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CHAPTER 1 

Introduction 

 

Abstract 

This chapter presents an introduction to 2D materials studied in the 
thesis: semiconducting transition metal dichalcogenides (TMDs) and recent 
development in 2D p-n Junction devices for optoelectronic applications. The basic 
physical properties, 2D p-n junction device fabrication, and performances are 
discussed. Furthermore, the basic principle and development of normal-
superconducting junction for probing superconducting gap in 2D TMDs are briefly 
introduced. Finally, the motivation and outline of the thesis are described at the 
end of this chapter.  
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1.1 Transition Metal Dichalcogenides 

The isolation of graphene, an atomic layer of carbon, in 2004 has 
stimulated the exploration of other kinds of 2D materials [1–3]. Graphene has 
been regarded as the "wonder materials" due to its remarkable electronic mobility 
originates from its massless Dirac band. However, graphene also has severe 
limitations to be compatible with modern semiconductor technology because it is 
zero-band gap metal [1–4]. Tremendous attempts have been devoted to 
manipulate its zero-band gap nature using A-B stacked bilayer graphene, 
nanoribbons, and chemical doping [4–8]. However, the highest reported graphene 
band-gap of 200 meV is still not sufficient to compete with present semiconductor 
technological demands, which requires band-gap in visible–near IR ranges [4]. 
Therefore, many studies have been conducted to find the missing building blocks 
for 2D electronics, namely, the semiconducting version of 2D materials. Recently, 
transition metal dichalcogenides (TMDs) are the most exciting material group to 
fill up the missing part [9]. The most prominent properties of TMDs group is the 
existence of a finite band-gap in the scale of 1~2 eV, which is comparable with 
recent semiconductor technology dominated by silicon and III-V semiconductors 
[10]. Furthermore, the fact that the band-gap depends on the number of layers 
arises the excitement of new possibilities [11,12]. Additionally, the emergence of 
insulating, magnetic, and superconducting 2D materials gives more possibility for 
realizing future 2D electronic device technologies [13–16]. 

Typically, the synthesize of 2D materials can be divided into two different 
groups: “top-down” and “bottom-up” methods [9]. Layered 2D materials can be 
obtained using the “top-down” approach out of bulk crystal by mechanical or 
chemical exfoliation [1,17–19]. The bulk crystal of 2D materials is composed of 
layered atomic planes which are weakly bonded by van der Waals interaction. 
Therefore, one can easily separate the layers of 2D materials and deposit them 
onto a different substrate such as SiO2. The most well-known “top-down” method 
is mechanical exfoliation method [1]. The layered 2D materials can be obtained by 
simply put the bulk crystal onto a piece of scotch tape. Subsequently, another 
piece of tape is placed in the opposite direction from the first one and the bulk 
crystal can be cleaved by separating the tapes. After repeating the cleavage process 
multiple times, the tape, now containing few layers of 2D material, is placed on a 
substrate. After the removal of the tape, the few-layer flakes of 2D materials 
remain on the substrate and can be located by optical microscopy. Furthermore, 
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the atomic force microscopy (AFM) is performed to characterize the thickness and 
number of layers of deposited flakes. In addition, the optical contrast method is 
regarded to be a fast and efficient way to characterize the thickness of the flakes 
[20,21]. 

The 2D materials also can be synthesized by using the "bottom-up" 
approaches. The chemical vapor deposition (CVD) method is considered as the 
most popular "bottom-up" method [22–25]. In a CVD process, the synthesize 
process typically involves chemical precursors. The precursors are vaporized with 
thermal treatment and reacted or decomposed before deposited onto the substrate 
as a mono- or few-layer flakes [25]. The considerable efforts to produce high-
quality crystals, large-scale flakes, tunable thicknesses, and excellent optical and 
electronic properties have been devoted by many researchers using this technique 
[9,26–28]. Furthermore, the prospect of scalability in industrial standard is one of 
the major advantages of the CVD method since the large area synthesize of 
monolayers to few-layer 2D materials can reach hundreds of micrometer-scale 
[9,29]. Not to mention, the synthesize of 2D heterostructure materials is also 
accessible using the CVD method which is promising for a direct “bottom-up” 
electronic device fabrication [30]. 

Aside from those two popular techniques, several "bottom-up" methods 
are under development. For example, the vapor-liquid-solid (VLS) growth of the 
MoS2 nanoribbons has been demonstrated [31]. The other examples are atomic 
layer deposition (ALD) and molecular beam epitaxy (MBE) to provide scalable size 
and direct integration with the present semiconductor technologies [32–34].  

 

Figure 1.1 (a) Atomic structure of the single-layer 2D materials. (b) Schematic 
band diagram of various 2D materials. The above figures are adapted from Ref. 35  
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TMDs are a chemical compound which has stoichiometric formula MX2, 
where M is a transition metal (Mo, W, Ta, Nb, etc) and X is a chalcogen element (S, 
Se or Te). Figure 1.1(a) shows the crystal structure of monolayer graphene, MoS2, 
and hexagonal boron nitride (hBN). While most of TMDs share similar hexagonal 
structure, the electronic properties are mainly determined by transition metal 
atoms and the polytypes with different crystal arrangement. For instance, the 
semiconducting TMDs dominated by Mo and W transition metal atoms with 
bandgap range 1.1-2.08 eV are considered as promising candidates to substitute 
silicon in 2D semiconductor technology [10,35]. The summary of the widely-
studied 2D semiconductor bandgaps is shown in Figure 1.1(b). Furthermore, the 
bandgap of hBN is the largest known energy gap in a 2D materials family of 6 eV 
and regarded as a 2D insulating material. In general, metallic TMDs are composed 
of Nb and Ta which the exceptional properties like superconductivity and charge 
density wave are observed in NbSe2 and TaS2 [15,36]. Additionally, the attempts to 
induced conductivity in semiconducting TMDs have been investigated by either 
electrostatic or chemical doping [14,37–41]. 

 

Figure 1.2 Band structure of MoS2 in different layer numbers calculated by density 
functional theory. The figures show the band-gap structure of bulk (a), quadrilayer 
(b), bilayer (c), and monolayer MoS2 (d). The black arrows represent the possible 
electronic transitions from the valence band (blue lines) to conduction band 
minima (red lines). One can see clearly that, as the layer number decrease, the 
band gap increases accompanied by indirect (Γ to Q point) to direct (K to K point) 
band transition. The Figures are adapted from Ref. 11. 
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Another fascinating property in TMDs is the layer dependent bandgap 
structure. Specifically, the electronic band structure in layered TMDs strongly 
depends on the number of layers. The most significant bandgap modification is 
the transition from indirect, in a few layers system, into direct bandgap, in its 
monolayer [11,12]. The indirect-direct transition is attributed to the breaking of 
symmetry point in the out-of-plane direction of monolayer TMDs. The theoretical 
calculation using density functional theory (DFT) of MoS2 electronic band 
structure is shown in Figure 1.2 [11]. 

Figure 1.2 shows the electronic band dispersion of MoS2 in cross-sectional 
high symmetry planes of momentum space. In the Brillouin zone of the majority of 
TMDs, the high symmetry points are defined as K, M, and Γ point. For bulk MoS2 
(Figure 1.2(a)), the conduction band minima are located between K and Γ points 
and commonly denoted as Q point in literature. Hence, the electronic transition 
from the valence to the conduction band becomes indirect. The decrease of layer 
number causes the modification of band structure, especially at Q point which is 
eventually altering the valence band minima with K point when it is thinned to a 
monolayer as shown in Figure 1.2(d). From DFT studies, the Γ and Q points 
originated from the hybridization of antibonding pz orbital and d orbital of the S 
and Mo atoms [11,42]. They are affected by strong interlayer coupling inducing 
quantum confinement effect which largely influences the valence band maxima in 
Γ and conduction band minima in Q [11,42]. Therefore, the energy band profile at 
the Γ and Q points is strongly affected by the layer number. While the states at K 
point are composed of localized d orbitals from Mo atoms which are located in the 
middle of two S atoms (S-Mo-S unit cell) so that they remain unaffected due to 
minimum interlayer coupling [11,42]. 

As a consequence of direct band-gap transition, strong photo-
luminescence (PL) can be obtained in monolayer TMDs [11,12,43]. Furthermore, 
the efforts to obtain electrically driven light emission have been demonstrated 
[44–46]. Figure 1.3(a) and (b) show the typical PL and electroluminescence (EL) 
profiles obtained by confocal microscopy of monolayer WS2. The EL in (b) was 
generated using an electrostatic method adapted from Ref. 44. Figure 1.3(c) shows 
the generated PL and EL spectra from 1.3(a) and (b). 
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Figure 1.3 (a) The microscopy images of mechanically exfoliated monolayer WS2 
(upper panel) and its photoluminescence (bottom panel). (b) The CVD grown 
monolayer WS2 device (upper panel) and its electroluminescence (bottom panel). 
(c) Typical spectra profile of photoluminescence and electroluminescence of 
monolayer WS2. 

It is known that the spin-orbit coupling of TMDs largely affects its valley 
band structures. The presence of spin-orbit coupling induces an effective Zeeman 
splitting causing valley dependent electronic structure [47–49]. Due to the 
effective Zeeman effect, the electronic states, especially at different valleys at the 
K/K' points of the Brillouin zone, are degenerated respect to spin orientation. It 
means the electronic transition at valley points are spin-dependent. For the TMDs, 
the spins splitting at neighboring K/K’ points have different spins orientation. This 
valley selection phenomenon has been stimulated various studies in 
optoelectronics, such as optical selection rules, and spintronics [44,46,50–53]. As 
an example, the valley selection rules induce circular dichroism of photon 
emission [47,48]. For instance, the emission of right- or left-handed circular 
polarized photon depends on in which valleys the electron-hole recombination 
occurred [47,50]. The circularly polarized photon emission can be both optically 
and electrically generated as the examples shown in Figure 1.4 [44,48]. 
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Figure 1.4 (a) Circularly polarized PL from MoS2 [48]. (b) Circularly polarized EL 
from a WSe2 p-n junction device [44]. The red and blue lines represent left- and 
right-handed polarized PL and EL respectively. The black line in (a) represents the 
degree of circular polarization. 

In this introductory chapter, we would like to discuss the recent progress 
of 2D p-n junctions focusing on two architectures: hetero- and homostructure p-n 
junction. Furthermore, we would like to briefly discuss the development of 
superconducting-normal junction in 2D materials. The development involves 2D 
heterostructures as the basis of more advanced device architectures involving 
superconductivity. And finally, we would like to discuss the motivation of this 
Ph.D. works, which links all experimental and scientific outcomes of this thesis. 

1.2 p-n Junction Based on 2D Materials 

Recent development in two-dimensional (2D) materials has accelerated 
the realization of 2D electronic- and optical devices. The 2D geometry offers 
outstanding flexibility to design device architecture and novel physical properties 
provide ample possibilities for realizing different functionalities. One of the most 
important and fundamental components in modern electronics is the p-n 
junctions. Historically, the discovery of p-n junction, also called as the diode, 
started the development of optoelectronic technologies, which became a bridge 
between electronic and optical functionalities. The impact of this discovery has 
revolutionized many scientific and technological fields such as information 
technology and energy harvesting. Conventionally, the p-n junctions are 
fabricated by putting two semiconductors together with different intrinsic doping; 
p-type (hole majority carrier) and n-type (electron majority carrier). As a result, 
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this combination generates an intrinsic electric field at the interface and provides 
the possibility to rectify current and generate light emission or conversely 
separate photogenerated electron-hole pairs and generate photocurrent [54]. 

 

Figure 1.5 Schematic figures of different 2D materials-based p-n junction 
architectures. The p-n junction devices can be fabricated based on the junction 
between two different materials (heterostructure) or a single 2D material 
(homostructure). The 2D heterostructure architectures can be realized vertically 
(a), laterally (b), or together with 3D materials. On the other hand, the 
homostructure configuration can be constructed with electrostatic doping, with 
solid (d) or liquid gate (e), chemical doping (f), or vertical stacking of same 2D 
materials (g). 

The presence of a finite gap in 2D semiconductors is crucial for realizing 
2D p-n junctions. Similar to the 3D counterpart, the 2D p-n junction has also been 
constructed by combining two different 2D materials with different intrinsic 
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doping [35]. The development of a 2D p-n junction can be realized by fabricating 
two major device architectures: heterojunction and homojunction structures. The 
nanofabrication of these two architectures can be performed thanks to the 
technological development of TMDs-based transistors, chemical doping, and 2D 
heterostructure fabrication. The emergence of transistor device based on TMDs 
arises possibility to electrostatically tune the doping level in the materials. This 
transistor configuration has been proven as a non-destructive and reversible 
process [37,38,55–58]. The chemical doping method is less favorable due to its 
non-reversible doping tunability. However, this method offers a large modification 
in carrier density so that the conductivity of the materials can be tuned 
significantly [59–63]. The 2D heterostructure is combining two or more different 
2D materials in a single device, which consists of two intrinsic p-type and n-type 
2D materials [64–69]. This method is considerably very popular due to the large 
variation of p-type and n-type 2D semiconductors and the development of 2D 
heterostructure fabrication methods such as dry and wet transfer methods [13,70]. 
Furthermore, most of the 2D heterostructure devices are chemical-free and non-
air sensitive thus the applications are compatible in an ambient environment 
[64,71]. 

In a brief summary, the heterostructure 2D p-n junction consists of two 
different 2D materials, which have different intrinsic doping. On the other hand, 
homostructure consists only one 2D material, in which the doping level is 
manipulated by electrostatic doping, chemical doping, impurity doping, or 
thickness difference. The schematic illustration of a 2D p-n junction device is 
shown in Figure 1.5.  
 

1.3 Heterostructures p-n Junction 

In heterostructure p-n junction, there are at least two main device 
configurations based on the p-n interface: vertical and lateral heterojunction. 
Vertical heterojunction consists of two or more different 2D materials stacked 
together in the out-of-plane direction. On the other hand, lateral heterojunction 
composed of two different 2D materials in the same plane along with a one-
dimensional interface.   

The vertical heterojunction is the most widely used configuration up-to-
the-date. To make a vertical junction based on 2D materials, the fabrication 
process is quite simple: combining two different layered crystal. To stack the 2D 
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materials, various methods have been developed and widely implemented such as 
wet and dry transfer methods [13,70]. The dry transfer method is more favorable 
nowadays since it can be done room temperature and does not involve any 
dangerous chemical compound. The intrinsic doping is a unique nature for each 
TMDs materials. For example, WSe2 has been widely reported as a p-type 
semiconductor. Therefore, one can simply stack WSe2 together with MoS2 to 
realize 2D vertical heterojunction since the latter is unusually an n-type 
semiconductor [64,69,72,73]. Figure 1.6 shows the example of a 2D p-n junction 
based on WSe2-MoS2 heterostructure taken from Ref. 64. The geometry and atomic 
structure of the heterostructure device are shown in Figure 1.6(a), where the p-n 
junction located in the stacked area. The electrical performance is shown in Figure 
1.6(b) as a function of the back gate and the typical diode rectification confirms 
the transport of a p-n junction in the heterostructure. The electron-hole 
recombination mechanisms in this configuration can be described as a 
combination of Shockley-Read-Hall (SRH) and Langevin recombination as shown 
in Figure 1.6(c) and 1.6(d) respectively The SRH recombination is driven by 
inelastic tunneling of majority carrier which is mediated by intermediate trap state 
in the gap [74]. Another recombination occurred is known as the Langevin process, 
which is driven by electron-hole Coulomb interaction due to low mobility 
mechanisms resulting direct Coulomb driven recombination [64]. The lateral 
heterojunction is less used than the vertical one due to the difficulty forming this 
kind of junction. The mechanical stacking method such as the dry transfer method 
is not possible to produce a sharp and well-defined p-n interface in the one-
dimensional plane so that the realization of this p-n junction architecture has to 
rely on the “bottom-up” fabrication. One possible method to realize lateral 
heterojunction is chemical vapor deposition (CVD). The most up-to-the-date 
example of fabricated lateral heterojunction device is based on WS2-WSe2 
fabricated by a two-step CVD method which subsequently grows WS2 and WSe2 on 
the same substrate [38]. Despite its complicated fabrication, this CVD method is 
still regarded as the most promising way for scaling up 2D p-n junction production 
at the industrial level [9,29]. 

The versatility of TMDs is shown by its possibility to be combined with 
other dimensional materials since the fabrication of p-n junction in combination 
with 3D materials has been widely reported. For example, a 2D light-emitting 
diode (LED) based on the combination of WS2 monolayer and p-type Si has been 
reported [46]. In this configuration, the electron and hole are expected to 
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recombine in the heterojunction interface between the WS2 and the Si substrate. 
Furthermore, the combination with a magnetic substrate has been reported [75]. 
The heterostructure junction with 1D materials such as carbon nanotube (CNT) 
and 0D quantum dot also has been reported [67–69,76,77]. For instance, the 
versatility of TMDs and the large variation of the intrinsic doping provide more 
alternatives to realize 2D electronic technology, especially in p-n junction devices. 

 

Figure 1.6 (a) Schematic figure of MoS2/WSe2 vertical heterostructure p-n junction 
device. (b) Typical diode-like rectification of the heterostructure device as a 
function of the back gate. Inset: transfer curve of WSe2 (red line) and MoS2 (blue 
line) measured from D1-D2 and S1-S2 in (a) respectively. (c) Electron-hole 
recombination process in the lateral direction (SRH) and (d) in a vertical direction 
(Langevin). Figures are adapted from Ref. 64. 

1.4 Homostructures p-n Junction 

Homostructure p-n junction or homojunction can be fabricated by 
combining two similar TMDs with different doping levels. As mentioned before, 
each TMDs material has a specific intrinsic doping level. In order to realize p-n 
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junction with the same materials, manipulation of the doping level is essential. 
For instance, the doping level manipulation can be mainly realized by two 
methods; electrostatic doping and chemical doping [53,72,78–81] 

The chemical doping method can efficiently manipulate the doping level 
of the 2D semiconductor. For example, it is possible to induce electrical 
conductivity, even superconductivity, by using chemical doping due to the high 
density of induced carriers [39]. Similarly, inducing p-type TMDs from intrinsic n-
type can be performed using this method [59,60,80] . For instance, the Ref. 80 
reported the fabrication of lateral p-n junction using chemically doped p-type 
MoS2. The MoS2 is partially covered by hBN before the AuCl3 solution applied onto 
MoS2. As a result, only the uncovered area is affected by AuCl3 and becomes p-type 
doping while the covered area remains intrinsically n-type. Therefore, the p-n 
junction is generated at the edge of the hBN crystal [80].  

 

Figure 1.7 (a) Schematic diagram and electron-hole recombination in monolayer 
WSe2 lateral p-n junction with dual back gate configuration. (b) Main panel: 
electronic transfer curve from the monolayer sample. Inset: I-V characteristic of a 
monolayer device when the similar (red line) and opposite (blue line) back gate are 
applied. It is clearly seen that the opposite back gate generates p-n junction 
rectification. Figures are adapted from Ref. 53. 

Alternatively, the chemical doping method can be applied using a vertical 
or interlayer configuration. In Ref. 82, the p-n junction is fabricated by applying 
AuCl3 on a few-layer MoS2 to induce p-type characteristic on the top surface. As a 
result, the p-n junction formed in out of plane direction since the bottom layers 
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are expected to remain to be n-type characteristic [82]. Furthermore, the vertical 
homostructure has been demonstrated by stacking a chemically Nb-doped p-type 
and an intrinsic n-type MoSe2 using the heterostructure transfer method [81]. 

For device application, dynamically controlled electrostatic doping is 
preferred, electrostatic doping can be realized by incorporating a transistor 
configuration. Using lateral structure, doping level modification can be locally 
tuned by applying two different back-gate voltages to the different sides of a TMD 
material [53,79].  The ambipolar TMDs, such as WSe2 and WS2, is preferred since 
those materials can be electrostatically tuned into p-type or n-type doping. 
Moreover, the high-k gate dielectrics are widely used to increase gating efficiency 
or, alternatively, thinner gate dielectric using insulating 2D materials, such as hBN 
can equivalently achieve higher gate tunability [53,79]. Furthermore, the band 
structure of this p-n junction device is similar to the conventional 3D p-n junction 
as one can see in Figure 1.7(a). The width of the depletion region is determined by 
the distance of two back gate electrodes. The typical ambipolar transfer curve can 
be obtained using a thin gate dielectric as shown in Figure 1.7(b). In addition, the 
presence of dielectric gates gives freedom to tune the doping level of the p-n 
junction. In inset Figure 1.7(b), the typical diode current rectification (blue line) 
can be easily generated simply by applying opposite gate biases. 

 A very efficient approach to performing doping manipulation is using 
electrical double layer transistors (EDLTs) configuration. The EDLTs incorporate 
ionic liquid as a gating medium instead of conventional solid gating due to the 
capability to induce high carrier density up to ~1014 cm-2. Therefore, EDLTs is well-
known for its capability to induce superconductivity in semiconducting TMDs and 
form an ambipolar transistor [38,39]. For instance, the ambipolar behavior of 2D 
TMDs transistor can be realized by using this method in relatively low gate 
voltage. The Ref.78 has reported a stable 2D p-n junction at low temperature using 
exfoliated few-layers MoS2. Another report also shows that visible light emission 
can be generated on a monolayer WS2 light-emitting transistor by using this 
method [45]. 

1.5 Superconducting Gap in Field-Induced 2D Materials 

As briefly mentioned in the previous sections, the high carrier density can 
be induced on the 2D TMDs materials in electrical-double layer transistor (EDLTs) 
configuration. It has been proven to improve device performance, specifically, in 
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enhancing conductivity performance. In this method, ionic liquid substitutes the 
solid dielectric gate material in transistor configuration. The more detail working 
principle of ionic liquid gating is shown in Figure 1.8. In this configuration, the 
cations and anions can move freely following the bias applied to gate electrodes. 
When the gate bias is applied, the driven cations/anions move very close (~1 nm) 
to channel surface and, subsequently, induce carrier with opposite polarity on the 
top surface [38]. As a result, a huge capacitance is generated on the top surface 
because the space between the ions and channel material is extremely small in the 
order of ~1 nm. Therefore, the induced carrier density can be very high about 1-2 
orders than the conventional solid gate. More importantly, the anions/cations 
movement can be fixed by simple cooling down the EDLTs device below the glass 
transition temperature of the ionic liquid. 

 

Figure 1.8 A schematic illustration of EDLTs under positive gate bias. In this 
condition, the electric field drives the cation and anion opposite to each other. The 
cations are eventually driven close to the channel and induce the carriers 
underneath. 

 The field-induced superconductivity of 2D TMDs materials can be realized by 
using the ionic gating method. For example, the MoS2 becomes superconducting 
when carrier density is in the order of 1014 cm-2. It has been widely reported that 
the critical temperature Tc of induced superconductivity (SC) is carrier density 
dependent and following a dome-shaped phase diagram [14,39]. Furthermore, the 
SC state is confined in the top layer of 2D TMDs because the carriers are only 
induced on the surface [83]. Another interesting property of field-induced SC is 
the Ising protection due to special valley dependent spin texture in the Brillouin 
zone [83–85]. The Ising mechanism originates from the spins of Cooper pairs that 
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are strongly pinned in out-of-plane direction due to the effective Zeeman splitting 
at K/K’ points of the momentum space. The Zeeman splitting is coming from the 
strong spin-orbit interaction with the breaking inversion symmetry. As a 
consequence, the upper critical magnetic field in parallel-plane direction becomes 
very high (~ 40-60 T) since the superconductivity is protected from a strong 
external parallel magnetic field by the Ising mechanism [83]. 

 

Figure 1.9 The superconducting dome of Tc in field-induced few-layer MoS2 SC 
adapted from Ref. 39. The Tc is strongly influenced by carrier density and has a 
maximum point at n2D ~ 1.1 × 1014 cm-2. After that, the system enters the 
overdoped region where the decrease of Tc starts to occur. In comparison with 
chemical doped MoS2 SC, the EDLT doping induce less carrier density which allows 
more precise control in Tc. Furthermore, one can see that all of the chemical doped 
groups are inside the over-doped region. 

The superconducting dome for gate-induced few-layer MoS2 
superconductor is shown in Figure 1.9. The Tc of superconducting (SC) MoS2 is in 
the range of 2-11 K, where the maximum Tc is obtained at n2D ~ 1.1 × 1014 cm-2. 
After the maximum Tc is reached, the critical temperature is decreased due to the 
over-doped state. It has been shown that before maximum Tc that the 
superconductivity is influenced by dz orbital from Mo atom. Furthermore, as the 
carrier density increases beyond n2D = 1.1 × 1014 cm-2, the contribution from the 
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other bands, namely dx2-y2 and dxy, start to occur and the n2d starts to increase due 
to the contribution of these two additional band resulting the decrease of Tc [39]. 
The electron-phonon interaction model using the first principle calculation in 
field-induced monolayer MoS2 has been proposed [86]. The superconductivity of 
MoS2 is predicted to be occurred due to the electron-phonon interaction and 
depends on which valley-band is occupied in the Brillouin zone [86]. 

 

Figure 1.10 (a) An Illustration of device architecture for SC-normal metal 
tunneling spectroscopy by interlayer conductivity transport. The SC state is 
assumed to be confined on the top surface so that the bottom layer can be 
regarded as a tunneling barrier by measuring interlayer transport. Right panel: 
conductivity curve of SC-normal metal junction adapted from Ref. 87. The 
distance between two quasiparticle peaks corresponds to 2∆, where the ∆ is the SC 
gap. (b) Another device configuration by incorporating a thin insulating barrier 
(e.g. Al2O3). Right panel: conductivity curve of SC-normal metal junction adapted 
from Ref. 88. 

 Recently, the study of the SC gap of 2D materials has been measured for 
MoS2 and NbSe2. The measured SC-gap of NbSe2 appears in the range of 1-1.3 meV 
[88,89]. On the other hand, The SC-gap of field-induced MoS2 is reported in the 
range of 0.5-2 meV depends on the induced carrier density [87]. In principle, the 
tunneling spectroscopy of SC-gap in 2D TMDs materials can be measured through 
a tunneling barrier between the normal metal contact and SC. In field-induced SC 
MoS2, the spectroscopy is performed by measuring out-of-plane conductivity from 
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top to bottom layer using thin layer graphite as the bottom electrode [87]. By 
assuming the SC state confined on the top layer, the bottom layer can be regarded 
as a tunneling barrier as described in Figure 1.10(a). From the tunneling 
measurement, two distinct peaks appear in the proximity of VDS = 0 V. These two 
peaks are known as quasi-particle peaks from the Andreev reflection mechanism 
and directly correspond to the SC gap [90]. Another spectroscopy method is by 
incorporating an oxide barrier (e.g. Al2O3) or heterostructure architecture using 
semiconducting 2D materials such as MoS2 [88,89]. Usually, this method is 
applicable for intrinsic SC 2D materials such as NbSe2 as shown in Figure 1.10(b). 

 

Figure 1.11 (a) Schematic cartoon of the Andreev reflection between normal and 
SC metal. (b) The conductance profile of the Andreev reflection adapted from Ref. 
90. Z = 0 represents the ideal Andreev reflection. For Z  > 1, the SC gap can be 
determined by the energy of the conductance peak. 

The Andreev reflection process is shown schematically in Figure 1.11(a). 
The electron from normal metal is coming to SC metal in spin-up orientation. 
When the electron enters SC metal with energy lower than the superconducting 
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gap ∆, the electron forms Cooper pair with opposite spin orientation as a 
consequence of the electron-phonon interaction [90,91]. In order to fulfill 
momentum conservation, the incident electron reflects ‘hole' with opposite spin 
[90]. In an ideal Andreev reflection case, the conductance inside SC gap range is 
twice than the outside. However, in the real case, the conductance inside the gap 
is suppressed because of the non-ideal tunnel junction due to the defect or sample 
degradation during the fabrication process [90,92–94]. The non-ideal factor of the 
tunneling barrier is represented as Z parameter. Therefore, the signature of 
Andreev reflection is shown by the conductance peak (quasi-particle peak in most 
of the literature) in the proximity of SC gap boundaries as shown in Figure 1.11(b).  

1.6 Motivation and Outline of The Thesis 

This thesis focuses on the studies of optoelectronic properties and electronic 
transport in the interface of two different electronic states of 2D TMDs. In this 
thesis, two general ideas are implemented: p- and n-type semiconductor interface, 
namely p-n junction, and superconducting-normal metal interface. Furthermore, 
the general motivation of this thesis can be described as the following: 

1) As described in section 1.2, recent studies have shown that the 2D p-n 
junction devices can be realized by various fabrication techniques and 
electronic manipulation. In this Ph.D. works, we would like to realize 2D 
p-n junction devices with high electronic (large current) and optical 
(strong emission) performance. We incorporate the ionic liquid gate 
technique to induce conductivity in our p-n junction and investigate 
properties. At the same time, we also study electrically driven light 
emission from the monolayer sample. Although the spectroscopy studies 
of optically-pumped light emission have been widely studied, the 
electrically driven light emission of TMDs is still yet extensively studied. 
Furthermore, we employ 2D heterostructure fabrication in order to 
generate a sharp p-n junction. By doing so, we are able to generate strong 
light emission from our monolayer device and tune the optoelectronic 
properties by using electrostatic gating. In addition, our devices are made 
of CVD grown 2D materials, which is compatible with large-scale device 
fabrication. 
 

2) It has been well established that superconductivity can be induced 
electrostatically in 2D materials by electrostatic gating. However, the 
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study of the superconducting gap in such materials has not been 
extensively explored. As a part of this Ph.D. works, we are motivated to 
study the SC gap on the surface of a few-layers MoS2 using another form of 
two electronic states interface, namely, the normal metal-SC interface.  
Recently, the SC gap in field-induced MoS2 is characterized by 
incorporating the insulating bottom layer in the out-of-plane direction. 
Therefore, the observed SC-gap could be influenced by the SC state or 
conductive layer from the bottom. In our attempt to study the SC gap for 
the surface state, we use simple normal-insulator-SC (N-I-S) junction on 
the surface of a few-layers MoS2. In addition, we are also interested in the 
field-effect on the SC gap and see its behavior by tuning the electrostatic 
gating. 
 

3) The rapid development of 2D heterostructure devices has attracted many 
interests from the interdisciplinary fields due to the abundance of building 
blocks of 2D materials. The versatility of 2D materials can be regarded as 
the main advantage for substituting the present semiconductor 
technology. Despite many physical phenomena have been studied using 
this 2D architecture, reproducibility remains the main issue. The cause of 
this obstacle is mainly due to the fabrication process where the presence 
of contamination and defect during the process are often unavoidable 
which deteriorate the quality of the 2D heterostructure inferfaces. Based 
on this reason, we are motivated to develop a new 2D heterostructure 
fabrication technique that operates under vacuum to tackle these 
problems. 

The outline of this thesis consists of the following chapters: 

Chapter 2 discusses the development of lateral 2D p-n junction based on 
TMDs-BN artificial heterostructure. Here, we develop gate tunable 2D p-n junction 
and investigate the electrical performance of the device. By applying the ionic-
liquid gate, we can access a high carrier density regime and tune the intrinsic n-
type TMDs into p-type. We find that the electrical performance is thickness 
dependent and observe the stable p-n junction behavior on the thinner layers. 
Based on these experimental results we perform simple finite-difference modeling 
to simulate carrier distribution in a few-layers TMDs-BN device. Furthermore, 
strong and well-defined electroluminescence (EL) from monolayer devices are also 
discussed.  
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Having successfully developed lateral 2D p-n junction devices, in chapter 
3, we investigate optoelectronic performance, specifically, in a monolayer device. 
This chapter starts the discussion by describing the device fabrication and 
experimental method. Then, we show that the EL of our lateral 2D p-n junction 
device is well-defined. Furthermore, we investigate the electronic performance of 
the device which shows efficient gate tunability due to a combination of ionic 
liquid and high-k dielectric gate. Finally, we extensively study the EL spectra of 
our device at different induced carrier density and extract the exciton species from 
the spectral study. 

Chapter 4 is focusing on electronic transport measurement in the 
superconducting-normal metal interface. The focus of this chapter is field-induced 
superconducting MoS2. We extensively study the electronic transport in the SC-
normal metal junction to study the superconducting gap on MoS2. Since we use the 
EDLTs technique, we expect that the superconducting state only occurs on the top 
surface of a few-layers MoS2. To characterize the SC gap on the confined SC state, 
we measured the tunneling spectrum in SC-normal junction and observe the 
quasi-particle peaks as a signature of Andreev reflection. Our experimental results 
can be described with the Blonder-Tinkham-Klapwijk (BTK) theory, from which we 
can estimate the magnitude of the SC gap. Furthermore, we study the evolution SC 
gap as a function of carrier density by tuning the back-gate voltage. 

Finally, in chapter 5, we describe the development of the new 2D 
heterostructure fabrication technology, which is performed inside a high-vacuum 
environment (~ 10-6 mbar) to realize high-quality heterostructure devices. In this 
chapter, we demonstrate the technical process of making 2D heterostructure in 
vacuum followed by an evaluation of sample quality by AFM and optical 
spectroscopy. With high demand and rapid development of 2D materials 
technology, we believe that our attempt to develop new fabrication technology 
will be a significant contribution to this field.  
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