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ñIf were to live the life twice.  

I would like to be a tree.  

Standing in the dust firmly, without 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 will be providing green shade for passers-by willingly.  

A half of my body will be bathing in the sunshine warmly.  

So quiet and proud éò 
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ABSTRACT 

Two-dimensional (2D) semiconductors, initialed by the isolation of graphene 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 in-plane covalent bonds and weak out-of-plane van der Waals interactions, 

allows such materials being stable with atomically thin geometry. Thanks to the 

ultrathin nature and dangling-bond-free surface, various advanced 

heterostructures-based devices with superior performance have been demonstrated 

without being hampered by their lattice mismatch, which make them as promising 

candidates for future nano-electronic and optoelectronic applications. As novel 2D 

members from III ï VIA semiconducting group, Gallium selenide (GaSe) and Indium 

selenide (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 light-matter 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 materials are especially sensitive to the environmental atmosphere 

and to external stimuli due to their layered structures and large surface-to-volume 

ratio. Thus, in the first part of this thesis, the interaction between air species and thin 

GaSe and InSe flakes has been discussed. Thin GaSe can be degraded completely 

after being exposed in the air for several days, during which macro- and micro-scope 

surface morphology evolution, chemical composition variation, and laser-induced 

degradation, as well as how it leads to the photodetector breakdown as a function of 

exposure time in air have been fully presented. On the contrary, thin InSe shows a 

different environmental interaction mechanism: the performance of InSe 

photodetector can be significantly modified, and even reaching a long-term stable 

behavior in air, without obviously changing the surface morphology and crystal lattice. 

Both these observations are related to the interaction between air species (e.g. O2 and 

H2O) and the defects (e.g. selenium vacancies) in the materials. The failure of GaSe 

photodetectors can be attributed to a full transformation from crystalline GaSe to 

amorphous Ga2O3 by air species, while the performance variation of InSe devices 

may be related to the passivation of selenium vacancies in the system. Based on these 

understandings, both long-term stable photodetectors based on thin GaSe and InSe 
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have been realized using hexagonal boron nitride (h-BN) encapsulation protection (for 

GaSe) or controllable air exposure (for InSe). 

Thanks to the dangling-bond-free surface of 2D semiconductors and the deterministic 

transfer methods, one can fabricate pure van der Waals (vdW) metal-semiconductor 

interfaces, without direct chemical covalent bonding that typically leads to chemical 

disorder and Fermi-level pinning (FLP). This kind of vdW metal-semiconductor is 

thus an 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 level pinning at the metal-InSe 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 of Au-InSe, Pt-InSe and 

InSe-Gr (graphite) are determined 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 InSe, including Au-InSe-Gr and Pt-InSe-Gr, have been 

investigated.  

The dangling-bond-free nature of the surface of 2D materials leads to high mechanical 

resilience against mechanical deformation. This has motivated a whole sub-field of 

research focused on using mechanical deformation to tune the electronic properties of 

2D materials. The mechanical properties of GaSe and InSe were barely explored at 

the moment of the elaboration of this thesis and thus to decide to measure the Youngôs 

modulus of InSe to access its suitability in strain engineering applications. Using 

buckling metrology method, the Youngôs modulus of InSe is experimentally 

determined to be 23 ± 5 GPa, which makes thin InSe one of the most flexible 2D 

materials. Subsequently, the biaxial strain tunability of thin InSe, including 

piezoresistance effect, 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 spectral response of InSe 

photodetectors. 

This thesis demonstrates the great promise of 2D III-VIA semiconducting materials, 

especially GaSe and InSe, for future electrical and optoelectronic applications. These 

results, on the one hand, reveal the important role of traps 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 
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contacts, which are both attractive for different applications, such as strain 

engineering and flexible electronics. 
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RESUMEN 

La investigación en semiconductores bidimensionales (2D), iniciada con el 

aislamiento del grafeno en 2004, ha atraído un gran interés de la comunidad científica 

gracias a sus notables propiedades mecánicas, eléctricas, ópticas y optoelectrónicas. 

Su estructura en capas, que se origina a partir de los fuertes enlaces covalentes en el 

plano y las débiles interacciones de van der Waals fuera del plano, permite que dichos 

materiales sean estables con una geometría atómicamente delgada. Gracias a la 

naturaleza ultrafina y la superficie libre de enlaces desapareados, se han demostrado 

varios dispositivos avanzados basados en heteroestructuras con un rendimiento 

superior sin verse obstaculizados por diferencias entre sus parámetros de red, lo que 

los convierte en candidatos prometedores para futuras aplicaciones nanoelectrónicas y 

optoelectrónicas. El seleniuro de galio (GaSe) y el seleniuro de indio (InSe), como 

nuevos miembros 2D del grupo de semiconductores III-VIA apenas explorados, 

prometen emocionantes descubrimientos teóricos y en investigación aplicada. Gracias 

a sus estructuras electrónicas y sus fuertes interacciones luz-materia, ambos son 

sensibles a los estímulos externos, 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 cómo el medio ambiente, la luz y la tensión juega un papel en las 

propiedades de estos materiales.  

Los materiales bidimensionales son especialmente sensibles a la atmósfera ambiental 

y a los estímulos externos debido a sus estructuras en capas y su gran relación 

superficie-volumen. Así, en la primera parte de esta tesis, se ha discutido la 

interacción entre las especies atmosféricas y las láminas delgadas de GaSe e InSe. Los 

copos de GaSe se puede degradar completamente después de haber estado expuestos 

al aire durante varios días, durante los cuales la evolución de la morfología de la 

macro y micro-superficie, la variación de la composición química y la degradación 

inducida por láser, así como la forma en que GaSe fotodetectores se terminan 

descomponiendo con la exposición al aire se ha presentado. Por el contrario, copos 

delgados de InSe muestran un mecanismo de interacción 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 morfología de la superficie y la red cristalina. Ambas observaciones están 

relacionadas con la interacción entre las especies presentes en el aire (por ejemplo, O2 

y H2O) y los defectos (por ejemplo, las vacantes de selenio) en los materiales. El fallo 
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eléctrico de los fotodetectores de GaSe puede atribuirse a una transformación 

completa de GaSe cristalino a Ga2O3 amorfo por especies de aire, mientras que la 

variación de rendimiento de los dispositivos InSe puede estar relacionada con la 

pasivación de las vacantes de selenio en el sistema. Sobre la base de estos 

conocimientos, tanto los fotodetectores estables a largo plazo basados en GaSe 

delgado como en InSe se han realizado utilizando protección de encapsulación de 

nitruro de boro hexagonal (h-BN) (para GaSe) o exposición de aire controlable (para 

InSe). 

Gracias a la superficie libre de enlaces desapareados de los semiconductores 2D y los 

métodos de transferencia determinista, se pueden fabricar interfases 

semiconductor-metal de tipo van der Waals (vdW) puras, sin enlaces covalentes 

directos que normalmente conducen al desorden químico y la fijación del nivel de 

Fermi (ñFermi level piningò FLP). Este tipo de contacto semiconductor-metal tipo 

vdW es, por tanto, un sistema ideal para estudiar las uniones Schottky. El efecto de 

pasivación de defectos en InSe introducido por especies atmosféricas no solo puede 

modificar las propiedades del material, sino que también reduce la fijación del nivel 

de Fermi en la interfaz de contacto metal-InSe. Se han investigado varios contactos de 

Schottky basados en copos delgados de InSe con diferentes contactos eléctricos de 

van der Waals. Se ha determinado que la altura de la barrera de Schottky en las 

interfaces de Au-InSe, Pt-InSe e InSe-Gr (grafito) es aproximadamente 460 meV, 540 

meV y menos de 100 meV, respectivamente. Aprovechando la gran diferencia de 

barrera de contacto, se han investigado las propiedades de transporte de diodos 

Schottky basados en contactos asimétricos de van der Waals diseñados de InSe 

delgado, incluidos Au-InSe-Gr y Pt-InSe-Gr. 

La naturaleza libre de enlaces desapareados de la superficie de los materiales 2D 

también conduce a una alta resiliencia mecánica contra deformaciones mecánica. Esto 

ha motivado todo un sub-campo de investigación centrado en el uso de la 

deformación mecánica para ajustar las propiedades electrónicas de los materiales 2D. 

Las propiedades mecánicas de GaSe e InSe apenas se habían explorado en el 

momento de la elaboración de esta tesis y por tanto se decidió medir el módulo de 

Young de InSe para debatir sobre su idoneidad en aplicaciones de ingeniería de 

deformaciones. Utilizando el método de metrología de pandeo, el módulo de Young 

de InSe se determina experimentalmente en 23 ± 5 GPa, lo que hace que el InSe 

delgado sea uno de los materiales 2D más flexibles. Posteriormente, se ha discutido la 
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capacidad de sintonización de deformación biaxial de InSe delgado, incluido el efecto 

piezoresistivo, la modulación de banda prohibida y los dispositivos optoelectrónicos 

de ingeniería de deformación. Curiosamente, se demuestra además cómo se puede 

aprovechar la banda prohibida sintonizable por deformación para ajustar la respuesta 

espectral de los fotodetectores InSe. 

Esta tesis demuestra el potencial de los materiales semiconductores 2D III-VIA, 

especialmente GaSe e InSe, para futuras aplicaciones eléctricas y optoelectrónicas. 

Estos resultados, por un lado, revelan el importante papel de las trampas inducidas por 

defectos en la adaptación de las propiedades de los dispositivos basados en materiales 

2D, por otro lado, muestran la fiabilidad y reproducibilidad de las propiedades 

electrónicas y optoelectrónicas de los contactos Schottky tipo van der Waals, que son 

atractivos tanto para aplicaciones, como la ingeniería de deformación y la electrónica 

flexible. 
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1                                               

INTRODUCTION  

While the research on three-dimensional (3D) materials runs in 

parallel with the development of human society, research on 

two-dimensional (2D) materials can be traced back to 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 state-of-the-art on 2D materials research, especially focusing on 2D 

gallium selenide (GaSe) and indium selenide (InSe), consisting of 

isolation, characterization, and their device applications. In the last part, 

the motivations of the research carried out in this thesis will be stressed. 
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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.
1
 If a solid state material has three spatial dimensions with macro-scales 

(typically larger than 100 nm), we usually refer to it as a bulk or three-dimensional 

(3D) material. Within 3D materials, 3D 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 directions.
2
 The 

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 in one dimension in the sub ~100 nm scale 

they can be called low dimensional materials or nanomaterials.
3
 The research field of 

nanomaterials was envisioned by Richard P. Feynman with the talk entitled ñThere is 

plenty of room at the bottomò in 1959.
4
 From this point, nanomaterials can exist in 

zero-dimensional (0D), one-dimensional (1D) and two-dimensional (2D) forms,
5
 as 

shown in Fig. 1-1. Zero-dimensional (0D) nanomaterials, the first type of discovered 

nanomaterials, refer to the materials wherein all the dimensions are within the 

nanoscale (smaller than 100 nm). The most common examples of 0D nanomaterial are 

nanoparticles and fullerenes.
6
 One-dimensional (1D) nanomaterials, were explored 6 

years later after the discovery of 0D nanomaterials in 1991,
7
 and can be defined as 

nanomaterials with two dimensions in nanoscale (smaller than 100 nm), and the third 

dimension is beyond nanoscale. This leads to needle-like shaped nanomaterials, such 

as nanotubes, nano-rods, nanobelts and nanowires.
8
 Two-dimensional (2D) 

nanomaterials exhibit plate-like shapes and they present thicknesses smaller than 100 

nm.
9
 2D nanomaterials include nanofilms, nanolayers, nanomembranes, nanosheets 

and nanocoating.  

Interestingly, it is not only size but also dimensionality itself that determines materials 

properties. This particularly applies to the case of sp2 carbon materials: 3D graphite, 

2D graphene, 1D carbon nanotubes and 0D fullerenes.
10

 All these materials exhibit 

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 
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examples: graphite has been known since the 16
th
 century and has been widely used in 

industry for steel-making, 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 1991.
6,7

 Although the 

theoretical studies of graphite as starting material, it was not until 2004 that scientists 

were able to isolate a monolayer graphene sheet for the first time.
11

 The recent 

blossoming of graphene literature evidences not only its basic scientific interests but 

also its potential technological impact.
12

 Actually, two dimensional materials are 

expected to have a significant impact on a large variety of applications, ranging from 

electronics to gas storage or separation, catalysis, high performance sensors, support 

membranes and inert coatings, just to mention a few of them. 

 

Fig. 1-1. Classifications of materials according to their dimensionality (top), energy 

band diagram (middle) and their representative species (bottom). 3D: Graphite; 2D: 

Graphene; 1D: Nanotubes; 0D: Fullerenes.
5,6,8,10

 

When the dimensions of materials shrink to the nanoscale, classical properties are not 

applicable but they enter the world of quantum mechanics.
13

 The qualitative changes 
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in physical 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 materials can be mainly attributed to two reasons: 

1, Increase in surface area to volume. Nanomaterials have a relatively large surface 

area as compared to the same mass of materials produced in larger form. This makes 

materials more chemically reactive and affects their mechanical and electrical 

properties. 

2, Quantum confinement.
14,15

 In nanomaterials, electronic energy levels are not 

continuous as in the bulk but are discrete. This is due to the confinement of the 

electronic wave 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 and magnetic behaviors of materials, which are significantly different from 

their bulk counterparts. For instance, size-effect properties can be observed, such as 

surface plasmon resonance in metal nanoparticles,
16

 quantum confinement in 

semiconductor particles and superparamagnetism in magnetic nanomaterials.
17,18

 

In addition to the common characteristics of general nanomaterials, two-dimensional 

materials also possess certain special characteristics thanks to their unique structure 

features. First of all, most 2D materials are isolated based on layered van de Waals 

bulk crystals in which there is no covalent bonds between the layers along their 

thickness orientation (Fig. 1-2),
19

 thus the fabricated 2D materials both can reach 

atomically thin sizes without breaking the in-plane lattice periodicity and have a 

naturally passivated surface. On the one hand, the ultrathin nature of these materials 

introduces quantum confinement in the vertical direction leading to large 

thickness-dependent band structure tunability and strong light-matter interactions in 

the ultrathin (< 10 layers) regime. On the other hand, the dangling bond free surface 

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 state-of-the-art micro-, nano- processing 

technology than 0D 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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Fig. 1-2. The surface of 3D materials (left) and 2D materials (right) with and without 

dangling bonds.
19

 

1.1.2  The development of 2D materials 

During the first decades of the 20
th
 century, the existence of two-dimensional 

materials was a highly debated issue in the physics community. The question whether 

a strictly two-dimensional (2D) crystal can exist, was first raised by Peierls and 

Landau.
20-23

 They demonstrated that, in the standard harmonic approximation,
24

 

thermal fluctuations would destroy long-range order, resulting in melting of 2D 

lattices at any finite temperature. Furthermore, Mermin and Wagner proved that a 

magnetic long-range order could not exist in one or two dimensions and later they 

extended the proof to crystalline order in 2D geometry.
25,26

 Importantly, numerous 

experiments on thin films showed agreement with the theoretical prediction, finding 

that below a certain thickness of dozens of atomic layers, the films became 

thermodynamically unstable (trend to segregate into island or decompose) unless they 

constitute an inherent part of a three-dimensional (3D) system (such as being grown 

on top of a bulk crystal with a matching lattice).
27-29

 

Significantly, materials science had a major breakthrough in 2004,
11

 when Novoselov 

and Geim isolated the first single-layer 2D material, graphene, through Scotch tape 

exfoliation of graphite. The importance of this achievement was rewarded in 2010, 

with the Nobel Prize for both their contributions. However, the physical structure of 

graphene - a single layer 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 without scattering. On the other hand, perfect 

two-dimensional crystals cannot exist in the free state of 2D space, according to both 

theory and experiments.
20-23,25,26,30

 Actually, a detailed analysis of the 2D crystal 

problem beyond the harmonic approximation has led to the conclusion that the 
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interaction between bending and stretching long-wavelength phonons could in 

principle stabilize atomically thin membranes through their deformation in the third 

dimension.
31

 The following studies by transmission electron microscopy (TEM) 

revealed that these suspended one atom-thick carbon sheets are not perfectly flat (see 

left panel in Fig. 1-3). In fact, they exhibit intrinsic microscopic roughness such that 

the surface normal varies by several degrees and out-of-plane deformations reach 1 

nm in amplitude. The observed corrugations in the third dimension may provide 

subtle reasons for the stability of two-dimensional crystals, which are further 

confirmed by atomistic Monte Carlo simulations based on a very accurate interatomic 

potential of carbon.
32

 

 

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

monolayer MoS2 (right). 

In general, this important discovery came at the background of a continuous ongoing 

quest raised the semiconductor industry committee to search for new semiconducting 

materials, engineering techniques and efficient transistor topologies to extend 

ñMooreôs lawò ï an empirical observation pointed out in 1960s by Gordon Moore 

which claimed that the number of transistors on a complementary 

metal-oxide-semiconductor (CMOS) microprocessor chip and, hence, the chipôs 

performance, would approximately double every 24 months.
33-35

 In fact, to enhance 

the density and performance on the chips, the semiconductor industry has been 

shrinking down the conventional CMOS transistors to nanometer regime.
36-41

 

However, during the last decades, the performance gains derived due to dimensional 

scaling down have been severely offset due to the detrimental short-channel effects 

(SCE) which cause high OFF-state leakage currents (due to loss of effective gate 

control over the charge carriers in the semiconducting channel and inability of the 

gate to turn the channel fully OFF) leading to larger static power consumption and 

heat dissipation, which introduce dire implications for Mooreôs law.
42-47

 With 

continued down-scaling (sub-10 nm regime), the SCE effect will get far worse and 

even state-of-the-art CMOS transistor architectures (such as MuGFET, UTB-FETs, 
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FinFET, etc.) designed to enhanced gate controllability would face serious challenges 

in minimizing the overall power consumption. Thus, an urgent requirement that finds 

an appropriate transistor channel material which allows for a high degree of gate 

control at these ultra-short dimensions has been introduced.
48-51

 In theory, based on 

the characteristic ñchannel length (LCH) scalingò factor ñɚò, given by ɚ = 

(tOXtBODYŮBODY)
1/2

/ŮOX, in which tOX and tBODY are the thicknesses of the gate oxide and 

channel, and ŮBODY and ŮOX are their respective dielectric constants;
52

 natural ultrathin 

channel materials can help mitigate SCE in ultra-scaled FETs, thus enabling enhanced 

electrostatic gate control and carrier confinement versus 3D bulk semiconductors.
53

 

From this point, graphene has been thoroughly researched for its remarkable 

properties, such as 2D atomically thin nature, extremely high carrier mobility, 

superior mechanical strength, flexibility, optical transparency, and high thermal 

conductivity, which can be useful for a wide range of device design and fabrications.
53

 

Though graphene allows for excellent gate controllability thanks to its innate 

thickness, a major drawback of graphene is the absence of an electronic ñband gapò 

nature, a necessary attribute any material must possess to be considered for 

electronic/optoelectronic device applications, which means a graphene transistor 

cannot be turned ñOFFò.
54,55

 

 

Fig. 1-4. History of molybdenum disulphide research for last 50 years (1964ï2014).
56

 

Grapheneôs shortcomings motivated to the search for alternative materials with similar 

yet complementary properties, which promote the emergence of a large catalogue of 

2D layered materials ranging from insulators to semiconductors and metals.
10,57

 Due 

to the natural availability and environmental/ambient stability, MoS2 (shown by right 

panel in Fig. 1-3), as the first 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 subject in Fig. 
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1-4.
56

 The bandgap variability, together with high carrier mobility, mechanical 

flexibility, and optical transparency, makes 2D MoS2 extremely attractive for practical 

nano- and opto-electronic device applications on both rigid and flexible 

platform.
9,58-63

  

 

Fig. 1-5. The zoo of 2D materials.
64-66

 

One very important factor for the initial rapid development of the 2D materials field 

was the natural abundance of graphite and MoS2 as common minerals/materials. After 

the initial studies, luckily it was discovered that also other layered materials could be 

synthesized and studied in the ultra-thin regime. Other important families of layered 

materials include the transition metal dichalcogenides (TMDCs) (e.g., WS2, MoSe2), 

certain metal halides (e.g., PbI2, MgBr2), and oxides (e.g., MnO2, MoO3), perovskites 

(general form ABO3), layered III-VIAs (e.g., GaS, InSe), and V-VIAs (e.g., SnS2, 

SnSe2) materials, layered silicates (clays, micas) and also elemental layer materials 

(e.g., black phosphorous, silicene, antimonene).
64-66

 In addition, the insulating 

hexagonal boron nitride (h-BN) system is another important layered material, one 

isostructural with graphite, but exhibiting very different properties. Currently, around 

500 different layered materials have been identified, and a schematic description has 
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been shown in Fig. 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 single- and multi-layer 2D 

nanomaterials. The top-down methods, which rely on the exfoliation of layered bulk 

crystals, include the mechanical cleavage method and liquid phase exfoliation method. 

Examples of bottom-up approaches are CVD growth and wet chemical synthesis. 

these four different types of method will be discussed in the following context. 

 ̧ Mechanical exfoliation 

Generally, there are two kinds of mechanical principles to exfoliate layered bulks into 

2D (mono- 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 micromechanical cleavage by Scotch tape.
11,30

 

Taking advantage of layered bulks self-lubricating ability in the lateral direction, one 

can also exert lateral force to promote the relative motion between two bulk layers. 

These two mechanical principles are illustrated in Fig. 1-6, which are perquisite for 

the production of 2D flakes. 

 

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

exfoliation.
67

 

A second process that can happen during exfoliation is the fragmentation effect. On 

one hand, it can reduce the lateral size of 2D flakes, which is not desirable for 

fabricating large-area 2D flakes. On the other hand, 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 two mechanical 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 tape (see Fig. 1-7).
68

 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 crystals without breaking the 

in-plane covalent bonds of each layer, hence peeling off single- or few-layers of 2D 

crystals.  

 

Fig. 1-7. Micromechanical cleavage of 2D crystals.
68

 

In 2004, Novoselov, Geim, and co-workers first successfully isolated a single-layer 

graphene nanosheet from graphite by using the micromechanical cleavage 

technique.
11

 Later, the same group demonstrated the extension of this technique for 

the exfoliation of other ultrathin 2D nanomaterials, including h-BN, MoS2, NbSe2, 

and Bi2Sr2CaCu2Ox, from their parent layered bulk materials.
30

 Since then, this 

method has been widely used to fabricate various kinds of ultrathin 2D nanomaterials. 

The exfoliated nanosheets range from TMDs (e.g., TiS2, TaS2, TaSe2, MoSe2, WS2, 

WSe2, MoTe2, ReS2, MoxW1-xS2, ReS2xSe2(1-x), etc.),
69-79

 topological insulator (e.g., 

Bi2Te3, Bi2Se3, and Sb2Te3),
80-82

 CuInP2S6,
83

 BP,
84-87

 antimonene,
88

 and metal 

phosphorous trichalcogenides (e.g., MPS3: M = Fe, Mn, Ni, Cd, and Zn) to h-BN.
89-91

 

Theoretically, 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 surface, 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 fulfill the demand for various practical 

applications, high-yield and large-scale 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 by hands, which lack the precision, 

controllability, or repeatability. 
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Layered bulk crystals also could be exfoliated into ultrathin 2D regime in liquid if 

proper mechanical forces are applied on the layered bulk crystals dispersed in liquid 

media. Sonication is the simplest and most common mechanical method that has been 

used for the exfoliation of layered bulk crystals into ultrathin 2D nanosheets in liquid 

media, as shown in Fig. 1-8a. The key factor for achieving efficient exfoliation of 

layered bulk crystals is matching the surface energy between the layered bulk crystal 

and the solvent system. This simple and effective method was first developed in 2008 

by Colemanôs group for the exfoliation of graphite into graphene,
92

 which neither 

need any complicated equipment nor expensive chemicals, having paved a way for 

the high-yield and large-scale production of graphene at low cost in liquid phase. 

Besides graphene, in 2011, Coleman and co-workers further extended this method for 

exfoliation of other layered bulks into 2D nanosheets, including MoS2, WS2, MoSe2, 

NbSe2, TaSe2, NiTe2, MoTe2, h-BN, and Bi2Te3. Both the experimental and theoretical 

results suggested that the good matching of the surface tension between the layered 

bulks, not only the choice of solvents, is also a key factor for the efficient 

exfoliation.
93

 The solvent is also important in stabilizing the exfoliated nanosheets and 

prohibiting their restacking and aggregating as illustrated in Fig. 1-8a. To further 

promote the production rate of the sonication based liquid exfoliation and meet the 

requirement for industrial applications, several optimized liquid exfoliation strategies 

have been developed, such as shear force assisted liquid exfoliation,
94,95

 ion 

intercalation-assisted liquid exfoliation (Fig. 1-8b),
96,97

 ion-exchange-assisted liquid 

exfoliation (Fig. 1-8c),
98-102

 oxidation-assisted liquid exfoliation,
103,104

 and selective 

etching-assisted liquid exfoliation.
105-107

 

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 single-layer nanosheets in the exfoliation suspension is typically low. 

As known, some of the extraordinary properties of 2D nanomaterials only can be 

observed in its single-layer form. Recently, Claudia Backes and co-worker 

demonstrated that the high efficient nanosheet size-selection and/or monolayer 

enrichment can be achieved using cascades centrifugation method.
108

 Second, the 

lateral size of the produced nanosheet is relatively small due to the fragmentation 

effect. Third, for the sonication in aqueous polymer/surfactant solution, the residual 

polymer/surfactant absorbed on the exfoliated nanosheets is undesirable for some 

further applications, such as electronics, optoelectronics, electro-catalysis, and energy 

storage. Last the sonication process may induce some defects on the exfoliated 
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nanosheets, which will affect the properties of the exfoliated nanosheets. 

 

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

ion intercalation-assisted liquid exfoliation (b), ion-exchange-assisted liquid 

exfoliation (c).
109 

 ̧ Chemical vapor deposition (CVD) growth 

CVD is a conventional technique for the fabrication of high-purity materials or thin 

films such as W, Ti, Ta, Zr, and Si films on substrates.
110

 Currently, as the key step for 

the production of single crystal silicon, CVD has been widely used for many modern 

technologies, such as electronics and solar cell devices.
111

 During the past decades, 

CVD method has also been continuously developed and recognized as a reliable and 

powerful technique for producing a large number of ultrathin 2D nanomaterials.
110

 In 

a typical process, the preselected substrates are mounted in 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 substrates.
110

 In this case, 

ultrathin 2D nanosheets can be obtained on the substrate with proper experimental 

growth window parameters.
110

 In some growth processes, catalysts need to be used in 

the reaction process, for example, for growing graphene.
112

 In 2006, Somani and 

co-workers first demonstrated the growth of thick multilayer-graphene from camphor 

pyrolysis on a Ni substrate by the CVD technique.
113

 Although the graphene realized 

in this work is about 30 layers, it proved the possibility for the growth of single- or 

few-layer graphene by the CVD technique. Inspired by this work, many efforts have 
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been spared to optimize experimental conditions to achieve the growth of single- or 

few-layer sheets. Beton and co-worker achieved the growth of single-layer graphene 

by CVD method on polycrystalline Ni film deposited on the SiO2/Si substrate.
114

 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 co-workers demonstrated the growth of large-area single-layer 

graphene film up to 0.5 mm on copper foil by the CVD method using methane and 

hydrogen as gas sources.
115

 It is worth to point out that the precursors, substrates, 

catalysts, temperature, and atmospheres are among the key factors in determining the 

structure features of the final graphene products in CVD growth. By fine-tuning those 

experimental parameters, the controlled growth of graphene with tunable layer 

number, crystallinity, and lateral size can be achieved on different substrates with 

different precursors by the CVD technique.
112

 Likewise, CVD can be extended for the 

growth of many other 2D nanosheets on various substrates, such as h-BN 

nanosheets,
116,117

 topological insulators (e.g., Bi2Se3),
118-120

 metal carbides,
121,122

 

silicene, borophene, and antimonene.
123-125

 

Not only the aforementioned graphene nanosheets, single- or few-layer TMDs also 

have been achieved by the CVD technique on various substrates.
126

 Although the 

growth of TMDs can date back to the 1980s,
127

 the growth of ultrathin 2D TMD 

flakes was only achieved a few years ago. In 2012, Li and co-workers first 

demonstrated the growth of few-layer MoS2 nanosheets on insulating substrates by 

the thermal decomposition of ammonium thiomolybdates that was dip-coated onto the 

substrates with a subsequent sulfurization using sulfur vapor (Fig. 1-9).
128

 

Alternatively, the CVD growth of large-area few-layer MoS2 nanosheets was achieved 

by sulfurization of Mo metal film by sulfur vapor, in which the Mo film was 

previously deposited on the SiO2 substrate using an electronic beam evaporator.
129

 

The size and thickness 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., MoO3 and MoCl5) can also be used as the Mo sources to produce MoS2 

nanosheets by the CVD technique.
130-132

 Up to now, many ultrathin 2D nanosheets of 

TMDs, including MoS2, WS2, MoSe2, WSe2, ZrS2, ReS2, MoTe2, etc.,
133-144

 and also 

some alloyed TMD nanosheets (e.g., MoS2xSe2(1-x), MoxW1-xS2, and WS2xSe2(1-x)) 

have been grown by the CVD technique from different precursors at different 

temperatures on various substrates under different atmosphere.
145-150
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Fig. 1-9. Schematic illustration of the CVD method grown of MoS2 thin layer on 

insulating substrate.
128

 

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 

mechanically exfoliated thin layers. Therefore, ultrathin 2D nanomaterials grown by 

the CVD technique are also promising candidates for the fabrication of 

high-performance electronic and optoelectronics devices. Unlike the low yield and 

low production rate of the micromechanical 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 optoelectronics. However, 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 and applications. The CVD technique 

normally needs high temperature and inert atmosphere, leading to relatively high cost 

of production as compared to the solution-based methods. 

 ̧ Wet-chemical syntheses 

Wet-chemical syntheses also are good choices for the preparation of ultrathin 2D 

nanomaterials in high yield and larger amount.
151,152

 Wet-chemical syntheses represent 

all the synthetic methods that rely on the chemical reactions of certain precursors at 

proper experimental conditions conducted in solution phase.
153

 Because of their 

powerful controllability, wet-chemical syntheses have been considered as a class of 

convenient 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, wet-chemical syntheses have been widely used for 

preparing various non-layer structured ultrathin 2D nanomaterials that are unable to 

be realized by top-down methods.
152

 The synthesized 2D nanomaterials can easily be 

dispersed in organic or aqueous media, which make them very suitable for various 

applications. Wet-chemical syntheses can be also used for the synthesis of ultrathin 

2D nanosheets with layered structural features.
151

 Unlike all of the methods discussed 

above, there are no general principles underlying each wet-chemical synthesis method. 

One wet-chemical synthesis method could be as different from the other. To classify, 

hydro/solvothermal synthesis, 2D-oriented attachment, self-assembly of nanocrystals, 

2D-templated synthesis, hot-injection method, interface-mediated synthesis, and 

on-surface synthesis are a few routines and a brief summary as follows. 

The hydro/solvothermal synthesis method is a typical wet-chemical 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 solvent.
154

 When 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 as-synthesized nanocrystals. Dou and 

co-workers employed this method for the synthesis of ultrathin 2D transition metal 

oxide nanosheets, including TiO2, ZnO, Co3O4, WO3, Fe3O4, and MnO2, by using the 

poly(ethylene oxide) ï poly(propylene oxide) ï poly(ethylene oxide) (P123) and 

ethylene glycol as surfactants in ethanol.
155

 Later, Xie and co-workers reported the 

preparation of few-layer defect-rich MoS2 nanosheets by a facial hydrothermal 

method with the assistance of excess thiourea.
156

 The 2D-oriented attachment is 

another typical wet-chemical synthesis method used for the synthesis of ultrathin 2D 

nanomaterials, in which adjacent nanocrystals are connected with each other and 

fused together to form single-crystalline 2D nanosheets by sharing a common 

crystallographic facet to eliminate the high energy facets and interfaces.
152

 In 2010, 

Weller and co-workers developed this method for the synthesis of PbS nanosheets 

from tiny PbS nanocrystals.
157

 Impelled by the development of nanocrystals synthesis 

and surface modification technologies, self-assembly 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 interactions, such as van der 

Waals interactions, electrostatic interactions, and/or hydrogen bonds.
158

 It has been 

demonstrated that the assembly of low-dimensional nanocrystals, such as 



INTRODUCTION 

16 
 

nanoparticles and nanowires, is a promising strategy to prepare ultrathin 2D 

nanomaterials. And Acharya and co-workers prepared an ultrathin 2D PbS nanosheet 

via the coalescence of PbS nanowires.
159

 Templated synthesis is an effective strategy 

for growth of anisotropic nanostructures, which refers to the use of the presynthesized 

nanomaterials or bulk substrates as templates to confine/direct the growth of specific 

nanostructures.
160,161

 For instance, by using the GO nanosheet as template, Zhang and 

co-workers achieved the growth of hexagonal close-packed (hcp) Au square 

nanosheet with size between 200 and 500 nm and thickness of ~2.4 nm.
162

 The 

hot-injection method, initially developed by Bawendi and co-workers for the 

synthesis of cadmium chalcogenide nanocrystals,
163

 is a very attractive approach to 

prepare monodispersed colloidal nanocrystals with uniform size, shape, and high 

purity. As a typical example, a single-layer CdSe nanosheet was synthesized using this 

method by heating the reactants of CdCl2 and Se powder in a mixture solution of 

octylamine and oleylamine.
164

 The interface-mediated synthesis method is another 

typical wet-chemical synthesis method used for the synthesis of ultrathin 2D 

nanomaterials, especially for metal coordination polymers (CPs) and polymers. In 

2011, Schlüter and co-workers first achieved the synthesis of single-layer CP 

nanosheet at the water/air interface.
165

 The on-surface synthesis method has been 

developed as a promising way for the synthesis of ultrathin 2D COF nanosheets from 

monomers on solid substrates.
166,167

 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 process due to the surface confinement of the 

solid substrate. As a typical example, Lei and co-workers first developed this method 

for the single-layer imine-based COF on the highly oriented pyrolytic graphite 

(HOPG) surface.
166

 

1.2.2  Electrical, optical and mechanical properties 

Two-dimensional (2D) materials are crystalline fi lms with large ratio between their 

lateral size (> 1 ɛm) and thickness (< 1 nm). The structural lattice of bulk layered 

crystals, which facilitates their exfoliation to 2D layers, originates from the strong 

in-plane covalent (or mixed ionic-covalent) bonding and relatively weaker 

out-of-plane van der Waals (vdW) interactions with typical binding energies of 40-70 

meV/atom.
168

 The electronic transport, i.e., conductivity, in layered materials is much 

more efficient within the layers (i.e., in the plane perpendicular to the stacking axis) 
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than it between the layers, typically by 3 or 4 orders of magnitude in natural MoS2 

bulks.
169

 This is due to the strong charge carrier localization within the individual 

layers and simultaneous transport of charge carriers through multiple layers.
170

 In the 

situation of 2D material regime, the in-plane conduction is dominant by band 

transport, while the out-of-plane conduction reduced due to the large interlayer van 

der Waals gap which 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 highlighted in Fig. 1-10 were gradually exfoliated in 2D 

form.
64

 In this part, a general discussion will be focused on the electrical, optical and 

mechanical properties of these 2D materials in a point of view of condensed matter 

physics employing graphene and TMDCs as examples. 

 ̧ Crystal structure of 2D materials 

 

Fig. 1-10. Crystal structures of various 2D materials. a) graphene. b) black 

phosphorene. c) MoS2. d) Two different stacking sequences of TMDCs.
64

 

Monolayer graphene and hBN are two examples of 2D crystals which all the atoms 

are arranged in a hexagonal lattice and occupying the same lattice plane (Fig. 1-10a). 

Other single-element 2D materials such as phosphorene form buckled structures with 

the atoms arranged across more than one plane (Fig. 1-10b). Monolayer TMDCs are 

three atoms thick and comprise of an X-M-X (X = S, Se, Te; M = Mo, W, Re etc.) 

sandwich geometry (Fig. 1-10c and d) with either trigonal prismatic or octahedral 

coordination of the metal atom.
171

 The d orbitals of M atoms and the p orbitals of X 
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atoms facilitate their covalent bonding within an MX2 monolayer, the atoms are 

arranged in a hexagonal pattern when viewed along the c-axis 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 involved in the intralayer bonding, leaving 

only the high-energy antibonding orbitals for interlayer or external bonding, thus 

result in a complete absence of dangling bonds.
172

 The 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 1, 2, 3 defines the 

number of X-M-X sandwiches per unit cell in the c axis direction and T (tetragonal), 

H (hexagonal), R (rhombohedral) denotes the crystal symmetry.
173

 The phase 

determines the properties of TMDCs: i.e., MoS2 exist either as 2H or 3R, which is a 

thermodynamically stable or metastable semiconducting phase with a bulk band gap 

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 microscopy,
174

 or by chemical modification.
175

 The coordination 

of the M atoms is a trigonal prismatic in the 1H and 3R phases and octahedral in the 

1T phase (Fig. 1-10d).
171

 

 ̧ Electronic, optical, and mechanical properties of 2D materials 

Band diagrams describe the electronic structure of solids, whose multitude of 

electronic state lead to continuum-like bands of allowed energy levels.
52

 Solids 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 1-4 eV and > 4 eV band gap between their VB and CB, 

respectively). Graphene, thanks to its zero-band gap semiconducting nature and a 

linear dispersion of charge carriers near the K and Kô points of the Brillouin zone, 

occupies a unique position amongst other 2D materials. This results in various 

interesting physical phenomena, such as relativistic-like charge carriers, 

wavelength-independent light absorption, Klein tunneling, and others.
176,177

 

Conductivity (ů) of graphene is intrinsically high due to the high charge carrier 

mobility (ɛ) in graphene, and it is readily tuneable through charge carrier density (n), 

according to ů = neɛ, where e is the elementary charge. Fig. 1-11a demonstrates this 

ambipolar nature of graphene in the vicinity of the Dirac point.
11,178

 

The charge carrier mobility of semiconducting 2D materials is strongly dependent on 

factors such as temperature, number of layers, substrate, charged impurities, localized 

states, defects, device geometry, contacts, and external electric-field induced charge 
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carrier polarity. Thus, introducing large discrepancies in the literature reports about 

the electronic transport of mono- and few-layer MoS2 with the mobility values 

ranging over 6 orders of magnitude, between 0.03 and 34000 cm
2
V

-1
s

-1
.
70,179-181

 The 

mobility generally increases upon the increased number of layers in TMDC 

FETs,
70,182,183

 although exception to this have been reported and attributed to the 

interlayer resistance.
184,185

 The charge carrier density depends on the intrinsic and 

extrinsic doping levels, electrical field, and density of traps levels and recombination 

centers. The typical values of ~10
12

 cm
-2

 can be significantly increased to 10
13

 - 10
14

 

cm
-2

 by ionic top-gating using polymer or ionic liquids.
186

 Mobilities of graphene and 

group 5 TMDCs are summarized in Table 1. 

 

Fig. 1-11. Electronic, optical, and mechanical properties of 2D materials.
64,177,179,187-190

 

As schematically shown in Fig. 1-12a, 2D semiconducting materials also experience 

strong enhancement of the Coulomb interactions among charge carriers and defects 

thanks to the quantum confinement and significantly reduced dielectric 
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screening.
191,192

 As a result of this effect, long-lived excitons and trions with spatial 

extent of several nm have been observed in mono- and few-layer TMDCs.
193,194

 Their 

binding energies, e.g., ~320 meV for excitons in WS2 and ~20 meV for trions in 

MoS2,
194,195

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

stability of these quasiparticles at room temperature. Biexcitons with a binding energy 

of ~52 meV have also been recently reported in the emission spectra of monolayer 

WSe2 at high exciton densities.
196

 These results, which were previously only observed 

in exotic systems such as quantum wells at low temperatures,
197,198

 open new 

experimental avenues for studying many body physical phenomena.  

Table 1: charge carrier mobility in graphene and TMDCs.
135,170,179,183,186,199-203

 

2D materials Mobility (cm
2
V

-1
s

-1
) 

Bulk (> 10 layers) Monolayer 

Graphene 10000 > 140000 

2H-MoS2 60 - 200 > 200 

2H-MoSe2 160 - 250 50 

2H-MoTe2 40 - 

2H-WS2 20 - 100 0.2 

2H-WSe2 120 - 150 30 - 180 

1Tô-WTe2 6000 - 44000 20 - 21000 

Table 2: Band gap evolution of TMDCs.
187,189,204-207

 
I
 Indirect band gap, 

D
 Direct band 

gap. 

2D 

materials 

Band gap (eV) 

Bulk Tetralayer Trilayer Bilayer Monolayer 

2H-MoS2 1.23
I
 1.41

I
 1.46

I
 1.59

I
 1.89

D
 

2H-MoSe2 1.09
I
 - 1.34

I
 1.46

I
 1.57

D
 

2H-MoTe2 0.93
I
 1.00

I
 1.02

I
 1.05

I
 1.08

D
 

2H-WS2 1.35
I
 1.47

I
 1.53

I
 1.73

I
 1.98

D
 

2H-WSe2 1.2
I
 1.42

I
 1.45

I
 1.54

I
 1.66

D
 

1Tô-WTe2 Semimetal/metal (~0.5 eV overlap between W 5d and Te 5p bands) 

The strong interlayer coupling and quantum confinement, introduced by the strong 

hybridization between d orbitals of the M atoms,
187,208,209

 further result in 

thickness-dependent electronic band structures in most 2D materials (Figs.1-11b-d 

and 1-12b). For example, as shown in Fig. 1-11d, bulk group 6 2H-TMDCs possess 

an indirect band gap of 0.9 ï 1.4 eV, originating from the transition between the VB 

maximum (VBM) at the ũ point to the CB minimum (CBM) halfway between the ũ 

and K points.
210,211

 This indirect transition is strongly affected by the presence of 

neighboring layers because of the fact that the VBM states near the ũ point arise from 
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a linear combination of the d and p orbitals of M atoms and X atoms and that the 

involved holes and electrons have lower out-of-plane masses. In contrast, the smallest 

direct band gap, which is larger in size than the indirect one, originates from the d-d 

metal orbital transitions at the K (and Kô) point of the VBM and CBM.
171,212,213

 The 

direct transition remains almost unaffected by the interlayer interaction because the M 

d orbitals are nested inside the X-M-X sandwich and the holes and electrons at the K 

(Kô) point have much higher out-of-plane mass than free electrons.
188

 As 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 are manifested by energy shifted in the TMDC 

photoluminescence (PL) spectra shown in Fig. 1-11b. Importantly for optoelectronics, 

this band structure evolution is accompanied by an enormous increase of PL intensity 

in monolayer TMDCs in comparison to thicker layers as shown in Fig. 1-11c.
187,188,205

 

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 thickness,
208,214,215

 

as shown in Table 2, whereas the VBM and the CBM increase with the increasing 

size of both M and X.
193,216

 Furthermore, the direct band gap comprise of two 

excitonic transitions, A and B, at energies between 1.1 and 2.4 eV, originating from 

the transition between the spin-orbit split VBM (indicated in Fig. 1-11d by magenta 

circles) and doubly degenerate CBM at the K (Kô) point, and further transitions are 

observed at higher energies (2.5 ï 4.8 eV).
212,217-219

 Due to a greater overlap between 

the outer orbitals of larger atoms, the size of the A-B energy splitting increases with 

the increasing size of M atoms and X atoms (Table 3).
218,219

 1Tô-WTe2 is an exception 

to this due to its perfectly-compensated semi-metallic character with a small overlap 

between the W 5d and Te 5p orbitals due to the distorted octahedral coordination 

discussed earlier.
199,204

  

Table 3: A and B exciton in bulk TMDCs.
189,204,217,219

 

2D materials Bulk exciton energy (eV) 

A B ȹA-B 

2H-MoS2 1.88 2.06 0.18 

2H-MoSe2 1.57 1.82 0.25 

2H-MoTe2 1.10 1.48 0.38 

2H-WS2 1.96 2.36 0.40 

2H-WSe2 1.62 2.19 0.57 

The absorption spectrum of TMDCs is well matched to the solar spectrum and more 

than 95% of the sunlight can be absorbed even in polycrystalline films of 

sub-micrometer thickness, much thinner than the current photovoltaics standard.
220
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Theoretical calculations and experiments indicate that a TMDC monolayer can absorb 

~5% - 10% of sunlight, equal to as much as 50 nm Si or 15 nm GaAs, and are able to 

generate about ten times larger photocurrent.
221

 However, due to the complex 

electronic band structure of TMDCs, their absorption/reflectance is strongly 

dependent on the wavelength of the incident light,
218,219,222

 as can be seen in the 

differential reflectance spectra shown in Fig. 1-11f. In contrast, graphene monolayer 

can absorb ~2.3% of light, a value, solely defined by the coupling between light and 

the relativistic-like electrons in graphene, and independent of wavelength in the 

visible range.
223

 The wavelength-specific transmission/absorption scales linearly with 

the number of layers for most thin 2D materials but this proportionality breaks down 

in thick crystals.
187,223

 The absorption coefficient between the infrared (IR) and 

near-ultraviolet (UV) is typically on the order of ~10
4
 ï 10

6
 cm

-1
 and is generally 

larger for the W-based than Mo-based TMDCs.
215,217-219,222,224

 Furthermore, the 

equivalent absorption coefficients of monolayer MoS2 and graphene are 2 ï 3 times 

higher than that of their bulk counterparts.
221

 

 

Fig. 1-12. Quantum confinement and reduced dielectric screening in 2D materials.
64

 

Mechanical properties of 2D materials have also been studied extensively. Monolayer 

MoS2 can withstand strain up to 11%, deformations up to several tens of nm without 

broken, and has a Youngôs modulus that is comparable to that of steel (see Fig. 1-11g 

and h).
190,225

 Such strength and elasticity makes it suited for applications where 

sturdiness as well as flexibility is both required. Ripples and wrinkles, which are 

known to form in 2D materials due to the localized strain and 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 MoS2.
226

 These ripples have 

typical height of 1 ï 25 nm, periodicity of 40 ï 300 nm, and have been shown to be 

correlated with changes in the surface potential and charge.
227

 Strong, 

thickness-dependent piezoelectricity, for the odd number of layers only, was also 

observed in mono- and few-layer MoS2 with the strongest effect and ~5% 

mechanical-to-electrical energy conversion efficiency observed in monolayer.
228

 

Frictional properties of MoS2 which are related to surface oxidation, moisture, and 

temperature also have been studied because of its use as a lubricant.
229

 Moreover, the 

melting temperature of most 2D crystals generally decreases with the decreasing 

thickness, and, while sulfides and selenides tend to be more thermodynamically stable 

than tellurides (and most metallic) TMDCs.
66,230

 

1.3 The advances of 2D GaSe and InSe 

Group IIIïVI compounds M
III

X
VI

 (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. Similar to 2D layered transition metal 

dichalcogenides (TMDs), M
III

X
VI

 have the significant merits of ultrathin thickness, 

ultrahigh surface-to-volume ratio, and high compatibility with flexible devices. More 

impressively, in contrast with TMDCs, M
III

X
VI

 demonstrate many superior properties, 

such as thickness-independent direct band gap electronic structure, low mass 

conduction band electrons and high carrier mobility, p-type electronic behaviors (rare 

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

on. These unique characteristics allow for high-performance device applications in 

electronics, optoelectronics, and optics. Here, the following text will be employed for 

the discussion of the advances of 2D GaSe and InSe from the aspects of crystal 

structure, crystal fabrication, properties and applications. 

 ̧ Crystal structure 

Both GaSe and InSe are layered III-VI semiconductors that consist of covalent 

bonded stacks with top and bottom layers of Se and two layers of Ga or In ions in the 

middle, i.e., in the sequence of Se-Ga-Ga-Se and Se-In-In-Se, with a lattice constant 

of a = b = 3.74 Å for GaSe and 4.005 Å for InSe, respectively.
231,232

 Fig. 1-13 shows 

the schematic representation of the typical hexagonal structures. The covalent bonded 
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layers, named tetra-layers (TLs), are held together by a weak interaction of the vdW 

force, implying possibility of existence of 2D GaSe and InSe layers. The stacking 

sequence of the TLs both determines the polytypes of GaSe and InSe crystals. There 

are three most important classifications for GaSe crystals: ɓ-GaSe, Ů-GaSe, and 

ɔ-GaSe.
233

 Among them, ɔ-GaSe has a 3R stacking sequence, belonging to 

non-centrosymmetric space group of C
4
6v with the lattice constant of c = 23.92 Å. 

Both ɓ-GaSe and Ů-GaSe are hexagonal symmetric with a 2H stacking and the lattice 

constant of c = 15.95 Å, which belong to the space groups of D
4
6h and D

1
3h, 

respectively. Similarly, four polytypes are defined as ɓ, Ů, ɔ, and ŭ for InSe 

crystals,
234-237

 which are all layered structures. Among them, ɓ-phase and ɔ-phase are 

two common forms of InSe. For ɓ-phase, each primitive unit cell contains two 

quaternary layers, i.e., 8 atoms. However, in the unit cell of ɔ-phase, there are three 

layers of Se-In-In-Se monatomic sheets (12 atoms), with lattice parameters of c = 

24.961 Å. 

 

Fig. 1-13. Schematic of crystal structure of Ů-GaSe and Ů-InSe. a) Side view. b) Top 

view. 

 ̧ Crystal fabrication 

Both GaSe and InSe bulks can be mechanically exfoliated to mono- and few-layer 

geometry using the Scotch tape method thanks to their layered stacking structural 

features. Monolayer GaSe was firstly experimentally obtained in 2012 by Late et al. 

via the mechanical exfoliation method.
238

 After the exfoliation of monolayer GaSe, 

many methods have been employed to grow these ultrathin crystals. The vapor-phase 

mass transport (VMT) method was firstly reported to prepare large-area atomically 

thin GaSe layers on insulating substrates in 2013 by Lei et al., as illustrated in Fig. 

1-14,
239

 where thin GaSe layers can be obtained in triangle, truncated triangle, and 

hexagonal shapes on the SiO2 substrate. 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 Zhou et al. proposed the 

controlled synthesis of high-quality single- and multi-layer GaSe crystals on flexible 

transparent mica substrates via the van der Waals (vdW) epitaxy method.
240

 And Li et 

al. also used this method to grow GaSe layers with preferred orientation in graphene 

to fabricate vdW heterostructures.
241

 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. 

Yuan et al. reported layer-by-layer growth of 2D GaSe on n-type Si substrates by the 

MBE method.
242

 And later, the 2D GaSe nanosheets also were prepared by highly 

pure Ga and Se via high-temperature process in a high-vacuum system through PLD 

technique.
243

 

 

Fig. 1-14. Large-area atomically thin GaSe layers synthesized on insulating substrates 

using VMT method (a) and thin GaSe layers in triangle (b), truncated triangle (c), and 

hexagonal (d, e) shapes on the SiO2 substrate.
239

 

 

Fig. 1-15. PVD setup (a) and images of atomically thin InSe on SiO2/Si substrate (b, c, 

d).
244

 

As for InSe, the first 2D flake was obtained by Garry W. Mudd et al. using 

mechanical exfoliation method from the bulk single-crystal ingot in 2013.
245

 Since 

then, most of the experimental investigations have been carried out based on 
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mechanical cleavage method, which provides high-quality 2D InSe nanosheets. Four 

years later, Zhibing Yang et al. reported that wafer-scale synthesis of Ů-InSe thin film 

has been achieved on SiO2/Si substrate by PLD technique.
246

 In 2018, Jiadong Zhou 

et al. reported the successful synthesis of monolayer InSe by physical vapor 

deposition (PVD) (Fig. 1-15).
244

 Very recently, single  and few layered InSe flakes 

are produced, with lateral sizes ranging from 30 nm to a few micrometers and 

thicknesses from 1 to 20 nm, by the liquid phase exfoliation of ɓ InSe single crystals 

in 2 propanol by Elisa Petroni et al.,
247

 obtaining stable dispersions with a 

concentration as high as 0.11 g L
ī1

. Zhongjun Li et al. also reported the results of the 

synthesized photoelectrochemical (PEC) type photodetector using liquid-phase 

exfoliated 2D InSe nanosheets dispersions.
248

 

 ̧ Properties and applications 

Bulk GaSe has an indirect band gap of about 2.1 eV and a direct band gap of only 

about 25 meV higher.
249

 When GaSe comes to 2D geometry, the electronic band gaps 

trend to be getting larger upon the decrease of thickness.
250

 The band gaps of mono- 

and bi-layer GaSe are reported to be indirect and have a value of 3.001 eV and 2.426 

eV, respectively, as shown in Fig. 1-16, calculated from the DFT-HSE06 function.
251

 

 

Fig. 1-16. Electronic band structure of monolayer (a) and bilayer (b) GaSe.
250,251

 

 

Fig. 1-17. Schematic of GaSe-based bottom-gated FET (a), room temperature output 

(b) and transport (b) characteristics of p-type GaSe-based FET.
252

 

Following the roadmap of graphene and MoS2, 2D GaSe flakes have also been used in 

transistors as the channel material. In 2012, Dravidôs research group firstly reported 
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mechanically exfoliated monolayer GaSe-based bottom-gated FETs by using 500 nm 

SiO2 as gate dielectric, as schematically shown in Fig. 1-17.
252

 The output and 

transport characteristics are shown in panel b and c, respectively, which indicate a 

p-type behavior with an on/off ratio of 10
5
. The mobility was calculated to be about 

0.6 cm
2
V

-1
s

-1
, which is much lower than that of its bulk counterpart (~215 cm

2
V

-1
s

-1
), 

and is comparable with previous reported bottom-gated MoS2-based FETs.
179

 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 

phototransistor (Fig. 1-18a).
250

 As the wavelength of light decreases from 610 to 254 

nm, there is a significant increase in photocurrent (Fig. 1-18b). The on/off switching 

ratio, photoresponsivity, external quantum efficiency (EQE) and response time 

extracted from the I-t curve (Fig. 1-18c) upon the illumination of 254 nm take the 

values of ~8, 2.8 A W
-1

, 1367% and 0.0157 s. The reported photoresponsivity is 

higher than that of first monolayer MoS2-based phototransistor with a 

photoresponsivity of 7.5 mA W
-1

.
253

 The operation speed is much slower than that of 

traditional metal-semiconductor-metal (M-S-M) photodetectors with a typical 

switching time on the order of 10
-6

 ï 10
-9

 s, which is possibly caused by the 

interaction between the GaSe nanosheets and SiO2 surface, because a large 

surface-to-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/off ratio than 

100 also have been realized in few-layer GaSe phototransistors using the 2D GaSe 

grown by vapor phase mass transport (VMT) method and van der Waals (vdW) 

epitaxy.
239,240

 Then, the photocurrent generated from GaSe flakes prepared by PLD 

and controlled vapor deposition methods was studied,
243,254

 respectively. For the 

former, the photoresponsivity could be improved to 1.4 A/W by changing the 

illumination light from 700 to 240 nm. For the later, the photoresponsivity could be 

increased to 8.5 A/W by applying a gate voltage of -60 V to the FET-based 

phototransistor. Very recently, Cao et al. reported an ultra-high photoresponsivity of 

2D GaSe-based phototransistor by reducing the lateral spacing distance, as 

schematically shown in Fig. 1-18d,
255

 e and f, the fabricated phototransistor could 

achieve a significant high photoresponsivity of about 5000 A W
-1

. Up to now, 

multilayer GaSe crystals are generally used in the application of FETs rather than 

single-layer one, a summary of the parameters of the fabricated phototransistors are 

shown in Table 4. Yuan et al. reported MBE-grown p-type GaSe flakes on n-type Si 

to fabricate a p-n junction (Fig. 1-18g and h), which can produce fast response with a 
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rising photoresponse time of 60 ɛs and the decay time of 20 ɛs (Fig. 1-18i), which is 

an order of magnitude faster that the aforementioned phototransistor.
242

 

 

Fig. 1-18. 2D GaSe-based photodetectors.
242,250,253,255

 

The evaluated the electronic band structures of monolayer, few-layer, and bulk ɔ-InSe 

are shown in Fig. 1-19a.
256

 There is a drastic decrease in the electronic band gap of 

few-layer InSe compared to that of the monolayer, which is consistent with 

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

observation is that 2D InSe shows an indirect to direct band transition upon increasing 

layer thickness, which is opposite to the behavior of MoS2. 

Table 4 Parameters of 2D GaSe-based photodetectors. 

Method thickness ɚ (nm) R 

(A/W) 

EQE (%) On/OF

F ratio 

t (ms) REF. 

ME Few-layer 254 2.8 1367 8 15.7 
250

 

VMT 6-8 405 0.017 5.2 1000 -- 
239

 

vdWE 6 White light 0.6 -- 110 -- 
240

 

CVD Few-layer White light 8.5 -- 100 -- 
254

 

PLD 20 700/240 0.4/1.4 100/700 -- -- 
243

 

ME 20-30 410 5000 -- -- 0.27 
255
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Fig. 1-19. a) Electron band structure of N-layer (N = 1, 2, 5, 6) and bulk InSe. b) PL 

spectra of 2D InSe as a function of thickness at room temperature.
245,256

 

Initial investigations on InSe systems focused on mechanically exfoliated layers of 

samples grown using the chemical vapor transport method (Fig. 1-19b).
245

 Based on 

the results from DFT and high-field magnet optics, Mudd et al. reported a significant 

smaller electron and exciton effective mass, which is weakly dependent on the layer 

thickness in few-layer InSe. In general, several studies have shown that typical room 

temperature mobilities of FETs fabricated using InSe flakes are a few tens of 

cm
2
V

-1
s

-1
. A detailed list of mobility values is included in Table 5. Techniques that by 

using a bilayer dielectric of poly-(methyl methacrylate) (PMMA)/Al2O3 instead of 

using conventional SiO2, a room temperature mobility of 1055 cm
2
V

-1
s

-1
 can be 

achieved, as shown in Fig. 1-20.
257

 Such back-gate engineering, according to this 

report, can also lead to InSe based FETs with high current On/Off ratio of 10
8
 and 

strong current saturation over a broad voltage window. Similarly, investigations 

performed on few-layer InSe encapsulated in hexagonal boron nitride under an inert 

atmosphere showed carrier mobility of > 10
3
 cm

2
V

-1
s

-1
, at room temperature.

258
 This 

article also reported the observation of a fully developed quantum Hall effect. 

A large number of investigations also focused on the photoconductive properties of 

InSe based materials and a typical Au-InSe-Au photodetector and characterizations 

are shown in Fig. 1-21a, b, c.
246

 Reports of InSe photoconductors showing very high 

responsivities of ~10
7
 A W

-1
, ɚ = 515.6 nm as well as InSe photoconductors showing 

responsivity of 34.7 mA W
-1

, ɚ = 532 nm can be found in the literature.
235,246,259-265

 A 

summary of the parameters, including geometry, sensing wavelength, 

photoresponsivity and response time, of 2D InSe-based photodetectors have been 

listed in Table 6, among which the photoresponsivity and photodetectivity of InSe 

photoresponse are superior to those of most other 2D materials, commercial Si and 
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InGaAs photodetectors.
266

 

Table 5 Mobility of 2D InSe-based FETs. h ï thickness, VD ï drain voltage, VG ï gate 

voltage, ɛï field effect mobility 

Method Dielec. / d (nm) h (nm) VD 

(V) 

VG 

(V) 

ɛ 

(cm
2
V

-1
s

-1
) 

REF. 

BT
a
 SiO2/300 12 10 70 ~0.1 

260
 

CVD
a
 PMMA/Al 2O3 200/50 33 1 7 1055 

257
 

PMMA/SiO2 200/300 34 1 40 395 

Al 2O3/50 32 1 7 64 

SiO2/300 33 1 40 66 

CVD
a
 SiO2/300 32 1 40 79.5 

267
 

CVD
a
 SiO2/300 33 1 40 162 

259
 

BT
a
 SiO2/285 30 2 40 32.6 

268
 

PLD SiO2/300 1 1 0 10 
262

 
a
 Mechanically exfoliated from bulk crystals. BT ï Bridgman technique, CVD ï 

Chemical vapor deposition, PLD ï Pulsed laser deposition 

 

Fig. 1-20. a) The PMMA/Al2O3 double layer dielectric 2D InSe FET. b) Transfer and 

(c) output characterization of multilayer InSe FETs with PMMA/Al2O3 dielectric 

layer.
257

 

Table 6 The photoresponsivity and response time of various thin InSe photodetectors 

with metal-InSe-metal geometry found in literature. 

Device geometry Wavelength Response 

time 

Responsivity REF. 

Al -InSe-Al  543 nm 87 ɛs --- 
259

 

Metal-InSe-metal 532 nm 488 ɛs 34.7 mA W
-1

 
235

 

Cr/Au-InSe-Cr/Au 450 nm 50 ms 6.9 ï 157 A 

W
-1
 

260
 

Cr/Au-InSe-Cr/Au 515.6 nm --- ~10
7
 A W

-1
 

261
 

Cr/Au-InSe-Cr/Au 700 nm 5 ms ~10
4
 A W

-1
 

262
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Au-InSe-Au 370 nm 0.5 s 27 A W
-1

 
246

 

Ti/Au-InSe-Ti/Au 500 nm 5.63 s 700 A W
-1

 
263

 

Pt/Au/Pt 325 nm --- ~10
7
 A W

-1
 

264
 

G-InSe-G 500 nm 120 ɛs 60 A W
-1

 
263

 

G-InSe-G 633 nm 1 ms 4000 A W
-1

 
265

 

 

Fig. 1-21. a, b, c) A typical schematic (a), I-V characteristics (b), and bias-dependent 

photoresponsivity (c) of few-layer Au-InSe-Au photodetector. d, e, f) Schematics (d), 

bias-dependent photocurrent (e), and I-t curve (f) of Al-InSe-Al photodetector.
246,259

 

Actually, for a photodetector, responsivity is not the only factor that needs to be 

considered because the amplification circuit can be used to improve them. However, 

the signal-to-noise ratio (S/N) which is related to detectivity, and response time 

cannot be tuned by using the signal process, which is problematic in practical 

applications. Lei et al. designed and demonstrated an avalanche Al-InSe-Al 

photodetector (Fig. 1-21d, e).
259

 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 

ultrafast response time of 60 ɛs (faster than most reported 2D layered material 

photodetectors) and a high avalanche gain of 47 were achieved, as shown in Fig. 

1-21f. The avalanche effect led to photo generated carriers being utilized more 

efficiently, but the number 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 effect and the plasmonic effect can work together and 
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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 used as the Schottky barrier free and 

high conductive electrode. Mudd et al. reported planar and vertical vdW 

graphene/InSe heterostructures, and both responsivities of the InSe-based 

photodetectors have been significantly enhanced, as shown in Fig. 1-22a-d.
265

 

Especially in the vertical stacks, a photoresponsivity up to 10
5
 A W

-1
 at 633 nm 

illumination has been observed. In another kind of graphene/InSe heterostructures 

demonstrated by Chen et al.,
269

 monolayer graphene covers an ultrathin InSe flake. 

Then, source/drain electrodes are deposited on graphene, as illustrated in Fig. 1-22e. 

The top graphene can supply a tight cover making ultrathin InSe flake stable as well 

as plays an important role in transporting photo-excited electrons. Fig. 1-22f gives the 

corresponding band structure diagram of a graphene/InSe heterostructure at different 

gate voltages. Compared to separate InSe-based photodetectors, the graphene/InSe 

photodetector exhibits a much better performance in photoresponsivity and external 

quantum efficiency. 
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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). c, 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 band structure diagram of a graphene/InSe heterostructure at different 

gate voltages.
265,269

 

Besides the superior electrical and optoelectronic properties, it should be noted that 

one of the most important properties of 2D GaSe and InSe is the nonlinear optical 

properties due to the absence of the inversion symmetric center. For 2D GaSe, 

recently, Karvonen et al. reported nonlinear optical properties of SHG and third 

harmonic generation (THG) in multilayer GaSe crystals with thickness more than 

seven layers.
270

 W Jie et al. also studied the nonlinear optical properties of atomically 

thin GaSe flakes with thickness from bilayer to multilayer by using fs laser with a 

wavelength of about 800 nm.
271

 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, Zhou et al. reported strong SHG in 

CVD-grown monolayer GaSe under nonresonant excitation and emission condition.
272

 

Fig. 1-23a shows SHG intensity from monolayer GaSe and MoS2 under the same 

illumination condition, the SHG intensity of GaSe is about 1-2 order of magnitude 

higher than that from MoS2. Interestingly, Qiaoyan Hao et al. recently reported the 

optimal SHG intensity from multilayer pure Ů-InSe and alloys is even superior to that 

of Ů-GaSe with the same thickness at the excitation wavelength from 800 nm to 1200 

nm.
273

 Similarly, Jiadong Zhou et al. also discovered that the SHG signal from 

monolayer InSe shows large optical second order susceptibility is three times of 

largest value reported for monolayer GaSe, which is the strongest among all the 

monolayer 2D crystals (Fig. 1-23b, c).
244

 

 

Fig. 1-23. Comparison of SHG intensity of 2D GaSe, InSe and TMDCs (e.g., WS2).
273
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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 

photo-sensing applications. However, several fundamental questions, which motivate 

the works in this thesis, still remain to be answered and as following listed: 

1) Both 2D GaSe and InSe crystals are known 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 long-term stable optoelectronic devices based on 2D GaSe and InSe 

is an open challenge Thus, the degradation mechanism of 2D GaSe and 

self-passivation effect of InSe in ambient conditions will be investigated in 

chapter 3. 

2) Typically, the 2D based optoelectronic devices consist on two main components: 1) 

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 conventional metal deposition techniques. This fabrication process 

can introduce defects in the 2D crystal lattice or at the M-S interfaces, which can 

degrade the transport characteristics and induce Fermi level pinning, masking the 

intrinsic properties of the 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 heterostructures 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 one of the most 

prospective strategies to controllably modify the properties of two-dimensional 

(2D) materials. Although the DFT calculations predicted that the 2D InSe 

possesses superior mechanical properties and strain tunability, their experimental 

realizations are still lacking. The mechanical property, e.g., Youngôs modulus, will 

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 part, including 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 be given in 

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, and advanced applications. However, the gap 

between laboratory level researches and practical applications has not been bridged 

due to the insufficient fundamental investigations. This thesis belongs to applied basic 

research field, and several points are listed as follows. Firstly, two kinds of typical 

environmental stability of 2D semiconductors, e.g., degradation and self-passivation, 

have been thoroughly discussed, which helps to establish the correlations between 

materials variation and devices performance during 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 applications suggest 2D InSe is one of the 

most promising candidates for flexible sensing. 
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2                                              

EXPERIMENTAL METHODS  

Due to the ultrathin nature and relatively large lateral dimensions of 

2D materials, 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 2D nanosheets 

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 home-made deterministic transfer setup, a specially 

designed optoelectronic testing system, and the setup employed for 

scanning photocurrent measurements for 2D material-based devices 

fabrication and characterization will be discussed. 
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2.1 Synthesis and characterizations of single-crystal GaSe 

and InSe bulks 

In this section, both GaSe and InSe bulks have been synthesized using a two-step 

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

macro- and micro- surface morphology, optical and electrical properties of GaSe and 

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

which include X-ray diffraction (XRD) and transmission electron microscopy (TEM), 

scanning electron microscopy (SEM), infrared-transmission spectroscopy (IR), 

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

that this section is mainly based on the published paper ñHigh-quality GaSe single 

crystal grown by the Bridgman methodò in Materials and the submitted manuscript 

ñŮ-InSe single crystals grown by a Horizontal Gradient Freeze methodò both where I 

am one of the contributors.
274

 I summarize these results here since they are relevant 

results for the rest parts of this thesis. 

2.1.1  GaSe single crystals growth 

The GaSe single crystals are grown through a two-step 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 GaSe 

To prevent adhesions between the Ga-Se melting 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 container. High-purity Ga (6N, 

99.9999%) and 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 (~10
-5

 Pa) to remove the surface oxide layer. Then, Ga and Se were 

mixed with a stoichiometric ratio and sealed in the quartz ampoule at the vacuum 

level of 10
-5

 Pa. A single-temperature zone rocking furnace shown in Fig. 2-1a was 

used for this synthesis process. 
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Fig. 2-1 Single-temperature zone rocking furnace (a) and vertical Bridgman crystal 

growth system (b) using for growth of single-crystal 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 single-crystalline GaSe 

A two-temperature zone vertical Bridgman crystal growth system (Fig. 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 upper and lower zones (highlighted in Fig. 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 structure and composition 

A GaSe ingot with diameter of 22 mm and length of 20 mm was obtained, the optical 

picture is shown in Fig. 2-2a. The crystal is transparent and shows rufous color under 

white light illumination. Fig. 2-2b shows the sample cleaved along the (001) layer 

direction from as-grown ingots without polishing or additional treatment of the 

surface. The twin-boundary free surface indicates that there is only one large grain 

along the cleavage plane, though several voids can be found at the surface. Fig. 2-2c 

shows a GaSe single crystal wafer with the dimension of 7 mm × 10 mm × 1 mm, and 

it can be easily exfoliated thanks to the weak interlayer van der Waals interaction. The 

phase and lattice structure of the as-grown GaSe crystals were analyzed by X-ray 

diffraction technique based on an Empyrean X-ray diffraction machine (PANalytical, 

XôPert Pro, Eindhoven, the Netherlands). Fig. 2-2d shows the X-ray diffraction 

pattern of powder sample formed by grinding the as-grown GaSe crystals. The good 

matching agreement between the experimental results and the theoretical curve of 
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GaSe (JCPDS: 37-0931) indicates that the obtained single crystal GaSe has a 

hexagonal lattice with cell parameters a = b = 3.749 Å, and c = 15.907 Å, which 

corresponds to space group D
1
3h and Ů-GaSe, as mentioned in paragraph 1.3 in chapter 

1. Generally, the symmetry of the X-ray rocking curve is directly related the structural 

uniformity of the crystals. Fig. 2-2e shows the X-ray rocking curve of the (004) lattice 

plane from the as-grown 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° in [273],
275

 split peaks in [274],
276

 0.07° in [275],
277

 

and 0.04° in [276]
278

). The composition distributions from the tip to the tail of GaSe 

ingot also have been analyzed by an electro-probe microanalyzer (EPMA; JXA-8100, 

JEOL, Tokyo, Japan), as shown in Table 7. The Ga/Se ratio of both parts across the 

ingot are near 1:1 and it is more close to stoichiometric ratio than the previously 

reported GaSe single crystals,
278,279

 which indicates a good crystalline homogeneity. 

Slight Ga rich in composition is probably resulted from the loss of Se during synthesis 

and growth process due to its high vapor pressure. All above results indicated the 

as-grown crystals have a good crystalline quality. 

Table 7 The composition measured by EPMA. 

Sample Se (Atom %) Ga (Atom %) 

1 49.5613 50.4387 

2 49.5203 50.4797 

3 49.6189 50.3811 

4 49.5266 50.4734 

 

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) plane (b), 
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the mechanically exfoliated GaSe wafer (c). d) The X-ray diffraction pattern of 

powder GaSe sample and the PDF database of Ů-GaSe (JCPDS: 37-0931). e) The 

rocking curve of (004) face from GaSe single crystals. 

 ̧ Optical measurements 

The infrared-transmission spectrum recorded by a Nicolet Nexus Fourier Transform 

Infrared Spectrometer (Nexus 670, Nicolet, Waltham, MA, USA) of as-grown GaSe 

single crystals is shown in Fig. 2-3a, and a record high infrared transmittance of ~66% 

over the all range from 500 cm
-1

 to 4000 cm
-1

 has been determined, which is the 

highest value among the reports for GaSe crystals grown by the Bridgman method in 

the literature.
275-278

 And the absorption coefficient was calculated to be an ultralow 

value of 0.18 ï 0.2 cm
-1

 in the range of 0.9 ï 1.4 ɛm, indicating the superior optical 

quality of GaSe sample. The room temperature optical band gap of GaSe crystals was 

measured using a UV-3150 ultraviolet visible/near-infrared spectrometer (Shimadzu, 

Kyoto, Japan), and the ultraviolet-visible-near-IR spectrum of GaSe over the 

wavelength range from 200 nm to 2600 nm is shown in Fig. 2-3b, from which the 

band gap is determined to be about 2.005 eV. The photoluminescence (PL) spectrum 

was measured using an 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). Fig. 2-3c shows the photoluminescence (PL) spectrum recorded at 9.2 

K of the as-grown GaSe crystals. 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. 

 

Fig. 2-3 Typical IR transmittance spectrum (a), ultraviolet-visible-near IR spectrum 

(b), and low-temperature (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 displayed p-type conductivity with a hole 

concentration of ~10
15

 cm
-3

, and the mobility has been determined to be ~20 cm
2
V

-1
s

-1
. 

The p-type conductivity may be introduced by the gallium vacancies (VGa), interstitial 
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selenium atoms (SeI), and gallium atoms on selenium sites (GaSe).
280

 Since Ga atoms 

are slightly richer than Se atoms in as-grown GaSe crystals according to the 

composition analysis, which probably promotes the existence of defects GaSe in GaSe, 

thus results in a p-type conductivity. 

Table 8 The transport properties of GaSe single crystals (T = 295 K). 

Sample Conduction 

type 

Carrier concentration 

(cm
-3

) 

Resistivity 

(ɋĿcm) 

Mobility 

(cm
2
V

-1
s

-1
) 

1 p 2.9894 × 10
15

 1.1295 × 10
2
 18.484 

2 p 1.4701 × 10
15

 2.3322 × 10
2
 18.204 

3 p 1.6830 × 10
15

 1.6220 × 10
2
 23.492 

2.1.3  InSe single crystals growth 

The InSe single crystals also are grown through a two-step method, including 

polycrystalline InSe synthesis and single crystalline InSe growth. However, due to the 

high chemical activity of In element and the complex In-Se phase diagram, the 

fabrication of high-quality InSe single crystals requires both high-purity synthesis 

conditions and accurate growth parameters setting. Thus, for the first step, a physical 

vapor transport technique was employed to reach a high-purity and homogeneous 

polycrystalline InSe synthesis. And then, the single crystalline InSe are grown by 

vertical Bridgman technique with good parameters setting. 

 ̧ Synthesis of polycrystalline InSe 

A physical vapor transport (PVT) setup used for polycrystalline InSe synthesis has 

been shown in Fig. 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 reaction containers. And then, high-purity 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 a sub-stoichiometric ratio of 

Se : In = 48.5 : 51.5. Subsequently, the quartz ampoule was sealed at the vacuum level 

of 10
-5

 Pa. The temperature of B crucible was firstly increased up to 890 °C to obtain 

In melt, and later heating the A crucible up to 690 °C. Keep the insulation for 24 hours 

until Se vapor and 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 °C and ends at 550 °C, and 
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final polycrystalline InSe will be collected in crucible B. 

 

Fig. 2-4 PVT setup (a) and schematics of polycrystalline InSe synthesis process (b). 

 ̧ Growth of single-crystalline InSe 

The single crystalline InSe growth is a similar process to that of GaSe. A quartz 

ampoule with an 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 in Fig. 2-1b, growth unites) were set with temperature of 720 °C 

and 490 °C, thus a temperature 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 in Fig. 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 grains. Fig. 2-5b shows a few InSe 

single crystal wafer obtained from the InSe ingot. In Fig. 2-5c, 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 exfoliated thanks to its layered nature, which further 

confirms the high crystallinity of InSe. Panel d shows the result of composition 

analysis by energy dispersive X-ray Spectroscopy (EDX) and the ratio of In and Se is 

near to 1:1, which indicates a good homogeneity of the elements distribution in the 

studied samples. Both the sub-stoichiometric 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. 

 

Fig. 2-5 InSe crystals grown by vertical Bridgman technique. 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 1.3 (i.e., the advances of 2D GaSe and InSe), there are three basic 

polytypes including ɓ-InSe, Ů-InSe, and ɔ-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 studied InSe. Fig. 2-6a 

shows the X-ray diffraction (PANalytical, XôPert Pro, Eindhoven, the Netherlands) 

pattern from the as-grown InSe crystal powder samples. The good matching 

agreement between the experimental results and the theoretical pattern of InSe 

(JCPDS: 34-1341) indicates that the obtained single crystalline InSe has a hexagonal 

lattice with cell parameters a = b= 4.005 Å, and c = 16.96 Å.
281

 To 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 panel in Fig. 2-6b. 

And thus, a representative selected area electron diffraction (SAED) pattern of InSe 

crystal can be obtained, as shown in Fig. 2-6b. Both the arrangement and intensity of 

the diffraction spots are highly consistent with the theoretically calculated electron 

diffraction pattern based on Ů- or ɓ-InSe crystal lattices (right inset panel in Fig. 

2-6b).
273,282

 Based on the results of XRD and TEM analysis, the InSe crystals can be 

attributed to Ů- or ɓ- phase stacking blocks. Then Raman spectroscopy and infrared 

(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 shown in Fig. 2-6c 

and d, respectively. Three Raman active in-plane modes A1ô(1), A2ôô(1) and A2ô(1) 

located at ~113 cm
-1

, ~198 cm
-1

 and ~226 cm
-1

, and one out-of-plane Eôô(2) located at 

~176 cm
-1

 are observed under a 532 nm laser excitation. While there is only one peak 

centered at ~200 cm
-1

 observed in IR absorption spectrum, which is also related to the 

vibration mode A2ôô(1).
282-284

 The observation of both Raman and IR active peak 
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centered at ~200 cm
-1

 appeared on A2ôô(1) mode is consistent with hexagonal crystal 

structure of ultrathin InSe with Ů stacking sequence.  

 

Fig. 2-6 Identification of InSe phase. a) The X-ray diffraction pattern of powder InSe 

sample and the PDF database of Ů- or ɓ-InSe (JCPDS: 34-1341). b) Selected area 

electron diffraction pattern of InSe flake. A InSe flake on TEM grid and theoretically 

calculated electron diffraction pattern of Ů- or ɓ-InSe are shown in left and right inset 

panels, respectively. c, d) Raman spectrum (c), and IR absorption spectrum (d) of 

InSe crystals. 

 

Fig. 2-7 SHG mapping of InSe with different layers. a, b) optical picture (a) and SHG 

generation distribution (b) of a InSe flake with various thicknesses on 300 nm SiO2/Si 

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

picture and AFM characterization of selected area are both shown by the inset panels. 

Then the second harmonic generation (SHG) characterization performed on the 

studied InSe crystals since the Ů-InSe has different thickness-dependent SHG behavior 

from ɓ-InSe. For even-layer ɓ-InSe, it belongs to the D
4
6h space group, the existence 

of an invert center would suppress the SHG signal, while in odd-layer ɓ-InSe the 
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symmetry would be broken, then the SHG signal would appear due to the lack of 

invert center in the crystals.
285

 However, Ů-InSe, which belongs to the D
1
3h space 

group, has no invert center in any layers, thus, there is no thickness limitation for 

SHG in Ů-InSe.
286

 Then a SiO2/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 selected InSe flake are shown in Fig. 2-7a and b, 

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 the selected area of the inset panel in Fig. 

2-7c. A one-layer high step was confirmed by atomic force microscope (AFM, 

Dimension Fast Scan and Dimension Icon, Bruker) in Fig. 2-7c. SHG both can be 

observed on odd- and even-layer InSe sample indicates the studied InSe has a Ů phase. 

 ̧ Optical characterization 

The room temperature optical band gap of InSe crystals was determined using a 

UV-3150 ultraviolet visible/near-infrared spectrometer (Shimadzu, Kyoto, Japan), and 

the ultraviolet-visible-near-IR spectrum of GaSe over the wavelength range from 200 

nm to 2600 nm is shown in Fig. 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 luminescence signals were recorded 

with the spectrometer of TRIAX 550 (Jobin Yvon, Paris, France). Fig. 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 1.336 eV (P1), 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 quality.
287-290

 

 

Fig. 2-8 Ultraviolet-visible-near IR spectrum (a), and low-temperature (4.2 K) 

photoluminescence (b) recoded from InSe crystals. 

 ̧ Electrical measurements 

Table 9 The transport properties of InSe single crystals (T = 295 K). 
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Sample Conduction 

type 

Carrier concentration 

(cm
-3

) 

Resistivity 

(ɋĿcm) 

Mobility 

(cm
2
V

-1
s

-1
) 

1 n 7.84×10
13

 134.4 591.97 

2 n 4.63×10
14

 20.4 658.00 

3 n 9.72×10
14

 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 displayed n-type conductivity with electron 

concentration level of ~10
14

 cm
-3

, and the mobility has been determined to be ~590 to 

~870 cm
2
V

-1
s

-1
, which is higher than the mobility value (~500 cm

2
V

-1
s

-1
) reported in 

the literature.
291,292

 

2.2 2D GaSe and InSe fabrication and optical identification 

2.2.1  2D GaSe and InSe fabrication 

Based on the high-quality single crystalline GaSe and InSe grown in Northwestern 

Polytechincal University by Bridgman method, 2D GaSe and InSe materials have 

been fabricated both in Institutos Madrileños de Estudios Avanzados (IMDEA) 

Nanoscience and Instituto de Ciencia de Materiales de Madrid (ICMM) in Madrid 

(Spain) using mechanical exfoliation method. The typical fabrication processes are 

shown in Fig. 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 InSe thin film are 

distributed over the entire surface. Subsequently, a commercially available 

polydimethylsiloxane (PDMS) supplied by Gel-Pak (WF 4x Gel-Film) are used for 

transferring some of the flakes onto the PDMS by gently pressing the tape against the 

stamp and peeling off slowly. Finally, 2D GaSe or InSe can be deposited on the 

Gel-Pak film. 

Then an optical microscope (Motic® BA310 MET-T, Fig. 2-10a) with transmission 

mode is used for 2D flake inspection. Fig. 2-10b shows a picture of general 

morphology of the Gel-Film 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 the observed color and the target flake can be then selected. In 

Fig. 2-10c-e, three panels of a selected InSe flake recorded by the objectives with 10X, 
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20X, and 50X have been shown. 

 

Fig. 2-9 An illustrative procedure of the Nitto-tape and Gel-film based 

micromechanical cleavage of GaSe and InSe.  

 

Fig. 2-10 a) Optical microscope used for 2D GaSe and InSe flakes inspection. b-e) 

Search of an InSe flake on PDMS substrate under transmission mode scanning with 

10X objective (b), zooming in with 10X (c), 20X (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 parameters of 

optical properties and their layer number is established. The thickness of 2D materials 

is a serial of discrete value, which indicates the thickness of an N-layer 2D flake is N 

times that of monolayer flake. In principle, once layer number of the 2D flakes 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. However, on the one 

hand, AFM technique is time-consuming and not suitable for a rapid measurement for 

selected spots over a large area.
293

 On the other hand, AFM cannot also be used for 

thickness determination of suspended samples. Furthermore, the different interactions 

of the AFM tip with the flake and substrate can lead to large thickness discrepancy 

when testing ultrathin flakes and introduce artifacts in the measurement.
245,294-298

 Thus, 

in this thesis, four different optical microscopy methods, as fast and non-destructive 

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 

accepted manuscript in Advanced Photonics Research ñThickness identification of 

thin InSe by optical microscopy methodsò where I am the first author. 

 ̧ Optical transmission 

Fig. 2-11a shows transmission mode optical images of two InSe flakes that have been 

deposited onto the Gel-film 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 flakes depends 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 transmittance (T) at a given position of the image can 

be calculated, for each channel, by dividing the intensity by the average intensity of 

the bare substrate. Fig. 2-11b shows the line profiles of 1-T versus the positions 

(indicated by the solid lines with arrows in panel a), extracted from the blue channel 

intensity of the images. The line profiles reach lowest values (0 percent) in the bare 

Gel-film regions. In the flake regions, the values of 1-T tend to increase upon the 

thickness growth of the thin InSe. The 1-T value allows 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 measure their thickness, all the InSe flakes were 

subsequently deposited onto 270 nm SiO2/Si substrates with a dry-transfer method, 

and an AFM was employed to determine their thicknesses in dynamic mode. The data 

collected from 18 different thickness regions in thin InSe flakes used to correlate the 

1-T values to their height measured with AFM have been presented in Fig. 2-11c (the 

top x-axis indicates the InSe thickness). From the plot it is evident that the data, in the 

thickness range experimentally probed, follow a linear trend and 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 substrate can be as large as several 

nanometers, which can be explained by the different interactions of the AFM tip with 

the InSe flake and SiO2/Si substrate as well as the adsorbates on the InSe surface and 

interfaces.
294-297,299

 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 for a InSe single layer. It is worth to note that this method also can be used for 

the thickness determination of freely-suspended InSe samples. 

 

Fig. 2-11 a) Optical image of two mechanically exfoliated thin InSe flakes on the 

Gel-film recorded with an optical 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 of 1-transmittance recorded as a 

function of InSe flake regions with various thicknesses indicated upon the arrows in 

(a). Note that the bare Gel-film 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 

 

Fig. 2-12 a) Atomic force microscopy (AFM) characterizations of the exfoliated thin 

InSe flakes with different thickness deposited on 270 nm SiO2/Si substrates. b) 

Optical pictures of the thin InSe flakes shown in panel (a) and the color bar indicates 

the apparent color dependency of thin InSe upon the flake thickness up to 90 nm. All 

the scale bars are 10 ɛm. 

It is well known that graphene, transition metal dichalcogenides (TMDCs), TiS3, 

franckeite, mica, antimonene and MoO3 flakes deposited on a SiO2/Si substrate 

presents different colors depending on their thickness and on the SiO2 
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thickness.
115,300-305

 A comprehensive analysis of the apparent colors can yield a quick 

guide to estimate the thickness of 2D materials in a similar fashion as the thickness of 

SiO2 capping layers on Si wafers is estimated from its interference color. Fig. 2-12a 

shows the atomic force microscopy (AFM) topography of seven InSe flakes with 

thicknesses ranging from ~4 nm to ~90 nm, and Fig. 2-12b shows their corresponding 

optical microscopy images on 270 nm SiO2/Si substrate (the SiO2 thickness has been 

experimentally determined by reflectometry with ± 0.5 nm uncertainty). By 

comparing the AFM thickness and the optical image colors of these InSe flakes, one 

can build up a color-chart correlating the apparent color of the InSe deposited on the 

top of 270 nm SiO2/Si substrate with their corresponding thickness. Since the 

interference colors of the thin InSe flakes have a strong dependence on the underlying 

substrate thickness, it is necessary to use the substrates with specific SiO2 thickness 

(the provided case with a thickness color chart that will be valid for 270 nm SiO2/Si 

substrates). 

 ̧ Optical contrast analysis 



CHAPTER 2 

53 

 

Fig. 2-13 Optical contrast analysis. a) Schematic diagram of the optical path of the 

system operated in reflection mode. b) Photograph of the Motic BA310 MET-T 

optical microscope equipped with the modified trinocular to perform optical contrast 

measurement on 2D flakes. The modified trinocular has 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 nm SiO2/Si substrate (redish 

brown) and 13 nm 2D InSe flake (cyan). The inset is schematic drawing of the 

four-media system (air/InSe/SiO2/Si) 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 lines), with the 

thickness ranging from 5 nm to 13 nm, and deposited on 270 nm SiO2/Si substrates. 
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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 SiO2/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 the uncertainty 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 the SiO2/Si substrate 

can be further determined more accurately by quantitatively analyzing their reflection 

spectra. Fig. 2-13a shows the schematic setup diagram to measure OC(ɚ) of 2D flakes 

by a microsystem in a backscattering geometry at room temperature. Fig. 2-13b 

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 fiber-coupled CCD spectrometer. A 90:10 beam splitter is 

connected to the C-mount trinocular in order to divide the trinocular light beam into 

two paths. In one of the 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 image of the studied sample on the surface of the fiber end. Fig. 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 reflectance spectra in normal incidence on InSe flake and SiO2/Si 

subtract (see Fig. 2-13d), then the optical contrast (C) of four-media air/InSe/270 nm 

SiO2/Si optical system can be calculated from the spectra measured on the bare 

substrate (Isub) and the one measured on the InSe flake (I InSe): 

# .               (2-1) 

The optical contrast of this kind of multilayer system can be also modelled with high 

accuracy using a Fresnel law-based model that takes into account the light reflected 

and transmitted at the different interfaces.
306

 The reflection coefficient in a Fresnel 

model with four media can be expressed as:
307

 

ὶ ,    (2-2) 

where the subscript 0 refers to air, 1 to InSe, 2 to SiO2 and 3 to Si. Under normal 

incident condition, ɮ ς“ὲὨȾ‗ is the phase shift induced by the propagation of 

the light beam in the media i, in which ὲ, Ὠ and ‗ are the complex refractive 
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index, thickness of the media and wavelength, respectively; ὶ ὲ ὲ Ⱦὲ

ὲ  is the Fresnel coefficient at the interface between the media i and j. 

The reflection Fresnel coefficient in a three media (the case of the bare substrate 

without being covered by InSe flake) is expressed as:  

ὶ               (2-3) 

Where sub index 0 is air, 1 is SiO2 and 2 is Si. Using equations (2-2) and (2-3), one 

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

situations as 

Ὑ ȿὶ ὶ ȿȟὙ ȿὶ ὶ ȿ.         (2-4) 

Then the optical contrast can be obtained through the following equation (2-5) that 

correlates the reflected intensity by the bare substrate (Rsub) with the reflected 

intensity by the InSe flake (RInSe) as:  

# .               (2-5) 

Interestingly, it was found that using the thickness of the SiO2 layer (determined by 

reflectometry), the thickness of the InSe flakes (measured with AFM), the reported 

refractive indexes for air, SiO2 and Si, and assuming a thickness independent 

refractive index ὲ ςȢχ Ὥπ for the InSe flakes we can reproduce the experimental 

optical contrast spectra accurately.
308-310

 Moreover, by considering that the thickness 

of the flake is an unknown parameter we can determine the thickness 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. 2-13e shows how to compare the optical contrast experimentally measured in an 

InSe flake (9 nm thick according to the AFM measurement) with the modelled optical 

contrast assuming a thickness in the range of 5-13 nm. There is a clear best match for 

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

of InSe flakes. The inset in Fig. 2-13e shows 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 well-defined minimum centered at a thickness 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 Fresnel-based model. One can find 

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 presented in Fig. 

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 law-based model (a perfect agreement in 

this representation would yield a linear trend of slope equal to 1). Finally, it is worth 

to mention that the choice for the thickness-independent refractive index is motivated 

by the negligible variation of the band structure of InSe with the thickness in the 

range probed experimentally (4-90 nm). 

 ̧ Photoluminescence (PL) 

Photoluminescence (PL) is another important method to identify the thickness of 2D 

semiconducting flakes. In contrast to MX2 (M = Mo, W; X = S, Se, Te), layered InSe 

exhibits a direct-to-indirect band gap transition while reducing the flake thickness 

from bulk to monolayer regime.
187

 The large quantum efficiency supported by direct 

band gap in few-layer InSe regime indicates the PL can be employed for layer number 

n determination of thin InSe in a larger thickness range at room temperature.
245,311

 Fig. 

2-14a shows the photoluminescence spectra that are collected from four InSe flakes 

with the thicknesses 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 spectra 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 (e.g. polycarbonate, PC) and opaque (e.g. SiO2/Si) substrates. In Fig. 

2-14b, it shows the results 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 SiO2/Si substrate. The thickness dependence of the exciton optical transition 

and hence the optical band gap of InSe flakes, as obtained from the PL-peak maxima, 

follows a trend that seems to be nicely described in terms of quantum-size 

confinement effects on the direct band gap of InSe. Thus one can follow this PL 

emission energy (EPL) as a function of thickness of InSe flake (h, nm) using the 

equation based on the quantum well confinement effect,
15

 

Ὁ  ὦ,               (2-6) 

which the black line indicates the best fit to the present data points with the 

parameters are determined to be a = 3.25 Ñ 0.44 eVÅnm
2
, b = 1.27 ± 0.01 eV.  
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Fig. 2-14 a) Photoluminescence spectra 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) and SiO2/Si (blue 

dots) substrates. The error bars come 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 nano-scale science and technology.
312

 AFM is a microscopic 

technique imaging a surface 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 short-range 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 force-versus-distance measurements 

when using AFM. The atomic 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 on-resonant 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, phase or frequency data. Recently developed techniques 

for ultra-high resolution imaging unveil sub-atomic features of the sample, which are 

facilitated by low temperature, ultra-high vacuum environments together with a stiff 

cantilever. In this thesis, the thickness and surface morphology of thin GaSe and InSe 

flakes was measured by an ezAFM (by Nanomagnetics, Fig. 2-14b) operated in 

dynamic mode in ICMM in Madrid. The cantilever used is a Tap190Al-G by 

BudgetSensors with force constant 40 Nm
-1

 and resonance frequency 300 kHz. 

 

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 sample.
313

 It is named after the Indian 

physicist C. V. Raman who, together with his research partner K. S. Krishnan, was the 

first to observe Raman scattering in 1928. Raman spectroscopy can provide both 

chemical and structural information, as well as the identification of substances 

through their characteristic Raman ófingerprintô. Raman spectroscopy extracts this 

information through the detection of Raman scattering from the sample.  

As shown in Fig. 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 leaves 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 

short-lived complex between the photon and molecule which is commonly called the 

virtual state of the molecule. 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 therefore the 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 million photons) 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) then the 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 wavelength decreases; which is called 

Anti-Stokes Raman scattering. Quantum mechanically Stokes and Anti-Stokes are 

equally likely processes. However, with an ensemble of molecules, the majority of 

molecules will be in the ground vibrational level (Boltzmann distribution) and Stokes 

scatter is the statistically more probable process. As a result, the Stokes Raman scatter 

is always more intense than the anti-Stokes 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 and Anti-Stokes 

Raman Scatter. c, d) Two Raman spectroscopy systems used for measurements in this 

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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ȹɜ is the wavenumber Raman shift in cm
-1

, ɚ0 is the wavelength of the excitation laser 

in nm, and ɚ1 is the wavelength of the Raman scatter in nm. 

In this thesis, two Raman spectroscopy systems were used for 2D GaSe and InSe 

characterization. Fig. 2-15c shows a Bruker Senterra confocal Raman microscopy 

setup (Bruker Optik®, Ettlingen, Germany) in IMDEA nanoscience and a MonoVista 

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

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

were obtained by with a 532 nm laser excitation focused in a 1 ɛm diameter spot. 

2.4 Deterministic transfer 

After successfully isolating graphene and other two-dimensional (2D) materials from 

2004-2005,
11,30

 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 build-up.
91,314-318

 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 is less than 900ú) than the systems are based on retrofitted 

metallurgical microscopes or probe stations that have been reported in literature 

(approximate 7000 - 8000ú) or the commercial available versions. In this section, both 

the installation details of this setup and how to use it to fabricate 2D materials based 

devices and heterostructures will be demonstrated. Note that this section is mainly 

based on the published paper ñAn inexpensive system for the deterministic transfer of 

2D materialsò in Journal of Physics: Materials where I am the first author.
319
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Fig. 2-16 Step-by-step assembly of the low-cost deterministic transfer system. 

 ̧ Assembly of low-cost transfer system 

Fig. 2-16 shows a step-by-step assembly process of the low-cost deterministic transfer 

system, which includes all the components required and mounting details. And a 

picture of the presented system 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). A 21-megapixel 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 base of the stages to realize quasi-rigid 

fixation. A close-up picture of the sample and stamp stages has been shown in Fig. 

2-17b, in which one can find how the stamp is mounted. Note that a rectangular piece 

of Gel-Film (WF x4 6.0 mil, by Gel-Pak®), the polydimethylsiloxane (PDMS) -based 

gel material bonded to a flexible and quasi transparent backing polyester substrate, 

with approximate dimensions of 5 mm × 10 mm was employed as viscoelastic stamp. 

Then a ócantilever-likeô geometry structure of the stamp that the Gel-Film stamp is 

glued to a glass slide with Scotch tape, leaving most of the stamp overhanging 

(protruding from the glass slide as shown in Fig. 2-17c), were subsequently fabricated. 

After that, double-side tape (Scotch® Restickable Tabs) is used to fix the glass slide 

to the stamp stage and the sample to the sample stage. Table 10 summarizes all the 

different parts needed to implement the system and the details of their corresponding 

distributors and prices have also been presented. 

 

Fig. 2-17 a) Picture of the assembled low-cost 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. c) Zoomed in image of the area highlighted with a dashed yellow 

rectangle in (b) where the sample and stamp fixture are displayed.  

Table 10 Summary of the components of the proposed system. 

 
Description Distributor  

Price 

(ú) 
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System 

base 

Ferromagnetic steel optical 

breadboard 
Standa 1BS-2040-015 

130.00 

Rubber damping feets (set of 4) Thorlabs RDF1 4.92 

Imaging 

system 

Ø25.0 mm pillar post Thorlabs RS300/M 53.25 

Mounting post base Thorlabs PB1 22.44 

Focusing stage for zoom lens Aliexpress 56.96 

400× zoom lens with coaxial 

illuminator 
Aliexpress 

174.83 

Auxiliary 3.5x magnification 

lens 
Aliexpress 

34.36 

21 MPix digital camera Aliexpress 74.70 

22ò HDMI monitor Amazon 89.99 

Sample 

and stamp 

stages 

Manual rotation stage (for 

sample) 
Thorlabs MSRP01/M 

66.53 

XY manual stage (for sample) Banggood 63.14 

XYZ manual stage (for stamp) Banggood 81.18 

Magnets (for sample and stamp 

stages) 
Amazon 

7.15 

   859.45 

 ̧ Van der Waals heterostructures fabrication 

To demonstrate the potential feasibility of the as-assembled deterministic placement 

system, Fig. 2-18 shows how to 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 nitride (h-BN) flakes, and the sequence of 

transfer has been shown in panel a. As can be seen from left to right, the first step is 

that a h-BN flake has been transferred in the middle of a pre-pattern cross-hair marker 

structure on 300 nm SiO2/Si substrate. Then a InSe flake is transferred onto the 

bottom h-BN flake that can be demonstrated as the second step. The final step is that 

transferring another h-BN flake to sandwich the InSe flake between h-BN sheets. Fig. 

2-18b shows the pictures of resulting van der Waals heterostructure. 

 

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