with previous reported botgated Mo$-based FETS'® Based

on the aforementioned FET device, mechanically cleaved GaSe flakes were
transferred onto a silicon substrate with an oxidized layer of 300 nm to fabricate a
photdransistor Fig. 1-183).2°° As the wavelength of light decreases from 610 to 254
nm, there is a significant increase in photocurréig.(1-18b). The on/off switching

ratio, photoresponsivity, external quantum efficiency (EQE) and response time
extracted from the-t curve Fig. 1-18¢) upon the illumination of 254 nm take the
values of ~8, 2.8 A W, 1367% and 0.0157 s. The reported phomasivity is
higher than that of first monolayer MgBased phototransistor with a
photoresponsivity of 7.5 mA W3 The operation speed is much slower than that of
traditional metakemiconductemetal (MS-M) photodetectors with a typical
switching time on the order of £0i 10° s, which is possibly aused by the
interaction between the GaSe nanosheets and Siface, because a large
surfaceto-volume ratio tends to induce defects and dangling bonds on the surface of
GaSe. After that, a lower dark current in the order of pA and a higher on/ofthatio

100 also have been realized in #ayer GaSe phototransistors using the 2D GaSe
grown by vapor phase mass transport (VMT) method \aard der Waals vdW)
epitaxy?>*?*° Then, the photocurrent generated froraS® flakes prepared by PLD
and controlled vapor deposition methods was studfed? respectively. For the
former, the photoresponsivity could be improved to 1.4 A/W by changing the
illumination light from 700 to240 nm. For the later, the photoresponsivity could be
increased to 8.5 A/W by applying a gate voltage-@ V to the FEbased
phototransistor. Very recently, Cab al. reported an ultrhigh photoresponsivity of

2D GaSebased phototransistor by reduginthe lateral spacing distance, as
schematically shown iffrig. 1-18d,°°° e and f, the fabricated phototransistor could
achieve a significant high photoresponsivity of about 5000 A Wp to now,
multilayer GaSe crystals are generally used inapplication of FETs rather than
singlelayer one, a summary of the parameters of the fabricated phototransistors are
shown inTable 4. Yuanet al. reported MBEgrown ptype GaSe flakes ontype Si

to fabricate a g junction fFig. 1-18gandh), which canproduce fast response with a
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ri sing photoresponse ti me ¢&if 1-83), whichisan d
an order of magnitude faster that the aforementioned phototraiSistor.
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The evaluated the electronic band stnoes of monolayer, fesayer, and bulk-InSe

are shown irFig. 1-19a?*° There is a drastic decrease
few-layer InSe compared to that dahe monolayer,

in the electronic band gap of
which is consistent with

experimental photoluminescence (PL) measurements rdsglt 1-19b). Another

observation is that 2D InSe shows an indirect to direct
layer thickness, which is opposite to the behagfdVoS,.

Table 4 Parameters of 2D Ga$msed photodetectors.

band transition upon increasing

Method thickness > (nr R EQE (%)

On/OF t(ms) REF.

(A/W) F ratio
ME  Fewlayer 254 2.8 1367 8 15.7 >
VMT 6-8 405 0.017 5.2 1000 -- 239
vdWE 6 White light 0.6 - 110 - 240
CVD Fewlayer Whitelight 8.5 - 100 - 254
PLD 20 700/240 0.4/1.4 100/700  -- -- 243
ME 20-30 410 5000 - - 027 *°
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Fig. 1-19.a) Electron band structure Nflayer N = 1, 2, 5, 6) and bulk InSe. b) PL
spectra of 2D InSe as a function of thickness at room tempefatare.

Initial investigations on InSe systems focused on mechanically exfoliated layers of
samples grown using thehemical vapor transport methoig. 1-19b).2*° Based on

the results from DFT and higfield magnet optics, Muddt al. reported a sigficant
smaller electron and exciton effective mass, which is weakly dependent on the layer
thickness in fewayer InSe. In general, several studies have shown that typical room
temperature mobilities of FETs fabricated using InSe flakes are a few tens of
cm’V!st. A detailed list of mobility values is included Tiable 5. Techniques that by
using a bilayer dielectric of polfmethyl methacrylate) (PMMA)/AD; instead of

using conventional Si§) a room temperature mobility of 1055 Wm's® can be
achieved as shown inFig. 1-20.2°" Such baclgate engineering, according to this
report, can also lead to InSe based FETs with high current On/Off ratio®cdntD
strong current saturation over a broad voltage window. Similarly, investigations
performed on fewayer InSe encapsulated in hexagonal boron nitride under an inert
atmospheret®wed carrier mobility of > 10cm?V*s?, at room temperature® This

article also reported the observation of a fdéyweloped quantum Hall effect.

A large number of investigations also focused on the photoconductive properties of
InSe based materials and a typical-lW&e Au photodetector and characterizations
are shown irFig. 1-21a, b, ¢**® Reports of InSe photoconductors shayvirery high
responsivities of 20’ A W™, &= 515.6 nm as well as InSe photoconductors showing
responsivity of 34.7 mA W, a= 532 nm can be found in the literatdra4¢2%6> o
summary of the parameters, including geometry, sensing wavelength,
photoresponsivity and response time, of 2D H&sed photodetectors have been
listed in Table 6, among which the photoresponsivity and photodetectivity of InSe
photoreponse are superior to those of most other 2D materials, commercial Si and
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InGaAs photodetector§®

Table 5Mobility of 2D InSebased FETsh i thicknessVp 1 drain voltageVg i gate
voltage,ei field effect mobility

Method Dielec. / d (nm) h (nm) Vb Ve € REF.
V) (V) (emVish
BT? Si0,/300 12 10 70 ~0.1 260
CcvD? PMMA/AI ,0O5 200/50 33 1 7 1055 257
PMMA/SiO, 200/300 34 1 40 395
Al,04/50 32 1 7 64
Si0,/300 33 1 40 66
cvD? Si0,/300 32 1 40 79.5 267
cvD? Si0,/300 33 1 40 162 259
BT? Si0,/285 30 2 40 32.6 268
PLD Si0,/300 1 1 0 10 262

& Mechanically exfoliated from bulk crystals. BT Bridgman technique, CVD
Chemical vapor deposition, PLDPulsed laser deposition

a) PN N N W N
\. k. &. u.. \' A..
: PMMA
' o
b4 H y
9 Qi O OH ?
Dielectrie, Al,O,
)l60 Al O3 / + 1V 4 0V PMMA/ALO3
120] * PMMA/ALO3 AV-e--1Y
2 Z 60 o
< < K
280 1055 em2v-1s-1 S o X
3 3 ——
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8 -6-4-20 ’2 4 6 8 0 2 4 6 8 10
Ve™) Vs (V)

Fig. 1-20.a) The PMMA/ALO; double layer dielectric 2D InSe FET. b) Transfer and
(c) output characterization of multilayer InSe FETs with PMMA®J dielectric

layer®’

Table 6 The photoresponsivity and response time of various thin InSe photodetectors
with metatlinSemetal geometry found in literature.

Device geometry  Wavelength Response  Responsivity REF.
time
Al-InSeAl 543 nm 87 ¢« 259
MetakInSemetal 532 nm 488 ¢ 347mAW! 235
Cr/Au-InSeCr/Au 450 nm 50 ms 6.91 157 A 260
W-l
Cr/Au-InSeCr/Au 515.6 nm ~10 AW? 261
Cr/Au-InSeCr/Au 700 nm 5ms ~10'AW? 262
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Au-InSeAu 370 nm 05s 27 AW? 246
Ti/Au-InSeTi/Au 500 nm 5.63's 700 AW! 263
Pt/Au/Pt 325 nm ~10'AW? 264
G-InSeG 500 nm 120 & 60AW! 263
G-InSeG 633 nm 1ms 4000 AW! 265
a) 'Iaserbeam‘ eciecdie b) = 180 mW/cm’ €) o 1— T
- : . _150{* 399 mW/cm? i g f
electro e"‘ﬁ\ ‘ <é A 122 mW/cm2 %, A
s s, & | 23
= Sio, 3 e 19
Vas@:} 75 8. A
= 8
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Fig. 1-21.a, b, c) A typical schematic (d}V characteristics (b), angiasdependent
photoresponsivity (c) of feskayer AuinSeAu photodetector. d, e, f) Schematics (d),
biasdependent photocurrent (), drtcurve (f) of AHinSe-Al photodetectof¢:2>°

Actually, for a photodetsor, responsivity is not the only factor that needs to be
considered because the amplification circuit can be used to improve them. However,
the signalto-noise ratio (S/N) which is related to detectivity, and response time
cannot be tuned by using thegmal process, which is problematic in practical
applications. Leiet al. designed and demonstrated an avalanchdn®&Al
photodetectorRig. 1-21d, §.%°° By utilizing the avalanche effect, the performances of
InSe photodetectors were enhanced largely, with improved photoresponsivity, low
dark current and fast response time. An external quantum efficiency of 334%, an
ultrafa s t response time of 60 ¢€s (faster
photodetectors) and a high avalanche gain of 47 were achieved, as shbign in
1-21f. The avalanche effect led to photo generated carriers being utilized more
efficiently, but the mmber of photo generated carriers was not enhanced. This study

has demonstrated that plasmonic Al disk nanoantennas patterned on the InSe flakes

can improve the light absorption, which introduces a large photocurrent. The
combination of the avalanche effeand the plasmonic effect can work together and
31
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INTRODUCTION

similar strategies can also be used in other 2D material based photodetectors.
Heterostructures based on 2D InSe have been also fabricated. The most studied
system is graphene/InSe in which graphene is asetthe Schottky barrier free and

high conductive electrode. Mudet al. reported planar and vertical vdwW
graphene/InSe heterostructures, and both responsivities of the-bds&e
photodetectors have been significantly enhanced, as showfiginl-22ad.?®°
Especially in the vertical stacks, a photoresponsivity up foALOV! at 633 nm
illumination has been observed. In another kind of graphene/InSe heterostructures
demonstrated by Cheet al,?®® monolayer graphene covers an ultrathin InSe flake.
Then, sourcklrain electrodes are deposited on graphene, as illustratad.if-22e

The top graphene can supply a tight cover making ultrathin InSe flake stable as well
as plays an important role in transporting phexacited electrong=ig. 1-22f gives the
correspnding band structure diagram of a graphene/InSe heterostructure at different
gate voltages. Compared to separate db&sed photodetectors, the graphene/InSe
photodetector exhibits a much better performance in photoresponsivity and external
guantum efficency.
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CHAPTER 1

Fig. 1-22. a, b) Schematic representation of planar van der Waals graphene/InSe
heterostructures (a), Photoresponsivity, band alignment of graphene/InSe/graphene
and Au/InSe/Au heterostructures, as well as their work functions (b). ¢, d) Schematic

structures of two kinds of vertical graphene/InSe/graphene devices (c) and the
corresponding photoresponsivity (d). e, f) Photodetectors based on graphene/InSe
heterostructures. (a) Schematic diagram and optical image of the device. (b) The
corresponding &nd structure diagram of a graphene/InSe heterostructure at different

gate voltage$®2%°

Besides the superior electrical and optoelectronic properties, it should be noted that
one of the most important propegief 2D GaSe and InSe is the nonlinear optical
properties due to the absence of the inversion symmetric center. For 2D GaSe,
recently, Karvoneret al. reported nonlinear optical properties of SHG and third
harmonic generation (THG) in multilayer GaSe aaistwith thickness more than
seven layer§’° W Jieet al.also studied the nonlinear optical properties of atomically
thin Ga® flakes with thickness from bilayer to multilayer by using fs laser with a
wavelength of about 800 nfft* It should be mentioned that we can get the emission
from bilayer flakes. This suggest that SHG can be produced in both odd and even
number layers, different from the SHG in 2D TMDCs and BN which is dependent on
the parity of the layer number. Very recently, Zhetual. reported strong SHG in
CVD-grown mondayer GaSe under nonresonant excitation and emission corfdftion.
Fig. 1-23a shows SHG intensity from monolayer GaSe and Moider the same
illumination condition, the SHG intensity of GaSe is abtn& order of magnitude
higher than that from MagasS Interestingly, Qiaoyan Haet al. recently reported the
optimal SHG intensity from multilayer pukélnSe and alloys is even superior to that

of UGaSe with the same thickness at the excitation wavelérath800 nm to 1200
nmZ2”® Similarly, Jiadong Zhouwet al. also discovered that the SHG signal from
monolayer InSe shows large optical second order susceptibility is three dimes
largest value reported for monolayer GaSe, which is the strongest among all the

monolayer 2D crystald{g. 1-23b, §.%**
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Fig. 1-23. Comparison of SHG intensity of 2D GaSe, InSe and TMRQg (VS,).2"

33



INTRODUCTION

1.4 Motivations

As mentioned above, 2D GaSe and InSe possess superior electrical, optical and
optoelectronic properties due to their unique electron band structures and strong
light-matter interactions, which make them the promising candidates for
photesensing applications. However, several fundamental questidmsh motivate

the works inthis thesis still remainto be answerednd as following listed

1) Both 2D GaSe and InSe crystals kr®wn to show poor environmental stability.

But how the materials properties and optoelectronic devices performance evolve
during the ambient degradation processes still is an open question. Also the
fabrication of longterm stable optoelectronic devidessed on 2D GaSe and InSe

is an open challenge Thus, the degradation mechanism of 2D GaSe and
selfpassivation effect of InSe in ambient conditions will be investigated in
chapter 3.

2) Typically, the 2D based optoelectronic devices consist on two main cemison)
the active channel parts for sensing and 2) the electrodes for carrier collection.
Both components determine the device performance. However, in most of the
cases, the connection between 2D semiconductors and 3D metals is usually
realized using amventional metal deposition techniques. This fabrication process
can introduce defects in the 2D crystal lattice or at th8 Mterfaces, which can
degrade the transport characteristics and induce Fermi level pinning, masking the
intrinsic properties oftte 2D semiconductors. In chapter 4, by taking the example
of 2D InSe and using deterministic transfer technique, the role of the van der
Waals contact between 2D InSe and metals and graphite will be discussed, and the
transport properties of these hetenastures will be analyzed.

3) Strain engineering, the modification of the optical, magnetic, electrical, and
optoelectronic properties of a given material by applying an external mechanical
deformation to its crystal lattice, is establishing itself as onethef most
prospective strategies to controllably modify the properties ofdwnsional
(2D) materials. Although the DFT calculations predicted that the 2D InSe
possesses superior mechanical properties and strain tunability, their experimental
realizatos ar e stil | | acking. The mechanical
be thus characterized and the flexible optoelectronic devices based on 2D InSe
will be introduced in chapter 5.

Moreover, the experimental method section, as a complementary garting the
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growth and characterization of bulk GaSe and InSe crystals, 2D GaSe and InSe
preparation and characterization processes, and optoelectronic devices fabrication and
testing tools will be provided in chapter 2. Finally, a brief summary will sengin

the conclusion and outlook part as chapter 6.

The research field of 2D materials is novel, active and with rapid development, in
which most of the investigations focus on the explorations of novel materials,
interesting phenomena and theories, addaaced applications. However, the gap
between laboratory level reseagestand practical applications has not been bridged
due to the insufficient fundamental investigations. This thesis belongs to applied basic
research field, and several points are disés follows. Firstly, two kinds of typical
environmental stability of 2D semiconductoesg, degradation and seffassivation,

have been thoroughly discussed, which helps to establish the correlations between
materials variation and devices performadoging the environmental aging process

for the first time. Secondly, the investigations of transport properties of van der Waals
engineered contact can enrich the horizons of novel optoelectronic applications.
Finally, the explorations of straintronics dipptions suggest 2D InSe is one of the
most promisingandidates for flexible sensing
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EXPERIMENTAL METHODS

Due to the ultrathin nature and relatively large lateral dimensions of

2D materals, the investigations of 2D materials require both
conventional characterization tools and specially designed testing
systems. Thus, in this chapter, the synthesis and basic characterization
methods of single crystal GaSe and InSe bulks, used for 2&simegts
fabrication, will be firstly introduced. Then the optical microscopy (OM),
atomic force microscopy (AFM), and Raman Spectroscopy techniques
will be used to characterize the mechanically exfoliated 2D GaSe and
InSe. Finally, a homenade deterministi transfer setup, a specially
designed optoelectronic testing system, and the setup employed for
scanning photocurrent measurements for 2D matdr@éesled devices

fabrication and characterization will be discussed.
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EXPERIMENTAL METHODS

2.1 Synthesis and characterizabns of singlecrystal GaSe

and InSe bulks

In this section, both GaSe and InSe bulks have been synthesized usingtapwo

Bridgman method. And then, the crystal structure, chemical composition homogeneity,

macre and micre surface morphology, optical drelectrical properties of GaSe and

InSe single crystals are subsequently characterized using a set of test techniques,

which include Xray diffraction (XRD) and transmission electron microscopy (TEM),

scanning electron microscopy (SEM), infrateahsmisgn spectroscopy (IR),

absorption spectroscopy, photoluminescence (PL), and Hall effect measurement. Note

that this section is mai nl-gualty&aSedingen t he
crystal grown by the Bridgmandmaausdipido i n |
i3l nSe single crystals grown by a Horizont a
am one of the contributofé? | summarize these results here since they are relevant

results for the rest parts ofistihesis.

2.1.1 GaSe single crystals growth

The GaSe single crystals are grown through adtep method. Firstly, the melting
Ga and Se were mixed completely and to fabricate polycrystalline GaSe bulks. And
then, the crucible that contains polycrystalline GaSe was transferred into vertical
Bridgman crystal growth furnace for single crystals fabrication.

Synthesis of polycrystalline &5e
To prevent adhesions between the-S&amelting compound and quartz under high
temperature conditions, a quartz ampoule coated with a carbon film on the inner
surface was used as the polycrystalline GaSe growth containerptiigy Ga (6N,
99.9999%) ad Se (6N, 99.9999%) granules from Emei Corp., Ltd. (Emei, China)
were selected as the raw materials. Firstly, Gallium was baked at 673 K for 4 h under
high vacuum (~18 Pa) to remove the surface oxide layer. Then, Ga and Se were
mixed with a stoichiomeitr ratio and sealed in the quartz ampoule at the vacuum
level of 10° Pa. A singletemperature zone rocking furnace showrFig. 2-1a was
used for this synthesis process.
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b)

Fig. 2-1 Singletemperature zone rocking furnace (a) and vertical Bridgman crystal
growth system (b) using for growth of singlgystal GaSe and InSe bulks. The
vertical Bridgman crystal growth system consisted of a growth unit (left panel) and a
control unit (right panel).

. Growth of singlecrystalline GaSe

A two-temperature zone verit Bridgman crystal growth systenkif. 2-1b) was

used for GaSe single crystals growth. A boron nitride (BN) crucible with an inner
diameter of 22 mm was used to accommodate polycrystalline GaSe and thus later for
the GaSe single crystals growth. The upg®d lower zones (highlighted kig. 2-1b,

growth unites) were set with temperature of 1293 K and 1173 K, respectively, and the

temperature gradient was 10 K/cm. The growth rate was set to be 0.5 mm/h.

2.1.2 Characterizations of GaSe bulks

. Crystalline structte and composition

A GaSe ingot with diameter of 22 mm and length of 20 mm was obtained, the optical
picture is shown irFig. 2-2a. The crystal is transparent and shows rufous color under
white light illumination.Fig. 2-2b shows the sample cleaved alomg t(001) layer
direction from asggrown ingots without polishing or additional treatment of the
surface. The twitboundary free surface indicates that there is only one large grain
along the cleavage plane, though several voids can be found at the dtiga2e2c

shows a GaSe single crystal wafer with the dimension of 7 mm x10 mm x1 mm, and
it can be easily exfoliated thanks to the weak interlayer van der Waals interaction. The
phase and lattice structure of thegaswn GaSe crystals were analyzed byax
diffraction technique based on an Empyreana( diffraction machine (PANalytical,
XoPert Pr o, Ei ndh oRige 22d shows ehe Xaytdlfraatidna nd s ) .
pattern of powder sample formed by grinding theyasvn GaSe crystals. The good

matchingagreement between the experimental results and the theoretical curve of
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GaSe (JCPDS: 30931) indicates that the obtained single crystal GaSe has a
hexagonal lattice with cell parameters a =18.749A, and ¢ = 15.907 A, which
corresponds to space groDps, and3GaSe, as mentioned in paragraph 1.3 in chapter
1. Generally, the symmetry of therdy rocking curve is directly related the structural
uniformity of the crystalskig. 2-2eshows the Xray rocking curve of the (004) lattice
plane from the agrown GaSe crystals. The peak has a symmetric shape with a
FWHM (full-width-at-half-maximum) of ~46 arcs, which is the smallest values ever
reported for GaSe crystals (0.15°873],%" split peaks if274],"°0.07°n [275]*""

and 0.04°in [276F"%. The composition distributions from the tip to the tail of GaSe
ingot also have been analyzed by an eleptabe microanalyzer (EPMA; JX8100,
JEOL, Tokyo, Japan), as shownTable 7. The Ga/Se ratio of both paisross the
ingot are near 1:1 and it is more close to stoichiometric ratio than the previously
reported GaSe single crystal&?"°which indicates a good crystalline homogeneity.
Slight Ga rich in composition grobably resulted from the loss of Se during synthesis
and growth process due to its high vapor pressure. All above results indicated the
asgrown crystals have a good crystalline quality.

Table 7The composition measured by EPMA.

Sample Se (Atom %) Ga (Aom %)
1 49.5613 50.4387
2 49.5203 50.4797
3 49.6189 50.3811
4 49.5266 50.4734
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20KF
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002
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Fig. 2-2 The single crystalline GaSe and structure characterizations. a, b, c¢) Optical
pictures of single crystalline GaSe ingot (a), cleaved sample along the (001{lplane
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the mechanically exfoliated GaSe wafer (c). d) TheaX diffraction pattern of
powder GaSe sample and the PDF databasgGHSe (JCPDS: 30931). e) The
rocking curve of (004) face from GaSe single crystals.

. Optical measurements

The infraredtransmssion spectrum recorded by a Nicolet Nexus Fourier Transform
Infrared Spectrometer (Nexus 670, Nicolet, Waltham, MA, USA) ajragsn GaSe

single crystals is shown iRig. 2-3a, and a recordigh infrared transmittance 0f66%

over the all range from 500nt' to 4000 crit has been determined, which is the
highest value among the reports for GaSe crystals grown by the Bridgman method in
the literaturé’>?’® And the absorption coefficient was calculated to be amlaiy
value of 0.18 0.2 cm'intherangeof 0.9 1. 4 & m, i ndicating the
guality of GaSe sample. The room temperature optical band gap of GaSe crystals was
measured using a U¥150 ultraviolet visible/neanfrared spectrometer (Shimadz

Kyoto, Japan), and the ultravioleisible-nearlR spectrum of GaSe over the
wavelength range from 200 nm to 2600 nm is showhRig 2-3b, from which the

band gap is determined to be about 2.005 eV. The photoluminescence (PL) spectrum
was measured uginan argon ion laser with the wavelength of 488 nm and the
luminescence signals were recorded with the spectrometer of TRIAX 550 (Jobin Yvon,
Paris, France)rig. 2-3c shows the photoluminescence (PL) spectrum recorded at 9.2

K of the asgrown GaSe crystal A dominant peak at 2.1046 eV can be attributed to
the free exciton recombination. The strong and narrow peak with FWHM of 11 meV
indicates excellent crystalline quality.

- - Fitting peak
— Fitting curve
— experimental

60
60 f \q
L0t 850

Intensity (a.u.)
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0 " " " " " " 0 — —
4000 3500 3000 2500 2000 1500 1000 500 400 500 600 700 800 900 1000 2.15 2.05 1.95 1.85 1.756
Wavelength (nm) Wavelength (nm) hv (eV)

Fig. 2-3 Typical IR transmittance spectrum (a), ultravieletible-near IR spectm
(b), and lowtemperature (9.2 K) photoluminescence recoded from GaSe sample.

Electrical measurements
Table 8 shows the Hall measurements of three GaSe samples taken from the tip to the
tail from the GaSe ingots. All samples displayetyge conductiviy with a hole
concentration of ~28 cm, and the mobility has been determined to be ~2/cis".
The ptype conductivity may be introduced by the gallium vacancieg)(Vhterstitial
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selenium atoms (Pe and gallium atoms on selenium sites {GA° Since Ga atoms
are slightly richer than Se atoms in-gtewn GaSe crystals according to the
composition analysis, which probably promotes the existence of defegtm GaSe,
thus results in a-p/pe conductivity.

Table 8 The transport properties of GaSe single crystats 295 K).

Sample Conduction  Carrier concentration  Resistivity Mobility
type (cm®) (qLcm (cm?vish

1 P 2.9894 x1@° 1.1295 x1G 18.484

2 P 1.4701 x10° 2.3322 x1G 18.204

3 p 1.6830 x10° 1.6220 x16G 23.492

2.1.3 InSe single crystals growth

The InSe single crystals also are grown through a-st@p method, icluding
polycrystalline InSe synthesis and single crystalline InSe growth. However, due to the
high chemical activity of In element and the complexSk phase diagram, the
fabrication of highquality InSe single crystals requires both hmirity synthes
conditions and accurate growth parameters setting. Thus, for the first step, a physical
vapor transport technique was employed to reach apugty and homogeneous
polycrystalline InSe synthesis. And then, the single crystalline InSe are grown by
vertical Bridgman technigue with good parameters setting.

Synthesis of polycrystalline InSe
A physical vapor transport (PVT) setup used for polycrystalline InSe synthesis has
been shown ifrig. 2-4a. And Fig. 2-4b shows the schematics of the synthesis process
using PVT techniques. To prevent the chemical reaction and adhesions between
melting In and quartz, two Pyrolytic Boron Nitride (PBN) crucibles, named A and B,
are fixed with a distance of 600 mm at the both ends of a quartz ampoule and are used
as reactioncontainers. And then, higburity Se (6N, 99.9999%) and In (6N,
99.9999%) granules from Emei Corp., Ltd. (Emei, China) were selected as the raw
materials, which are respectively placed in A and B with assoichiometric ratio of
Se : In =48.5: 51.5.Ubsequently, the quartz ampoule was sealed at the vacuum level
of 10° Pa. The temperature of B crucible was firstly increased up to 890 € to obtain
In melt, and later heating the A crucible up to 690 €. Keep the insulation for 24 hours
until Se vapor ath In melt have fully contacted, diffused, mixed and reacted. Then,
keeping the temperature of crucible A fixed and slowly reducing the temperature of
crucible B. The crystallization of InSe bulks begins at 630 € and ends at 550 €, and
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final polycrystallne InSe will be collected in crucible B.

PBN 890 °C (In)
690 E(Se) = rtz/cmciblé 550 cB:(lnSe)

e »l

o 600 mm o
Se (690 °C) + In (890 °C) — InSe (550 °C)

Fig. 224 PVT setup (a) and schematics of polycrystalline InSe synthesis process (b).

Growth of singlecrystalline InSe
The single crystalline InSe growth is a similar process to that of GaSe. A quartz
ampoule withan inner diameter of 14 mm was used for the InSe single crystals
growth based on the PVT synthesized polycrystalline InSe bulks. The upper and lower
zones (highlighted ifrig. 2-1b, growth unites) were set with temperature of 720 C
and 490 €, thus a teperature gradient of 18 K/cm was obtained. The growth rate
was set to be 0.3 mm/h.

2.1.4 Characterizations of InSe single crystals

InSe single crystals
The image of the InSe crystal ingot with diameter of 14 mm and length of ~50 mm
has been shown iRig. 2-5a. There is no crack, and few grain boundaries can be
easily observed from the ingot surface, which indicates that the whole crystal ingot
consists of several large single crystalline InSe gratigs. 2-5b shows a few InSe
single crystal wafer obtained frothe InSe ingot. IrFig. 2-5¢, an image of freshly
cleaved surface of one of the InSe wafers was recorded by scanning electron
microscope (SEM, Zeiss Supra 55). Both the polishing surface and clear steps indicate
the InSe crystals can be easily exfoliathdnks to its layered nature, which further
confirms the high crystallinity of InSe. Panel d shows the result of composition
analysis by energy dispersivergy Spectroscopy (EDX) and the ratio of In and Se is
near to 1:1, which indicates a good homogeneityhe elements distribution in the

studied samples. Both the sstoichiometric ratio between Se and In and the loss of
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Se during the growth process may lead to the slightly In rich in the composition.

d)
Elements Mass (%) Atom (%)

In 59.41 50.17
Se 40.59 49.83
Total 100 100

Fig. 2-5 InSe crystals grown by vertical Bridgm#gchnique. InSe Crystal ingot (a),
InSe single crystalline wafers (b), image of cleaved InSe surface taken by SEM (c),
and corresponding elements composition (d).

The identification of InSe phase
As introduced in 1.3i., the advances of 2D GaSe and InSkere are three basic
polytypes includingb-InSe, UInSe, ando-InSe, which differ in the symmetry and
structure of the crystal lattice, and present totally different nonlinear optical properties.
Thus it is important to determine the phase structure for the studiedHigS&-6a
shows the Xraydi f fracti on (PANalytical, X6Pert Pr
pattern from the agrown InSe crystal powder samples. The good matching
agreement between the experimental results and the theoretical pattern of InSe
(JCPDS: 341341) indicates that thébtained single crystalline InSe has a hexagonal
lattice with cell parameters a = b= 4.005 A, and ¢ = 16.98' Ao further determine
the phase of InSe crystals, the transmission electron microscope (TEM, FEI Talos
F200X) technique has been used, and a picture taken from the perpendicular direction
of a thin InSe flake on the TEM grid has been shown in left inset paikéd.ir2-6b.
And thus, a representative selected area electron diffraction (SAED) pattern of InSe
crystal can be obtained, as showrFig. 2-6b. Both the arrangement and intensity of
the diffraction spots are highly consistent with the theoretically calculated electron
diffraction pattern based dd or b-InSe crystal lattices (right inset panel Fig.
2-6b).2"*?%Based on the results of XRD and TEM analysis, the InSe crystals can be
attributed toU or b- phase stacking blocks. Then Raman spectroscogyirdrared
(IR) adsorption spectroscopy were used to identify the stacking phase of InSe crystals
since both they are sensitive to the crystal lattice vibrations. The Raman spectrum and
IR adsorption spectrum acquired from InSe crystal samples are shadvig. iB6¢
andd, respectively. Three Raman activeplane modes £ ( 1006 ( A) 6 6 bh g A
located at ~113 cih) ~198 cnit and ~226 crif, and one oubf-p | ane E®6( 2) | oca
~176 cn* are observed under a 532 nm laser excitation. While there is oalgeak
centered at ~200 chobserved in IR absorption spectrum, which is also related to the

vibration mode A6 6 ¢®%*®f The observation of both Raman and IR active peak
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centered at ~200 chappeared on & &)(mode is consistent with hexagonal crystal
structure of ultrathin InSe witbistacking sequence.

a)200 | ' ' { b
g InSe crystals
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Fig. 2-6 Identification of InSe phase. @he X-ray diffraction pattern of powder InSe
sample and the PDF databaselbbr b-InSe (JCPDS: 34341). b)Selected area
electron diffraction pattern of InSe flake. A InSe flake on TEM @nd theoretically
calculated electron diffraction pattern @for b-InSeare shown in left and right inset
panels, respectively. ¢, d) Raman spectrum (c), and IR absorption spectrum (d) of
InSe crystals.
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Fig. 27 SHG mapping of InSe with differentylars. a, b) optical picture (a) and SHG

generation distribution (b) of a InSe flake with various thicknesses on 300 $iSiO

substrate. c) A step with height of 1L (~0.8 nm) measured by AFM. The optical

picture and AFM characterization of selected arezbath shown by the inset panels.

Then thesecond harmonic generatidi®HG) characterization performed on the
studied InSe crystals since tBénSe has different thicknestependent SHG behavior
from b-InSe For everayer b-InSe it belongs to the f3, space group, the existence

of an invert center would suppress the SHG signal, while inladd b-InSe the
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symmetry would be broken, then t&#G signal would appear due to the lack of
invert center in the crystaf8> However, JInSe which belongs to the B, space
group, has no invert center in any layers, thus, there is no thickness limitation for
SHG inUInSe?® Then a Si@'Si substrate based InSe flake with various thick areas
has been used for SHG mapping analysis. And the optical picture and the SHG signal
as a function of thickness on the selecteSelrilake are shown iRig. 2-7a andb,
respectively. In general, the SHG signal can be collected throughout the whole flake
regardless of the thickness. More importantly, both (N + 2) and (N + 3) layers thick
InSe have the SHG emission as shown in theclearea of the inset panelkiyg.
2-7c. A onelayer high step was confirmed by atomic force microscope (AFM,
Dimension Fast Scan and Dimension Icon, Brukerfrign 2-7c. SHG both can be
observed on oddand eveHayer InSe sample indicates the studieSle has &phase.
Optical characterization
The room temperature optical band gap of InSe crystals was determined using a
UV-3150 ultraviolet visible/neanfrared spectrometer (Shimadzu, Kyoto, Japan), and
the ultravioletvisible-nearlR spectrum of GaSever the wavelength range from 200
nm to 2600 nm is shown iRig. 2-8a, from which the band gap is determined to be
about 1.26 eV. The photoluminescence (PL) spectrum was measured using an argon
ion laser with the wavelength of 488 nm and the luminescgigoals were recorded
with the spectrometer of TRIAX 550 (Jobin Yvon, Paris, Frarfeg).2-8b shows the
photoluminescence (PL) spectrum recorded at 4.2 K of the single crystalline InSe
sample, which can be fitted to 5 isolated peaks, centered at NM3F6lg 1.332 eV
(P2), 1.329 eV (P3), 1.327 eV (P4), and 1.324 eV (P5), respectively. The P1 at 1.336
eV with a FWHM of ~3 meV can be attributed to the free exciton recombination,

which indicates excellent crystalline qualfiyiZ*°
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Fig. 2-8 Ultravioletvisible-near IR spectrum (a), and lemperature (4.2 K)
photoluminescence (b) recoded from InSe crystals

o

. Electrical measurements
Table 9The transport properties of InSe single crystals 295 K).
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Sample Conduction Carrier concentration  Resistivity Mobility
type (cm®) (qLcm (cm?vish

1 n 7.84x10" 134.4 591.97

2 n 4.6340" 20.4 658.00

3 n 9.7210" 7.3 870.21

Table 9 shows the Hall measurements of three InSe samples taken from the tip to the
tail from the InSe ingots. All samples displayeedype conductivity with electron
concentration level of ~t&cm, and the mobility has been determined to be ~590 to
~870 cniV's?, which is higher than the mobility value (~500%#is™) reported in

the literatire 294292

2.2 2D GaSe and InSe fabrication and optical identification

2.2.1 2D GaSe and InSe fabrication

Based on the highjuality single crystalline GaSe and InSe grown in Northwestern
Polytechincal University by Bridgnmamethod, 2D GaSe and InSe materials have
been fabricated both imnstitutos Madrilefos de Estudios Avanzados (IMDEA)
Nanoscience and Instituto de Ciencia de Materiales de Madrid (ICMM) in Madrid
(Spain) using mechanical exfoliation method. The typicatiéabion processes are
shown inFig. 2-9 and described as follows: Firstly, a bulk GaSe or InSe has been
deposited onto the sticky surface of Nitto tape (Nitto Denko® SPV 224). And then,
keep folding and separating the Nitto tape until the GaSe or In8efiim are
distributed over the entire surface. Subsequently, a commercially available
polydimethylsiloxane (PDMS) supplied by &bk (WF 4x GeFilm) are used for
transferring some of the flakes onto the PDMS by gently pressing the tape against the
stampand peeling off slowly. Finally, 2D GaSe or InSe can be deposited on the
GelPak film.

Then an optical microscope (Motic® BA310 MHT Fig. 2-10a9) with transmission
mode is used for 2D flake inspectioRig. 2-10b shows a picture of general
morphology ofthe GelFilm surface after depositing thin InSe (GaSe) flakes by
splicing the panels that are recorded with a 10X objective while changing the manual
X-Y stage. One can qualitatively judge the thickness and uniformity of InSe (GaSe)
flakes directly from tk observed color and the target flake can be then selected. In
Fig. 2-10ce, three panels of a selected InSe flake recorded by the objectives with 10X,
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20X, and 50X have been shown.

® ©) ®
® ] ®
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Fig. 29 An illustrative procedure of the Nitttape and Geliim based
micromechanical cleavage of GaSe and InSe.

|20 x 50X A 10 um_

Fig. 210 a) Optical microscope used for 2D GaSe and InSe flakes inspect&n. b
Search of an InSe flake on PDMS substrate under transmission mode scanning with
10X objective (b), zooming in with 10X (c), 20¥d), and 50X (e) objectives,
respectively.
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2.2.2 Thickness identification by optical methods

The sensitivity of optical properties of 2D flakes on their thickness can be utilized to
identify the layer number of them once the relation between spectral giaranof
optical properties and their layer number is established. The thickness of 2D materials
is a serial of discrete value, which indicates the thickness Nflager 2D flake iSN
times that of monolayer flake. In principle, once layer number oR2ibdlakes is
identified by optical techniques, its thickness is thus determined. In fact, atomic force
microscopy (AFM) has been widely used to measure the thickness of 2D flakes. The
tapping mode is usually utilized to minimize sample damage. Howeveéheoane
hand, AFM technique is tirreonsuming and not suitable for a rapid measurement for
selected spots over a large af&s0n the other hand, AFM cannot also be used for
thickness determination of suspended samples. Furthermore, thendififéeeactions
of the AFM tip with the flake and substrate can lead to large thickness discrepancy
when testing ultrathin flakes and introduce artifacts in the measurémétt®® Thus,
in this thesis, four dfierent optical microscopy methods, as fast and-aestructive
methods, that are used to estimate the thickness of InSe flakes deposited on different
substrate have been summarized. Note that this section is mainly based on the
acceptedmanuscriptin Advanced Photonics ResearéhT hi ckness i denti fi
thin I nSe by optical mi croscopy met hodso wl
Optical transmission
Fig. 2-11ashows transmission mode optical images of two InSe flakes that have been
deposited onto the G&lm substrate recorded using an optical microscope equipped
with a color CMOS digital camera. In the transmission mode images the regions
covered with InSe flakes are darker as the InSe flakes absorb part of the incoming
light. The intensity on the InSe flakekepends monotonically on their thickness.
Actually, the optical images are composed of three separate color channels which give
information of the light transmitted in the red, green and blue regions of
electromagnetic spectrum. The transmittariea agiven position of the image can
be calculated, for each channel, by dividing the intensity by the average intensity of
the bare substratd=ig. 2-11b shows the line profiles of-T versus the positions
(indicated by the solid lines with arrows in panel&tracted from the blue channel
intensity of the images. The line profiles reach lowest values (0 percent) in the bare
Gelfilm regions. In the flake regions, the values of iend to increase upon the
thickness growth of the thin InSe. Tha Value alows us to quantitatively determine
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the thickness of thin InSe flakes. Optical pictures of tens of different InSe flakes were
recorded and then the transmittance value (taken from the blue channel images) of
each flake was extracted. In order to measwe# thickness, all the InSe flakes were
subsequently deposited onto 270 nm FBBDsubstrates with a dityansfer method,

and an AFM was employed to determine their thicknesses in dynamic mode. The data
collected from 18&lifferent thickness regions in thinSe flakes used to correlate the

1-T values to their height measured with AFM have been presentad.i@-11c(the

top x-axis indicates the InSe thickness). From the plot it is evident that the data, in the
thickness range experimentally probed, follawinear trendand a linear regression

has been used to fit them. Thus, a slope of 1.4 +0.1 %/nm and an offset of around 5
nm of flake thickness can be determined. Note that when testing an ultrathin flake
with AFM, the offset between 2D flakes and sufitet can be as large as several
nanometers, which can be explained by the different interactions of the AFM tip with
the InSe flake and SiIBi substrate as well as the adsorbates on the InSe surface and
interfaces>**°"2%° To further demonstrate the easiness of using this calibration to
determine the thickness of thin InSe, the number of layers of the investigated InSe
flake in Fig. 2-11a has been marked in left axis of panel b, where assuming a value
0.8 nm fora InSe single layer. It is worth to note that this method also can be used for
the thickness determination of freedyspended InSe samples.

b 18 ©) InSe thickness (layers)
a) LR ) Blue channel 0 10 20 30
16 0.4 — T T T T T T
il 4 - Blue channel ;_7_'
. 0.2 14 5 ,
InSe § 133 é 0.3 7
£ 10, £ {
=] 9w = ;
=0m G 8 & & “d e
g 0.1 s 5 §02 -,
[ S F
2L PDMS | - 430 ;
— - o
> = 0.1 s ‘
3L i 0 w ® (1.4£0.1) %/nm
1L =
2 oL 4w . . .
InSe 12 um 0 30 60 90 0 10 20 30
Distance (um) AFM height (nm)

Fig. 2-11 a) Optical image of two mechanically exfoliated thin InSe flakes on the
GekHilm recorded with an optal microscopy working under transmission mode. The
colored lines in the image correspond to the intensity profiles in panel (b). b) The
normalized blue channel intensity line profiles otrdnsmittance recorded as a
function of InSe flake regions with kaus thicknesses indicated upon the arrows in
(a). Note that the bare GIm takes a unity transmittance. c¢) The relationship
between InSe flake heights determined by atomic force microscopy (AFM) versus the

1-transmittance.
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Apparent color

5

0 nm

0 nm

Fig. 2-12 a) Atomic force microscopy (AFM) characterizations of the exfoliated thin
InSe flakes with different thickness deposited on 270 nm,/SiGsubstrates. b)
Optical pictures of the thin InSe flakes shown in panel (a) and the color bar indicates
the apparent ¢or dependency of thin InSe upon the flake thickness up to 90 nm. All
the scale bars are 10 & m.

It is well known that graphene, transition metal dichalcogenides (TMDCs), TiS
franckeite, mica, antimonene and Mpflakes deposited on a SiSi substrate

presents different colors depending on their thickness and on the SiO
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thickness>*°%% A comprehensive analysis of the apparent colors can yield a quick
guide to estimate the thickness of 2D materials in dairfashion as the thickness of
SiO, capping layers on Si wafers is estimated from its interference €afpr2-12a
shows the atomic force microscopy (AFM) topography of seven InSe flakes with
thicknesses ranging from ~4 nm to ~90 nm, Bitd 2-12b shows their corresponding
optical microscopy images on 270 nm & substrate (the SiQhickness has been
experimentally determined by reflectometry with + 0.5 nm uncertainty). By
comparing the AFM thickness and the optical image colors of these InSe thalees
can build up a colechart correlating the apparent color of the InSe deposited on the
top of 270 nm SiQ@Si substrate with their corresponding thickness. Since the
interference colors of the thin InSe flakes have a strong dependence on the upderlyin
substrate thickness, it is necessary to use the substrates with speciftbi€i@ess

(the provided case with a thickness color chart that will be valid for 270 naiSsiO
substrates).

Optical contrast analysis

52



CHAPTER 2

&~ /

Optical microscope /> H~/
C A P
L

2D flake

d) 0.9~

7}

o
—~06¢1 =
=} Q
S [$]
2 8
§0.3 b=
£ (@)

0

1.6 2.0 2.4
Photon energy (eV)

c)

Dust cap
SM1EC2B

Camera
SM1 to C-mount adapter
SM1A39

&

Adjustable lens tube \,b'oo & &
& © P
SMIVOS & S

i
(7
3,
[ — X
Sy %
1, %,
2
X
[¢
=
3
O
9, 7%
J).e’
AL
0,
&4:"»,,
%"5
?%f@»
&%
%
M fiber here

SM1 Lens tube
SM1L03

SM1 coupler
(no retainingrings)

=
18 MPix Digital Camera
AMScope Mu1803

CCD spectrometer
Thorlabs CCS200/M

o
@

f

)

Optical contrast
o

o
N

Optical contrast
o

o
Y

550 600 650
Wavelength (nm)

450 500

Fresnel fit height (nm)

80

D
o

D
o

20

AFM height (nm)

550 600 650 700 750 800
Wavelength (nm)
[ T T ) T ]
’l<
v ‘
=
L 1.05 + 0.02 i
A
-
| |
- —— Fit
. 1 1 1 1
0 20 40 60 80 100

Fig. 2-13 Optical contrast analysis. &chematic diagram of the optical path of the
system operated in reflection mode. b) Photograph of the Motic BA310-MET
optical microscope equipped with the modified trinocular to perform optical contrast
measurement on 2D flakes. The modified trinoculas been highlighted using a
dashed square. c) Detailed scheme of the assembly process of the modified trinocular
tube. d) Reflectance spectra recorded from bare 277 nmSsi€ubstrate (redish
brown) and 13 nm 2D InSe flake (cyan). The inset is schemdasiwing of the
four-media system (air/InSe/Si3i) from which the optical contrast spectra
calculated. e) Comparison between experimental optical contrast spectrum of a 9 nm
thick InSe flake (red dot line) and the calculated ones (colored solid lingk)thei
thickness ranging from 5 nm to 13 nm, and deposited on 270 np/SEEDbstrates.
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The inset shows the minimum square value as a function of flake thickness. f)
Experimental optical contrast spectra of thin InSe flakes with different thickness on
270 nm SiQ/Si substrates (top panel) and the corresponding Fresnel fits (bottom
panel). g) Comparison between the thickness determined with AFM measurements
and Fresnel fit. The experimental data represented by the red squares, the error bars
demonstrates thuncertainty of the AFM measurements, and the red line guides a fit
with a slope of 1.05 +0.02.

The number of layers of InSe flakes that have been deposited on i8i Sidstrate

can be further determined more accurately by quantitatively analyzngéfiection
spectraFig. 2-13ashows the schematic setup diagram to measure@C2D flakes

by a microsystem in a backscattering geometry at room temper&igre2-13b

shows a photograph of the optical contrast setup, which has been developed to
characterize 2D materials in the group in ICMM. The setup consists of a Motic
BA310 MET-T metallurgical microscope, a modified trinocular (marked with the
dashed square), and a filmupled CCD spectrometer. A 90:10 beam splitter is
connected to the -@ount trinocular in order to divide the trinocular light beam into
two paths. In one dhe paths (10% of the intensity) a COMS camera is placed at the
image plane of the optical system to acquire images of the studied sample. In the other
path (90% of the intensity), a multimode fiber is placed, also at the image plane,
projecting an imagef the studied sample on the surface of the fiber Eid.2-13c

shows all the components and details (including their part numbers) required as well
as how to assembly a modified trinocular. Based on the above setup, one can measure
the differential refctance spectra in normal incidence on InSe flake and SiO2/Si
subtract (se&ig. 2-13d), then the optical contrast (C) of fenredia air/InSe/270 nm
SiO,/Si optical system can be calculated from the spectra measured on the bare
substratel{,,) and the oneneasured on the InSe flaka4d:

# — (2-1)
The optical contrast of this kind of multilayer system can be also modelled with high
accuracy using a Fresnel ldvased model that takes indocount the light reflected

and transmitted at the different interfac®The reflection coefficient in a Fresnel
modée with four media can be expressed®¥s:

\

: (2-2)

where the subscript O refers to air, 1 to InSe, 2 to, &t 3 to Si. Under normal
incident condition,i3 ¢“ € Q7T_ is the phase shift induced by the propagation of
the light beam in the media in which ¢ , Q and _ are the complex refractive
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index, thickness of the media and wavelength, respectively; ¢ & T¢

¢ is the Fresnel coefficient at the interface between the madid.

The reflection Fresnel cigient in a three media (the case of the bare substrate
without being covered by InSe flake) is expressed as:

i E— (2-3)

Where sub index 0O is air, 1 is Si@nd 2 is SiUsing equations (2) and (23), one

can calculate the optical contrast by firstly calculating the reflected intensity of both
situations as

Y i 1 gy § 1 s (2-4)

Then the optidacontrast can be obtained through the following equatieb) (dhat
correlates the reflected intensity by the bare substfaig) (with the reflected
intensity by the InSe flakdR(,sg as:

S (2-5)

Interestingly, it was found that using the thickness of the, &iger (determined by
reflectometry), the thickness of the InSe flakes (measured with AFM), the reported
refractive indexes for air, SjOand Si, and assuming a thickness indepan
refractive index¢  ¢& "@for the InSe flakes we can reproduce the experimental
optical contrast spectra accurat&ly?'° Moreover, by considering that the thickness

of the flake is an unknown parameter we can determieghitkness of the InSe
flakes by calculating optical contrast spectra for different InSe thicknesses and
computing which thickness provides the best matching with the experimental data.
Fig. 2-13eshows how to compare the optical contrast experimentadysored in an

InSe flake (9 nm thick according to the AFM measurement) with the modelled optical
contrast assuming a thickness in the range 8 Bm. There is a clear best match for

a thickness of 9 nm, illustrating the potential of this method to datertine thickness

of InSe flakes. The inset fig. 2-13eshows the square of the difference between the
measured contrast and the calculated one as a function of the thickness assumed for
the modelling. The plot shows a weléfined minimum centered attlickness of 9

nm. In Fig. 2-13f the experimental optical contrast curves obtained from other three
InSe flakes with thicknesses of 14 nm, 21 nm and 34 nm (top panel) are further
compared the fit curves (bottom panel) with the Frebased model. One cdimd

that the fitted flake thicknesses of 15 nm, 24 nm and 32 nm are consistent with the
flake heights measured by AFM, with a small error of £2 nm. In order to benchmark
this thickness determination method for InSe, a comparison between the flake height
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values determined with AFM from 16 flakes from 4 nm to 90 nm thick and the value
obtained following the discussed optical contrast fit method has been presdritgd in
2-13g In this plot, one can find a slope value of 1.05 £0.02 marked by the straight
line indicates the good agreement between the thicknesses of thin InSe flakes
measured by AFM and the fit to the Fresnel-laased model (a perfect agreement in
this representation would yield a linear trend of slope equal tirdally, it is worth
to mertion that the choice for the thickneisslependent refractive index is motivated
by the negligible variation of the band structure of InSe with the thickness in the
range probed experimentally-80 nm).

Photoluminescence (PL)
Photoluminescence (PL) is aher important method to identify the thickness of 2D
semiconducting flakes. In contrast to MM = Mo, W; X = S, Se, Te), layered InSe
exhibits a directo-indirect band gap transition while reducing the flake thickness
from bulk to monolayer regim&’ The large quantum efficiency supported by direct
band gap in fewayer InSe regime indicates the Plndze employed for layer number
n determination of thin InSe in a larger thickness range at room tempe¥attireig.
2-14a shows the photoluminescence spectra that are collected from four InSe flakes
with the ticknesses of 6 nm, 9 nm, 12 nm and 22 nm, respectively. With the increase
of the flakes thickness, one can observe an obvious redshift of the maxima of the PL
peak: from 1.34 eV (6 nm) to 1.27 eV (22 nm). Note that the PL peak emission energy
from the spetra were determined using a Gaussian fit. More importantly, such
well-shaped PL spectra can be collected both on the InSe flakes deposited on the
transparent €.g. polycarbonate, PC) and opaqueg( SiO,/Si) substrates. IrFig.
2-14Db, it shows the resuls of a statistical analysis of the PL emission peak as a
function of InSe flake thickness extracted from 42 different InSe flakes deposited on
PC and Si@Si substrate. The thickness dependence of the exciton optical transition
and hence the optical bandmof InSe flakes, as obtained from theptdak maxima,
follows a trend that seems to be nicely described in terms of quaizem
confinement effects on the direct band gap of InSe. Tmescan follow this PL
emission energyHp) as a function of thickess of InSe flakeh( nm) using the
equation based on the quantum well confinement €effect,

o0 - @ (2-6)

which the black line indicates the best fit to the present data points with the
parameters are determinedtodbe 3. 25 N %0= 227 +G0Y &h m
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Fig. 2-14 a) Photoluminescencspectra of thin InSe flakes with different number of
layers. b) Emission energy of the PL spectra as a function of InSe flake thickness
extracted from 42 different InSe flakes deposited on PC (red dots) aptbiSikue

dots) substrates. The error bareme from the uncertainty of the thickness
determination and extraction of the PL emission energy. The black line indicates a
best fit based on quantum well confinement effect.

2.3 Complementary characterization technics: AFM, Raman

Atomic force microscopy
Since it was invented by Binning et al in 1986, atomic force microscopy (AFM) has
played a crucial role in narszale science and technoldgyAFM is a microscopic
technique imaging a siace topography by using attractive and repulsive interaction
forces between a few atoms attached at a tip on a cantilever and a sample, as shown in
Fig. 2-14a In the case of attractive forces, there are three contributions causing AFM.
These are sherange chemical force, van der Waals force and electrostatic force. As
the effective ranges of these forces are different, one of them is dominant depending
on distance. Atomic force spectroscopy is the foeesusdistance measurements
when using AFM. Thatomic force can be detected by cantilever bending caused by a

tip-sample interacting force, which is called static AFM. Also, the atomic force can be
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detected by using the resonant properties of a cantilever, which is called dynamic
AFM. Under the orfresmant condition, the frequency, amplitude or phase of the
dynamic will be shifted by the interaction force. While the force can be estimated in
static AFM, for dynamic AFM it requires complicated formalism to evaluate the force
from measured amplitude, pleasr frequency data. Recently developed techniques
for ultra-high resolution imaging unveil stddomic features of the sample, which are
facilitated by low temperature, ulttagh vacuum environments together with a stiff
cantilever. In this thesis, theitkness and surface morphology of thin GaSe and InSe
flakes was measured by an ezAFM (by Nanomagnefits, 2-14b) operated in
dynamic mode in ICMM in Madrid. The cantilever used is a Tapl9BAby
BudgetSensors with force constant 40 Namd resonancedquency 300 kHz.

Detector and b)
feedback

electronics
Photodiode

a)

SN
Sample surface

Fig. 2-14 a) The diagram block of AFM. b) Optical picture of ezAFM.

Raman spectroscopy
Raman spectroscopy is an analytical technique where scattered light is used to
measure the vibrational energy modes of a safiplé.is named after the Indian
physicist C. V. Raman who, together with his research partner K. $indriswas the
first to observe Raman scattering in 19R8man spectroscopy can provide both
chemical and structural information, as well as the identification of substances
through their characteristic Raman O0fingeri
information through the detection of Raman scattering from the sample.
As shown inFig. 2-15a and b, when light is scattered by molecule, the oscillating
electromagnetic field of a photon induces a polarization of the molecular electron
cloud which leave the molecule in a higher energy state with the energy of the
photon transferred to the molecule. This can be considered as the formation of a very
shortlived complex between the photon and molecule which is commonly called the
virtual state of the molede. The virtual state is not stable and the photon is
re-emitted almost immediately, as scattered light. In the vast majority of scattering
events, the energy of the molecule is unchanged after its interaction with the photon;
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and the energy, and theredathe wavelength, of the scattered photon is equal to that
of the incident photon. This is called elastic (energy of scattering particle is conserved)
or Rayleigh scattering and is the dominant process. In a much rarer event
(approximately 1 in 10 millionphotons)Raman scattering occurs, which is an
inelastic scattering process with a transfer of energy between the molecule and
scattered photon. If the molecule gains energy from the photon during the scattering
(excited to a higher vibrational level) théme scattered photon loses energy and its
wavelength increases which is called Stokes Raman scattering. Inversely, if the
molecule loses energy by relaxing to a lower vibrational level the scattered photon
gains the corresponding energy and its wavelerdghreases; which is called
Anti-Stokes Raman scattering. Quantum mechanically Stokes aneStbkes are
equally likely processes. However, with an ensemble of molecules, the majority of
molecules will be in the ground vibrational level (Boltzmann distrdm) and Stokes
scatter is the statistically more probable process. As a result, the Stokes Raman scatter
is always more intense than the étokes and for this reason, it is nearly always the
Stokes Raman scatter that is measured in Raman spectroscopy.

Fig. 2-15 a) Three types of scattering processes that can occur when light interacts
with a molecule. b) Diagram showing the origin of Rayleigh, Stokes andSAokes
Raman Scatter. ¢, d) Two Raman spectroscopy systems used for measunertinést
thesis

It is clear from the above, the wavelength of the Raman scattered light will depend on
the wavelength of the excitation light. This makes the Raman scatter wavelength an
impractical number for comparison between spectra measured using different lasers
The Raman scatter position is therefore converted to a Raman shift away from
excitation wavelength:
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o ds the wavenumber Raman shift in ¢nay is the wavelength of the excitatiomskr

in nm, ande is the wavelength of the Raman scatter in nm.

In this thesis, two Raman spectroscopy systems were used for 2D GaSe and InSe
characterizationFig. 2-15c shows a Bruker Senterra confocal Raman microscopy

setup (Bruker Optik®, Ettlingen, &@many) in IMDEA nanoscience and a MonoVista

CRS+ confocal Raman microscopy system in ICMM (Spectroscopy & Imaging

GmbH) is shown in panal. Both the Raman spectra of thin GaSe and InSe flakes

were obtained by with a 532 nm laser excitation focusedieanl di amet er spot .

2.4 Deterministic transfer

After successfully isolating graphene and other-tivoensional (2D) materials from
20042005*° the transfer methods that can deterministically place 2D materials at

specific locations with high accuracy have been widely used for the research of 2D
materials, especially for electrical and optoelectronic devices fabrication and artificial

van der Waals heterostructures buill®****® Thus, we also establish a
deterministic transfer setup in our group in ICMM to fabricate 2D materials devices

and heterostructures. Interestingly, our fully functional deterministic transfer setup is

much cheaper (the cost emsarelbasedon tetnofitted 9 0 0 U )
metallurgical microscopes or probe stations that have been reported in literature
(approximate 70008 00 0U) or the commerci al avail abl e
the installation details of this setup and how to use fabricate 2D materials based

devices and heterostructures will be demonstrated. Note that this section is mainly
based on the published paper AAN iIinexpensi
2D materialso in Jour nanthedifstaRhol’s i c s : Mat er |
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Vendor: Standa
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Part number: 185-2040-015
Price: 130C

M

Vendor: Aliexpress

21 MPix digital camera USB + HOMI
Price: 74.70€

Auxiliary lens and focusing
stage adaptor attached to the
::::::

12 !

The pillarsbase s screwed
on the breadboard with 4
M6 screws.

Vendor: Aliexpress
Coarse/fine focusing stage

10 11

An aluminium machined cylinder post is
glued (cyanoacrylate) onto the rotation stage.

Fig. 2-16 Stepby-step assembly of the lewost ceterministic transfer system.

Assembly of lowcost transfer system
Fig. 2-16 shows a stepy-step assembly process of the lowast deterministic transfer
system, which includes all the components required and mounting details. And a
picture of the preserdesystem used for transferring 2D materials has been shown in
Fig. 2-17a As one can see, the system is basically consisted of a coaxial illumination
zoom lens, a XY + rotation manual stage (sample/substrate stage) and a XYZ manual
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stage (stamp stage). Al-lnegapixel digital camera with HDMI output has been
mounted on the top of the zoom lens as a supplementary part and all the components
are placed on a magnetic breadboard. The manual stages are attached to the
breadboard through magnets glued at the lodisthe stages to realize quaigjid

fixation. A closeup picture of the sample and stamp stages has been shdwan in
2-17b,in which one can find how the stamp is mounted. Note that a rectangular piece
of GetFilm (WF x4 6.0 mil, by GePak®), the polyanethylsiloxane (PDMS)based

gel material bonded to a flexible and quasi transparent backing polyester substrate,
with approximate dimensions of 5 mm x10 mm was employed as viscoelastic stamp.
Then a olciaknead | ggeveemet ry st rthedcGelbiimastampfs t he st
glued to a glass slide with Scotch tape, leaving most of the stamp overhanging
(protruding from the glass slide as showrrig. 2-17¢), were subsequently fabricated.
After that, doubleside tape (Scotch® Restickable Tabs) is usefiktthe glass slide

to the stamp stage and the sample to the sample Stge. 10 summarizes all the
different parts needed to implement the system and the details of their corresponding
distributors and prices have also been presented.

(a) Digital camera

0 S1age  yyZ s1age
(Samp\e) (stamp)

Fig. 2-17 a) Hcture of the assembled lewost system to transfer 2D materials,
highlighting some of the key components and details used for deterministic transfer
process. b) Zoomed in picture showing details of the stamp clamping and fixture to
the XYZ stage. ¢) Zoontkin image of the area highlighted with a dashed yellow
rectangle in (b) where the sample and stamp fixture are displayed

Table 10Summary of the components of the proposed system.

Price

(a)

Description Distributor
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S Ferromsgen:;lg:ozt%el opst Standa 1BS2040015 130.00
base Rubber damping feets (set of ¢ Thorlabs RDF1 4.92

@25.0 mm pillar post Thorlabs  RS300/M 53.25
Mounting post base Thorlabs PB1 22.44
Focusing stage for zoom lens Aliexpress 56.96
. 400%xzoom lens with coaxial : 174.83

Imaging iiluminator Alepress
system Auxiliary 3.5x magnification . 34.36

lens Aliexpress
21 MPix digital camera Aliexpress 74.70
220 HDMI mo Amazon 89.99
Manual rotation stage (for Thorlabs MSRPOL/M 66.53

Sample sample)
P XY manual stage (fosample) Banggood 63.14
and stamp
XYZ manual stage (for stamp) Banggood 81.18
stages
Magnets (for sample and stam 7.15
Amazon
stages)

859.45

Van der Waals heterostructures fabrication
To demonstrate the potential feasibility of theagsembled deterministic placement
system Fig. 2-18 shows howto use this inexpensive transfer system to fabricate van
der Waals heterostructures by presenting the example of a fully encapsulated InSe
flake between two hexagonal boron nitrideBN) flakes, and the sequence of
transfer has been shown in panel a. As be seen from left to right, the first step is
that a RBN flake has been transferred in the middle of agatern crossair marker
structure on 300 nm Sibi substrate. Then a InSe flake is transferred onto the
bottom RBN flake that can be demonsted as the second step. The final step is that
transferring another-BN flake to sandwich the InSe flake betweeBM sheetsFig.
2-18b shows the pictures of resulting van der Waals heterostructure.

Fig. 2-18. Fabrication process of a fully encapsethtnSe flake heterostructure with
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